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Abstract

Neurons are terminally differentiated cells that use their microtubule arrays not for cell division 

but rather as architectural elements required for the elaboration of elongated axons and dendrites. 

In addition to acting as compression-bearing struts that provide for the shape of the neuron, 

microtubules also act as directional railways for organelle transport. The stability properties of 

neuronal microtubules are commonly discussed in the biomedical literature as crucial to the 

development and maintenance of the nervous system, and have recently gained attention as central 

to the etiology of neurodegenerative diseases. Drugs that affect microtubule stability are currently 

under investigation as potential therapies for disease and injury of the nervous system. There is 

often a lack of consistency, however, in how the issue of microtubule stability is discussed in the 

literature, and this can affect the design and interpretation of experiments as well as potential 

therapeutic regimens. Neuronal microtubules are considered to be more stable than microtubules 

in dividing cells. On average, this is true, but in addition to an abundant stable microtubule fraction 

in neurons, there is also an abundant labile microtubule fraction. Both are functionally important. 

Individual microtubules consist of domains that differ in their stability properties, and these 

domains can also differ markedly in their composition as well as how they interact with various 

microtubule-related proteins in the neuron. Myriad proteins and pathways have been discussed as 

potential contributors to microtubule stability in neurons.
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Introduction

The neuron is an extraordinary cell. In all of nature, it is the cell whose exaggerated 

morphology is most intimately related to its unique functions and challenges. A typical 

vertebrate neuron consists of a small soma (situated in the brain, spinal cord, or peripheral 

ganglion), several dendrites, and a single elongated axon. The axon is specialized to transmit 

information, while the dendrites form a receptive field for incoming information. The axon 

is effectively unlimited in its growth potential and can traverse great distances within the 
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body, reaching, for example, from the spinal cord to the toes. Dendrites, by contrast, are 

generally short, stout, and highly branched. In addition to these morphological differences, 

axons and dendrites also differ compositionally. While axons contain a subset of organelles 

found in the soma, dendrites generally contain all of the organelles found in the soma. Most 

protein synthesis and organelle biogenesis occur within the soma, thus demanding highly 

sophisticated mechanisms for actively transporting specific proteins and organelles into each 

type of process. Retrograde transport of cargoes is also critically important, for example in 

sending signaling molecules back to the soma and also for protein degradation pathways. 

During development, there is a great deal of motility involved in the wiring of the nervous 

system, so that migrating neurons arrive at their proper locations and so that the tips of 

axons reach their appropriate target tissues. Thus, a number of challenges must be met for 

neurons to establish and maintain their morphological, functional, and compositional 

polarity. Meeting these challenges is the work of sophisticated architectural elements within 

the neuron and tightly regulated mechanisms of transport and motility. Prominent among 

these architectural/transport elements are microtubules.

Microtubules are abundant in neurons, occupying axons and dendrites as paraxially aligned 

arrays. These microtubule arrays provide a structural backbone for axons and dendrites that 

allows them to acquire and maintain their specialized morphologies. In addition to acting as 

compression-bearing struts, microtubules are the major long-distance railways along which 

proteins and organelles are actively transported in both directions within axons and 

dendrites. Microtubules are critically important for early developmental stages of the neuron, 

such as migration of the soma and the cue-dependent navigation of the growth cone at the tip 

of the elongating axon. Microtubules are also important throughout life, for the neuron to 

maintain its proper shape, to support axonal and dendritic transport, and to accommodate 

shape changes such as alterations in dendritic morphology that may correspond with 

cognitive plasticity even in old age. Neuronal microtubules have been the topic of many 

review articles over the past several years (Baas and Ahmad, 2013; Baas and Buster, 2004; 

Baas and Lin, 2011; Conde and Caceres, 2009; Dubey et al., 2015; Kapitein and 

Hoogenraad, 2015; Lewis et al., 2013; Prokop, 2013).

Microtubules are hollow polymers of tubulin subunits. Neurons, like other eukaryotic cells, 

contain a pool of free tubulin subunits and a pool of microtubules. These two pools 

dynamically exchange with one another such that microtubules undergo bouts of assembly 

and disassembly. In a purified tubulin preparation, microtubules undergo frequent bouts of 

assembly and disassembly that can be quite dramatic, with entire microtubules 

disassembling in events called catastrophes. In living cells, a certain portion of the 

microtubule mass is stabilized such that it exchanges subunits with the free tubulin pool 

much more slowly and potentially not at all. The terms labile and stable have been used to 

respectively describe the microtubule fraction that displays rapid dynamics and the 

microtubule fraction that does not. A balance between labile and stable microtubule 

fractions contributes to the morphological stability of cells, with a greater proportion of the 

microtubule mass being stable in cells with relatively stable morphologies, such as neurons. 

Both developing and adult neurons contain substantial levels of stable and labile microtubule 

mass, but a higher proportion of the microtubule mass is stable in adult neurons compared to 

developing neurons (Ferreira and Caceres, 1989; Lim et al., 1989). In many 
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neurodegenerative diseases, there is a gradual loss of microtubule mass from neurons, and 

this has been assumed to be due to destabilization of the microtubules leading to their 

depolymerization. Many proteins and pathways have been implicated in microtubule 

stability, but with lingering questions as to mechanism. After decades of study, a great deal 

has been resolved on the issue, but there is still much that remains unknown. Summarizing 

what is known and not known about microtubule stability in neurons is the purpose of this 

article.

Microtubule organization in neurons

Before discussing microtubule stability in neurons, some background information on 

microtubules and how they are organized in neurons is necessary. Tubulin is a heterodimer 

consisting of an alpha-tubulin subunit and a beta-tubulin subunit, each of which is a different 

primary gene product with high affinity for one another. In vertebrates, there are generally 

around 6–7 alpha tubulin genes and about the same number of beta tubulin genes. Because 

the two subunits are not the same, the microtubule is intrinsically polar. One end, called the 

plus end, is favored for the addition and subtraction of subunits, while the other end, called 

the minus end, is less favored for these dynamics. Beta-tubulin is present at the plus-end of 

the microtubule, while alpha-tubulin is present at the minus-end. The polarity of the 

microtubule is manifested not only at its two ends, but also along the length of the polymer. 

This structural polarity is recognized by molecular motor proteins, which are enzymes that 

use the energy of ATP hydrolysis to walk along the surface of the microtubule. Cytoplasmic 

dynein walks toward the minus end of the microtubule, while most members of the kinesin 

superfamily walk toward the plus end of the microtubule. Each molecular motor protein can 

potentially interact with different types of cargoes, such that the polarity orientation of 

microtubules in different regions of the neuron is a major determinant of where particular 

cargoes are transported. In the axon, microtubules are nearly uniformly oriented, with their 

plus ends directed away from the soma, while in vertebrate dendrites, the microtubules have 

a non-uniform (i.e., mixed) polarity orientation (Baas et al., 1989; Baas et al., 1988; Baas 

and Lin, 2011). Microtubules in dendrites of some lower animals are more predominantly 

minus-end-distal (Stone et al., 2008; Yan et al., 2013), indicating an even more profound 

difference between axonal and dendritic microtubule organization.

These distinct microtubule polarity patterns, shown in figure 1, are one of the most essential 

and earliest developmental differences to arise between axons and dendrites, and are 

undoubtedly of key importance for many of the compositional and morphological 

differences that distinguish the two types of processes. For example, dendrites contain Golgi 

outposts and axons do not, which makes sense because Golgi elements are transported 

toward minus ends of microtubules by cytoplasmic dynein (Black and Baas, 1989). Axons 

may become longer and more slender than dendrites because vesicular organelles that 

expand the cell membrane have a unidirectional vector to the tip of the growing axon via 

their plus-end-distal microtubules, while the same is not true of dendrites (Baas and Lin, 

2011). Various other factors beyond polarity orientation contribute to the regulation of these 

polarity-related events, such as targeting information within the motor proteins themselves, 

post-translational modifications of the tubulin subunits that comprise microtubules in 
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different neuronal compartments, and the composition of microtubule-associated proteins 

that decorate microtubules in different regions of the neuron.

In simple non-neuronal cells, microtubules are usually organized by structures such as the 

centrosome, which act as nucleation sites for the formation of the microtubules. The 

microtubules assemble with the minus end within the centrosome and the plus end growing 

away from the centrosome. This generates an orderly array of uniformly oriented 

microtubules. In developing neurons, microtubules are also nucleated at the centrosome 

(located in the soma of the neuron), but the microtubules are then released from the 

centrosome for subsequent transport into axons and dendrites (Ahmad and Baas, 1995; 

Ahmad et al., 1994; Ahmad et al., 1999; Yu et al., 1993). The microtubules are deployed by 

molecular motor proteins that move the microtubules specifically with either plus end 

leading (into axons and dendrites) or with minus end leading (into dendrites only). Thus, in 

neurons, the organization of microtubules relative to their polarity is determined not by the 

attachment of the microtubules to their sites of nucleation, but instead by the motor proteins 

that transport them into each type of neuronal process (Ahmad et al., 1998; Baas and 

Ahmad, 1993; Lin et al., 2012; Sharp et al., 1997; Yu et al., 1997). Recent studies suggest 

that local nucleation of microtubules might also occur in axons and/or dendrites, especially 

as the microtubule-nucleating capability of the centrosome wanes during neuronal 

maturation (Stiess et al., 2010); this may potentially contribute to the complexity of the 

mechanisms by which axonal and/or dendritic microtubule arrays are established, at least in 

some types of neurons in some organisms. In the case of the leading process of a migratory 

neuron, most of the microtubules remain attached to the centrosome (Falnikar et al., 2011), 

which is important for the soma to be pulled along with the leading process as it lunges 

forward during brain development.

Another critically important feature of the neuronal microtubule arrays is that each array 

consists of individual microtubules that assume a variety of different lengths and degrees of 

stability. The array of microtubules within an axon or dendrite extends from the soma to the 

tip of the process, but individual microtubules generally do not traverse the entire length of 

the process. Some microtubules are only a few micrometers in length (or even less than a 

micrometer), while others can achieve great lengths, exceeding a hundred micrometers or 

even hundreds of micrometers in longer axons (Bray and Bunge, 1981; Letourneau, 1982; 

Tsukita et al., 1982; Yu and Baas, 1994). As noted earlier, the longer microtubules are 

important for two reasons: they act as architectural struts that oppose the retraction of the 

axon or the dendrite, and they act as major long-distance railways for organelle transport. 

The short microtubules are important because they are highly mobile and provide the means 

by which tubulin is actively transported within the axon and presumably dendrites as well. A 

short mobile microtubule may act as a nucleation seed to give rise to a long stationary 

microtubule, or it may entirely or partially depolymerize to yield subunits to be used by 

other microtubules for their elongation. Short mobile microtubules may also act as 

information carriers to convey as yet unidentified proteins or signals from one region of the 

neuron to another (Dent and Baas, 2014).
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Microtubule stability in neurons

In the early days of microtubule research, biochemical preparations of tubulin were 

commonly prepared from adult bovine or porcine brain, purified through cycles of warm and 

cold conditions. In an appropriate buffer, microtubules assemble in the warm and 

disassemble in the cold, allowing for progressive cycles of purification. Tubulin prepared in 

this fashion generally also contains an assortment of microtubule-associated proteins, which 

can subsequently be removed by phosphocellulose chromatography. Microtubules assembled 

from pure tubulin were shown to be highly dynamic, undergoing rapid phases of assembly 

and disassembly. Such dynamics were tempered in the presence of the microtubule-

associated proteins. It was shown that in addition to the appropriate warm temperature 

(37°C), magnesium and GTP are also required for microtubule assembly to occur as well as 

a tubulin concentration that exceeds a certain critical concentration. The plus end was shown 

to have a lower critical concentration for assembly than the minus end. As well as cold, 

calcium was shown to induce disassembly of microtubules, as do drugs such as colchicine or 

nocodazole that bind to tubulin subunits, effectively lowering the concentration of tubulin 

subunits relevant to the dynamics of the microtubule.

Subsequent studies demonstrated that microtubule assembly and disassembly are governed 

by a mechanism known as dynamic instability (Mitchison and Kirschner, 1984). This 

mechanism depends upon the fact that free tubulin exists with hydrolysable GTP associated 

with beta tubulin. The hydrolysis of GTP-tubulin to GDP-tubulin occurs only after the 

tubulin subunits have assembled into the microtubule. Given that GTP hydrolysis takes some 

time to occur and that dynamics occur principally at the plus end of the microtubule, the 

older region of the microtubule toward the minus end is richer in GDP-tubulin than the 

newer region of the microtubule toward the plus end. If GTP hydrolysis catches up to the 

addition of new subunits such that there is no longer a ring of GTP-tubulins at the plus end, 

the microtubule undergoes rapid disassembly called catastrophe. As long as there is GTP-

tubulin forming a “cap” at the plus end of the microtubule, it can keep assembling. Because 

of the stochastic nature of this mechanism, different microtubules within a population 

undergo assembly or disassembly at the same time.

In living cells, the most dynamic microtubules display rapid bouts of assembly and 

disassembly, but there is another feature of the model at play called selective stabilization. 

Microtubules can be stabilized either by the capture of their plus ends, for example by 

proteins and structures in the cell cortex, or by binding along the length of the microtubule 

of stabilizing proteins. The latter would presumably include the microtubule-associated 

proteins in the tubulin preparation that cycle with the tubulin, but it remains poorly 

understood exactly which microtubule-associated proteins are responsible for conferring 

stability to microtubules in living cells. When a microtubule or a region of a microtubule is 

stabilized, it may still undergo subunit exchange with the soluble tubulin pool, but such 

exchange is slow compared to the rapid bouts of assembly and disassembly characteristic of 

dynamically unstable microtubules.

Microtubules that undergo rapid dynamics, according to these principles, are said to be 

labile, while microtubules that are stabilized according to these principles [meaning that the 
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microtubules still undergo dynamics, albeit far more slowly than the labile fraction; see (Li 

and Black, 1996)] are said to be stable. However, the stable fraction defined in this manner is 

not the only stable fraction present in neurons. During the early steps in the tubulin 

purification procedure, adult brain matter is chopped, homogenized and centrifuged under 

cold conditions, and a large pellet is discarded. In theory, all of the tubulin in these 

preparations should be in the supernatant if all of the microtubules were disassembled by 

cold, but in fact, the pellet contains a great deal of tubulin, presumably in the form of 

microtubules that are stable to cold. When the biochemical properties of tubulin in the cold-

stable fraction were compared with the properties of the temperature-cycled tubulin, much 

of the tubulin in the cold-stable fraction was shown to be extremely basic in charge, as 

assessed by two-dimensional electrophoresis. Not only was this different from the cycling 

tubulin, but no tubulin isoform produced by any tubulin gene or known post-translational 

modification of tubulin could explain this behavior (Baas, 2013; Brady et al., 1984).

From the biochemical studies alone, it was impossible to know if the cold insoluble tubulin 

represented a physiological structure or some artifact of the preparation. The cold-stable 

fraction was also resistant to solubilization by calcium or anti-microtubule drugs, and hence 

if this fraction represented microtubules, these microtubules were far more stable than the 

stable category described above. Such microtubules would presumably be so stable as to be 

non-dynamic. It was proposed that in the axons of adult neurons, the cold-stable tubulin 

exists as multiple distinct regions on longer microtubules that are not entirely cold stable 

(Brady et al., 1984). Subsequent electron microscopic work provided some support for this 

idea (Sahenk and Brady, 1987), although it was never firmly resolved whether individual 

MTs contain multiple stable regions or just one stable region. The functional hypothesis was 

that an especially stable tubulin fraction would serve to preserve the organization of the 

microtubule array, acting as nucleating elements to ensure that microtubule assembly occurs 

from pre-existing microtubules rather than haphazardly. An increase in the levels of cold-

stable tubulin as neurons mature was posited to contribute to the decline in morphological 

plasticity that occurs as axons achieve their adult wiring. In cultured neurons from embryos 

or newborn animals, only about 6% of the microtubule mass is cold stable (Black et al., 

1984), while in the adult brain, this fraction has not been quantified but is notably higher 

(Black et al., 1984).

After almost three decades of uncertainty as to what causes cold stability, recent studies have 

shown that the unique properties of cold-stable tubulin can be attributed to polyamination 

(Song et al., 2013). This post-translational modification, which is catalyzed by 

transglutaminases, is known to make proteins more basic, whereas most modifications make 

proteins more acidic or are neutral. In addition, polyamination usually causes proteins to 

become stable, insoluble and resistant to proteolysis, and transglutaminase activity is known 

to increase as neurons mature [for discussion, see (Song et al., 2013); (Baas and Ahmad, 

2013)]. Polyamination contrasts with other known modifications of tubulin associated with 

microtubule stability, namely acetylation and detyrosination, as these other modifications do 

not confer stability but rather accumulate on more stable microtubules or microtubule 

regions because they are long-lived (Garnham and Roll-Mecak, 2012; Song and Brady, 

2015).
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Thus, there are at least three stability categories of microtubule polymer in neurons: labile, 

stable, and cold-stable. The labile category is relatively deficient in acetylated, detyrosinated 

and polyaminated tubulin, while the stable category is rich in acetylated and detyrosinated 

tubulin but still deficient in polyaminated tubulin. The cold-stable category is rich in 

polyaminated tubulin and presumably acetylated and detyrosinated tubulin as well. The 

stable category is stabilized by accessory factors such as microtubule-associated proteins, 

and still undergoes dynamics, albeit more slowly compared to the labile category. The cold-

stable category is stabilized by polyamination of its tubulin subunits, and is so stable as to 

not undergo dynamics. Any individual microtubule could theoretically consist of all three 

stability classes in different regions of the microtubule.

There is another level of complication with regard to the issue of microtubule cold-stability. 

As defined above, the cold-stable fraction is that fraction of the microtubule mass that is 

resistant to depolymerization by cold in biochemical preparations. However, the same rules 

about microtubule cold stability do not apply to cells that are intact. When intact cells are 

exposed to ice-cold temperatures, microtubules can become resistant to cold-induced 

depolymerization, and this is because a protein now called MAP6 (originally called STOP 

for stable tubule only peptide) binds to the microtubules in response to the cold temperatures 

(Delphin et al., 2012). In neurons, this effect is especially profound and can result in a near 

complete preservation of the microtubules against loss in the presence of cold (Baas et al., 

1994; Jones et al., 1980). Such cold stability is lost in cells experimentally depleted of 

MAP6. In biochemical preparations, MAP6 no longer affords microtubules such protection 

against cold, so the only microtubule fraction that is cold stable is that stabilized by 

polyamination of the tubulin itself. The cold-stability afforded to microtubules in vivo by 

MAP6 is presumably important for animals that are challenged with especially cold 

temperatures, but the significance of the MAP6 effect on microtubules probably extends 

beyond that, given that most warm-blooded animals are unlikely to experience notable drops 

in temperature in their neurons. [MAP6 might play a role in conferring stability on the stable 

microtubule domains, which is suggested by a preferential enrichment of MAP6 on stable 

microtubule domains of cultured neurons that have not been exposed to cold; see (Slaughter 

and Black, 2003)]. Mutations or knockouts of MAP6 result in rodents with schizophrenia-

like or neuroleptic behaviors (Andrieux et al., 2002; Volle et al., 2013). Such cold-stability in 

cells is not afforded by tau or MAP2 or presumably other conventional MAPs but rather is a 

specialized property of MAP6. Even highly overexpressed tau or MAP2 that stabilizes 

cellular microtubules against any detectable depolymerization by nocodazole provides no 

stabilization of the microtubules against cells being exposed to cold (Baas et al., 1994). For 

the purposes of the discussion here, the term ‘cold stable’ is used to describe the 

polyaminated fraction, as MAP6-binding appears to be a dynamic process that can 

temporarily provide cold stability to otherwise labile microtubules. It should also be noted, 

however, that the cold-stable fraction (i.e., polyaminated fraction) is stable to all factors that 

are known to cause microtubules to disassemble, so stability to cold, per se, should not be 

taken as the main distinguishing feature of this fraction. Perhaps in the future, it will be wise 

to refer to the cold-stable fraction as the polyaminated fraction.

On the flip side, there is some evidence that enrichment of microtubules in one particular 

isotype of tubulin, namely beta-III tubulin, might make them less stable than microtubules 
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without beta-III-tubulin, all other things being equal. In vertebrate cells (as indicated 

earlier), there are roughly 6–7 alpha tubulin genes and 6–7 beta tubulin genes, with their 

tubulin gene products intermingling to build the microtubules of the cells of the body. Beta-

III tubulin is neuron-specific, the only exception being Sertoli cells, and hence histologists 

commonly use beta-III tubulin as a marker to distinguish neurons from other cell types 

(Katsetos et al., 2003b). There are human diseases that arise from mutations in beta-III 

tubulin that afflict the nervous system (Tischfield et al., 2010). In vitro studies show that 

microtubules assembled from beta-III tubulin (together with an alpha tubulin) are more 

dynamic than microtubules assembled from other beta tubulins together with the same alpha 

tubulin (Panda et al., 1994). It is unknown if this is true in the presence of the myriad of 

microtubule-related proteins in cells or of the microtubules containing various dosages of 

beta-III tubulin together with other tubulin isotypes (as is the case in neurons), but the results 

suggest that perhaps one reason why neurons express beta-III tubulin is to allow for more 

microtubule dynamicity than would otherwise be possible in the face of whatever 

microtubule stabilizers are present in neurons. For example, neuronal progenitors that are 

already committed to a neuronal fate and already expressing neuronal microtubule-related 

proteins are still undergoing cell division, and the presence of beta-III tubulin might be 

important for the microtubules to be sufficiently dynamic in order to participate in mitosis in 

the face of those neuronal microtubule factors (Haendel et al., 1996). The same might be 

true, for example, of growth cone guidance, which requires microtubules to be very dynamic 

at the tip of the growing axon (Challacombe et al., 1997; Lowery and Van Vactor, 2009; 

Tanaka et al., 2005). An issue with beta-III tubulin is that it tends to make cellular 

microtubules resistant to taxol treatment for cancer therapy, which is problematic in that 

tumors of the brain tend to strongly express beta-III tubulin (Katsetos et al., 2003a).

Individual microtubules in the axon consist of domains that differ in 

stability

While the mystery of the cold-stable tubulin fraction remained on the back burner for years, 

the general idea of stable microtubules acting as microtubule-nucleating elements in the 

axon became popular. This thought is attractive because microtubules in axons and dendrites 

are not attached to any known nucleating structure such as the centrosome, but rather are 

free at both ends and yet highly organized. The idea that each microtubule had one or more 

stable regions that would resist depolymerization and hence maintain the polarity pattern of 

the microtubule array theoretically solved many problems for the neuron. A great deal of 

progress was made on this issue, especially in the 1980s and 1990s, using cultured fetal or 

newborn chick or rat neurons as an experimental model, as they are amenable to a range of 

experimental manipulations and microscopy approaches. It had been known that cultures of 

primary neurons treated with anti-microtubule drugs displayed far less microtubule loss over 

similar periods of time than did cultures of simpler cells such as fibroblasts. However, it was 

unknown whether the microtubule mass that remained after 15–30 minutes in such drugs 

was any more or less stable than the microtubule mass that had depolymerized, as the 

entirety of the microtubule mass could theoretically have been undergoing slow gradual 

depolymerization. To address this matter quantitatively, cultures were treated with 

nocodazole for various times, ranging from 15 minutes to 6 hours, and then the levels of 
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microtubule mass in axons were assessed by quantitative electron microscopy (Baas and 

Black, 1990; Baas et al., 1991). Roughly half the microtubule mass in the axon 

depolymerized within the first 15 minutes, while the remaining microtubule mass 

depolymerized very slowly, with some remaining even after 6 hours in the drug. On the basis 

of quantitative analyses using this approach, it was concluded that roughly 58% the 

microtubule mass in the axons of these cultured neurons is stable while roughly 42% is 

labile. As indicated earlier, a small portion of the stable fraction in developing neurons (and 

a larger fraction in adult neurons) is polyaminated and hence virtually non-dynamic.

These studies, it should be noted, were conducted on the middle regions of axons of rat 

sympathetic neurons that had been grown on rat-tail collagen for several days. Other studies 

indicate that the microtubule mass in the distal region of the axon, near the growth cone, is 

especially enriched with the labile microtubule fraction, and that younger axons, grown for 

just a day in culture, have a higher proportion of the labile fraction, even in their middle 

regions. Furthermore, the type of neuron may also be a factor, as some studies suggest a 

higher fraction of the microtubule mass is labile in hippocampal neurons compared to 

sympathetic neurons. Nevertheless, the overall theme of axons containing stable and labile 

categories of microtubule mass seems to be broadly applicable. The idea that the stable and 

labile categories exist as regions on individual microtubules remained a speculation, 

however, until confirmed by immunoelectron microscopic studies in the early 1990s (Baas 

and Black, 1990; Baas et al., 1991).

Immunoelectron microscopy with an antibody against tyrosinated tubulin (tubulin that had 

not yet been post-translationally detyrosinated) revealed a remarkable correlation between 

antibody labeling and the stability category of the microtubules in the axons of cultured rat 

sympathetic neurons (Baas and Black, 1990; Baas et al., 1991). In control neurons, roughly 

half the microtubule profiles labeled densely for tyrosinated tubulin while the other half of 

the profiles labeled not at all. (The word “profiles” is used to indicate regions of 

microtubules appearing in thin sections of the neurons prepared for transmission electron 

microscopy, as portions of any individual microtubule may appear on different thin 

sections.) Almost no labeled profiles appeared in axons of neurons treated for 15 minutes 

with nocodazole, indicating that the labeled profiles correspond to the labile category of 

microtubule mass. Small numbers of labeled profiles remaining after 15 minutes of 

nocodazole treatment were interpreted as “newly stabilized,” such that they had not yet had 

sufficient time to become detyrosinated after being stabilized (Baas et al., 1993). 

Occasionally, in the electron micrographs of axons not treated with the drug, images were 

obtained of microtubule profiles displaying a sharp transition between a labeled region and 

an unlabeled region, with the unlabeled region always appearing proximal in the axon to the 

labeled region. In addition, when the neurons were treated with nocodazole, and then rinsed 

free of nocodazole for a few minutes, all new microtubule assembly in the axon occurred by 

elongation of labile regions (labeled for tyrosinated tubulin) from the plus ends of the stable 

regions (not labeled for tyrosinated tubulin) (Baas and Ahmad, 1992). Collectively, these 

results indicate that microtubules in the axon consist of a stable domain toward the minus 

end of the microtubule and a labile domain toward the plus end of the microtubule, with all 

microtubule assembly in the axon presumably restricted to the elongation of existing stable 

domains. Later studies using immunofluorescence confirmed the domain structure of axonal 
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microtubules, using a preparation that splayed apart the bundled microtubules in the axonal 

shaft so that improved resolution could be achieved on individual microtubules (Brown et 

al., 1993).

It remains unknown how exactly these findings on developing axons relate to the earlier 

findings on adult axons, wherein microtubules were posited to contain multiple distinct 

stable regions, presumably with intervening labile regions. Practically, the intervening labile 

regions would be just as stable, though, because disassembly of the microtubule occurs only 

from the ends. However, neurons are rich in microtubule-severing proteins that can break the 

microtubule along its length (see later), the effects of which would be very different in the 

case of a long continuous stable domain versus a microtubule with intermittent stable 

regions.

Given the polarity orientation of axonal microtubules, these results provide a satisfactory 

explanation for why microtubule domains reaching into the distal region of the developing 

axon contiguous with the growth cone are mainly labile. The question arises as to whether 

microtubules reaching into the growth cone appear to be especially labile simply because of 

the coalescence of labile domains from many different microtubules, or if the labile domains 

in the growth cone are even more labile than the labile domains in the axonal shaft. To 

resolve this issue, the concentration of the antibody against tyrosinated tubulin was titrated, 

and it was found that the relative amount of tyrosinated tubulin with microtubules in the 

growth cone region is greater than the amount in the labile domains of microtubules in the 

axonal shaft. Relatively higher levels of tyrosinated tubulin were found in the microtubules 

in the growth cone region, suggesting that all labile domains are not equally labile, with 

those in the distal region of a growth axon being especially labile (Ahmad et al., 1993). 

More work needs to be done on this issue because there is still uncertainty as to how drug 

stability, normal rates of turnover and tyrosination state of the microtubules all relate to one 

another. For example, the growth cone could simply have a different balance of the enzymes 

that control the tubulin tyrosination cycle. However, earlier classic studies reported growth 

cone microtubules to be special in their dynamic properties (Bamburg et al., 1986), lending 

credence to the view that these observations on tyrosinated tubulin indeed reflect the 

existence of an especially labile/dynamic class of microtubule polymer extending into the 

growth cone.

It is not known whether unacetylated tubulin would be as good of a marker for labile 

domains in the axon as tyrosinated tubulin, as no antibodies exist to unacetylated tubulin. 

Antibodies to either detyrosinated or acetylated tubulin show enrichment in stable domains, 

but the immunoreactivity also appears in the labile domains (Baas et al., 1991). Apparently 

both stable and labile domains have modified subunits whereas the principal difference is 

that stable domains have demonstrably less unmodified tubulin, such that staining for 

tyrosinated tubulin is a good marker.

Studies using the same drug-based approach on the dendrites of cultured rat sympathetic 

neurons revealed that dendrites also have populations of microtubule mass that depolymerize 

in the presence of nocodazole at the same rates as the labile and stable categories of 

microtubule mass in the axon (Baas et al., 1991). However, the labile fraction comprises 

Baas et al. Page 10

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75% of the total microtubule mass while the stable fraction comprises only 25%. Curiously, 

labeling for tyrosinated tubulin is not a good marker that distinguishes stable and labile 

microtubule mass in the dendrite, as even the stable fraction labels fairly strongly. Why the 

stable fraction in dendrites never achieves such a degree of detyrosination remains a 

mystery, but might relate to levels or activity of the enzymes involved in the tyrosination/

detyrosination cycle. Interestingly, after nocodazole treatment to depolymerize the labile 

fraction, the proportion of the microtubule mass that is plus-end-distal in the dendrites of 

cultured rat sympathetic neurons jumps from 56% to 74%, suggesting that, if dendritic 

microtubules have a domain structure similar to axonal microtubules, the labile domains are 

relatively longer in the case of the minus-end-distal microtubules compared to the plus-end-

distal microtubules (Baas et al., 1991). Dendritic microtubules probably do have a domain 

structure similar to axonal microtubules, as biotin-tubulin injected into cultured rat 

sympathetic neurons assembles from microtubules of both orientations in the dendrite with 

no indication of de novo nucleation in either the axon or the dendrite (Wang et al., 1996; Yu 

et al., 1996). Figure 1 shows these ideas on the domain structure of axonal and dendritic 

microtubules.

Microtubule end-targeting proteins

One of the most exciting areas of contemporary microtubule research revolves around a 

category of proteins called +tips (Akhmanova and Steinmetz, 2015). These proteins 

associate with the plus end of the microtubule but only during bouts of assembly. Some have 

their own affinity for the plus end of the microtubule, by recognizing the GTP cap, while 

others have an affinity for other +tips and become +tips themselves for that reason. It has 

been quipped that there is a “zoo” of +tips at the microtubule’s plus end, and these proteins 

(which include EB1, EB3, CLIPs, CLASPs and others) have been the topic of extensive 

recent reviews (Akhmanova and Hoogenraad, 2005). Fluorescently conjugated +tips have 

been a boon to live-cell imaging of microtubule assembly and organization in many cell 

types, so much so, that it is sometimes easy to forget that these proteins have important 

functions of their own. In neurons, the +tips can influence the assembly dynamics of the 

labile domains, and integrate their behavior with, for example, other elements of the 

machinery of growth cone behavior (Bearce et al., 2015). They can also be important players 

in the “search and capture” mechanism of microtubule-stabilization, wherein a microtubule 

undergoing bouts of dynamic instability can be selectively stabilized by plus end capture by 

other cellular structures, usually in the cell cortex. This can be important, for example, in 

stabilizing microtubules on the side of a cell corresponding to the direction of migration, in 

response to an environmental cue. In this regard, +tips have been studied in the context of 

growth cone behaviors (Neukirchen and Bradke, 2011).

A long-standing mystery is why the minus ends of microtubules in the neuron, free from the 

centrosome, seem to be almost completely non-dynamic rather than simply being slower in 

their dynamics, as is the case of minus ends compared to plus ends of microtubules in vitro. 

This is the case in most cells that have free minus ends of microtubules, not just neurons. 

The existence of a minus-end cap has long been suspected but identification of such a cap 

has been elusive. In neurons, it might seem reasonable to attribute the stability of 

microtubule minus ends to the polyaminated tubulin fraction, but this is questionable, as 
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developing neurons contain so little of this fraction. Recent studies implicate a new category 

of proteins called calmodulin-regulated spectrin-associated proteins (CAMSAPs) 

(Akhmanova and Hoogenraad, 2015). CAMSAPs, sometimes referred to as minus-end 

binding proteins, have been shown to bind to free minus-ends of microtubules in various cell 

types, and thereby block the addition or subtraction of subunits from that end of the 

microtubule (Jiang et al., 2014). Such a cap appears to be especially important for inhibiting 

the capacity of microtubule “depolymerases” such as kinesin-13 to tear apart the 

microtubule from its minus end, but would presumably also suppress the dynamic addition 

or loss of subunits from the minus end as occurs in test tube experiments on purified tubulin. 

Figure 2 shows the domain structure of an axonal microtubule, together with information on 

tubulin post-translational modifications, as well as microtubule end-targeting proteins at 

each of its two ends.

Three CAMSAPs have been identified in vertebrates, and these are termed CAMSAP-1, 

CAMSAP-2, and CAMSAP-3. CAMSAP-3 was originally called Nezha, and identified in 

association with adhesion plaques in non-neuronal cells (Meng et al., 2008). Rather than 

appearing as a simple dot on the end of the microtubule, immunostained or tagged 

CAMSAPs, when ectopically expressed, often appear as short stretches along the 

microtubule toward its minus end. This suggests a mechanism by which CAMSAPs compete 

with tubulin subunits for the minus end of the microtubule, until enough CAMSAP 

accumulates to limit any further dynamics. In a recent study, it was shown that CAMSAP2 is 

the predominant family member in vertebrate neurons, and that depletion of CAMSAPs 

from neurons results in detrimental effects on microtubule levels and stability as well as 

stunted neuronal morphologies (Yau et al., 2014).

Microtubule-severing proteins

Microtubule-related enzymes that cut or break microtubules are called microtubule-severing 

proteins. They are AAA proteins that form hexamers on the surface of the microtubule, and 

yank on a tubulin subunit to extract it from the microtubule lattice, causing the microtubule 

to break (Roll-Mecak and McNally, 2010; Roll-Mecak and Vale, 2006). Such breakage or 

“severing” of microtubules can occur near their minus ends within the centrosome to release 

the microtubule so it can then be transported into an axon or a dendrite. Severing can also 

occur at the plus end, in which case, subunits are peeled off the more dynamic end of the 

microtubule. But what happens if the severing protein breaks the microtubule somewhere 

along its length? If the severing event occurs in the stable domain, the result would be two 

new microtubules, one with a stable and labile domain, and the other being exclusively a 

stable fragment that can then assemble a new labile domain. In this fashion, severing in the 

stable domain creates new microtubules. This is important as the axon grows longer and the 

dendritic arbor grows more complex, and especially during branch formation, to supply new 

microtubules after delivery of new microtubules from the centrosome becomes less practical 

to suit the needs of the developing or mature neuron. If the severing event occurs in the 

labile domain, however, the result would be very different, as there would be one 

microtubule with a stable domain and a shorter labile domain, but the microtubule fragment 

without a stable domain would presumably vanish as it would completely depolymerize into 

subunits (Jean and Baas, 2013). Thus, severing in the labile domain would not create new 
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microtubules, but rather would pare away the labile domains, keeping them shorter than they 

would otherwise be. It has been posited that certain microtubule-severing proteins target the 

stable domains and other microtubule-severing proteins target the labile domains (Baas and 

Ahmad, 2013). If this is the case, expression levels and activities of these various severing 

proteins could be tightly regulated to enable the microtubule array of the axon to expand 

during axonal development, and then to tamp down the expansion once the axon has reached 

its target.

The best known of the microtubule-severing proteins are katanin and spastin, both of which 

have a preference for stable domains. This preference is dictated by the specificity of these 

two severing proteins for regions of microtubules that are rich in tubulins that have been 

post-translationally acetylated or polyglutamylated (Lacroix et al., 2010; Sudo and Baas, 

2010). Suppressing katanin or spastin has deleterious effects on axonal growth and 

branching (Ahmad et al., 1999; Karabay et al., 2004; Qiang et al., 2010; Yu et al., 2008), as 

would be expected, given the important roles these proteins play in generating new 

microtubules via the severing of existing ones. Whether microtubule-severing proteins exist 

that favor the labile domain has not been extensively studied, but new evidence suggests that 

fidgetin has this preference, targeting labile domains through a specificity for tubulins that 

are not post-translationally acetylated (Baas and Ahmad, 2013). Collectively, these 

observations suggest a functional relationship between the stability properties of 

microtubules and the effects of microtubule-severing proteins in the neuron (see figure 2). In 

adult neurons, the existence of microtubule-severing proteins may be especially relevant to 

the patches of cold-stable (polyaminated) tubulin that have been posited to exist along the 

length of an individual microtubule, as such regions might be preserved as fragments in the 

face of severing events that would otherwise result in complete loss of the microtubule.

Live-cell imaging of cultured neurons has now revealed that microtubules moving in these 

axons are very short relative to the range of microtubule lengths within the array. Mobile 

microtubules are generally about 7 micrometers in length (He et al., 2005; Wang and Brown, 

2002), and are believed to arise from the severing of longer microtubules by enzymes such 

as katanin or spastin. They would presumably be the remnants of the stable domains, as 

explained above, but further yet, they could represent microtubules severed down to their 

cold-stable regions. Curiously, in bouts of imaging of around 15 minutes, these short mobile 

microtubules display no obvious length changes, which suggest that they may be unusually 

stable. Eventually, to serve the function of being a transportable microtubule-organizing 

center, they would have to begin to elongate again. Whether some would have to shorten 

again in order to convey tubulin for other microtubules to elongate is debatable, as the short 

stable microtubules could theoretically convey tubulin as labile domains growing from them, 

although such a possibility has not yet been appreciated in the live-cell imaging. The 

stability of the short mobile microtubules may also be important for regulating their 

transport properties, as the relevant motor protein may recognize factors such as CAMSAPs 

or tubulin polyamination.
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Microtubule stability and the tubulin code

A long-standing mystery of microtubule biology has been why cells so intricately regulate 

tubulin post-translational modifications that do not confer stability on microtubules but often 

reflect their stability. Evolutionarily well conserved enzymes exist that confer and also 

reverse the modification, often with the modification occurring on the microtubule and its 

reversal occurring on the free tubulin subunit. A great deal of evidence now supports the 

hypothesis that post-translational modifications of tubulin impose a code on the microtubule 

lattice called the tubulin code (Garnham and Roll-Mecak, 2012; Yu et al., 2015). The idea is 

that many (but not all) microtubule-related protein have a preferential affinity for 

microtubules (or domains of microtubules) that are relatively enriched or deficient in certain 

modified tubulins. For example, kinesin-1 displays a preference for microtubules rich in 

detyrosinated and acetylated tubulins, while kinesins 5 and 13 display a preference for 

microtubules rich in tyrosinated tubulin (Kahn et al., 2015; Peris et al., 2009; Sirajuddin et 

al., 2014);. Thus, the stability properties of a microtubule (or domain of a microtubule) may 

make it a more or less favored substrate for various proteins such as molecular motors. Other 

examples of proteins sensitive to the tubulin code include microtubule-severing proteins, as 

discussed earlier (Lacroix et al., 2010; Leo et al., 2015; Sudo and Baas, 2010), and certain 

+tips that have a preference for tyrosinated over detyrosinated tubulin (Peris et al., 2006). 

Thus, whatever causes a microtubule (or microtubule domain) to be more or less stable may 

result in an alteration of its “tubulin code” that, in turn, causes the microtubule or 

(microtubule domain) to preferentially interact with a particular subset of microtubule-

related proteins. One reason why this is important is that often when experiments 

demonstrate a functional role for the stable or labile microtubule fraction, it may not be the 

stability properties of the microtubule, per se, that is relevant so much as the composition of 

the microtubule (i.e. its code of tubulin modifications) that accompany its stability 

properties.

Microtubule stability in nervous system injury

Regeneration of injured adult axons is limited, particularly in the central nervous system 

(CNS). This is because injured axons tend to retract, because they encounter obstacles such 

as scar tissue and inhibitory molecules, and because their growth rates do not match that of a 

juvenile axon. There has been attention in recent years on microtubules as promising targets 

for coaxing injured adult axons to regenerate. Interestingly, microtubule-stabilizing drugs 

have been shown to positively impact the regenerative capacity of injured adult CNS axons 

(Hellal et al., 2011; Ruschel et al., 2015; Sengottuvel et al., 2011). However, these results are 

somewhat surprising because the dynamic properties of microtubules are important, 

especially in the distal tip of the axon, for the capacity of the axon to form a viable growth 

cone, to turn properly in response to external cues, and to grow with the vitality typical of 

the developing nervous system (Bradke et al., 2012; Challacombe et al., 1997; Lowery and 

Van Vactor, 2009; Tanaka et al., 1995). Such observations would suggest that the more 

intuitive approach to coaxing axonal regeneration would be increasing the proportion or the 

amount of labile microtubule mass in the adult axon, especially in its distal area near the 

growing tip (Bradke et al., 2012). Other work indicates that post-translational tubulin 

modifications are relevant to axonal regeneration, as it appears that axons regenerate better 
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in the peripheral nervous system (PNS) because the microtubules in the damaged region of 

the axon become less acetylated in response to injury (Cho and Cavalli, 2012). Such a 

reduction in microtubule acetylation does not occur in the CNS, suggesting that tubulin 

modifications that accompany microtubule stability negatively impact the capacity of the 

axon to regenerate.

Microtubule-stabilizing drugs increase microtubule acetylation and other tubulin 

modifications, suggesting that the positive effects of these drugs are not due to recapitulating 

the mechanisms of axonal growth that occur during development. One possibility is that 

stabilized microtubules may enable the tip of the axon to push the axon through normally 

inhibitory environments, but that kind of mechanism is far askew of how the normally 

dynamic growth cone of the axon functions during development. Recent work has not 

entirely reproduced the original results with these drugs (Popovich et al., 2014), and 

suggests that the observed boosts in axonal growth may be due to effects of the drugs on 

neighboring non-neuronal cells that form the growth-inhibitory glial scar. In order to add 

more labile microtubule mass to the regenerating axon, proteins that tamp down the 

expansion of labile domains may be powerful targets for drug development. As noted earlier, 

fidgetin has been identified as a microtubule-severing protein that pares back labile domains 

of microtubules in vertebrate neurons (Leo et al., 2015), and hence might be an especially 

good target for future drug development.

Microtubule stability in nervous system disease

Neurodegenerative diseases are often associated with a gradual loss of microtubule mass 

from axons and dendrites. Such microtubule loss is best documented in diseases called 

tauopathies, in which tau is both hyper-phosphorylated and abnormally acetylated. As a 

result, tau dissociates from microtubules (Duan et al., 2012; Yoshiyama et al., 2013). Pure 

tauopathies are caused by mutations in tau that render it prone to such effects. Alzheimer’s 

disease, the most common neurodegenerative disease, does not involve mutations in tau, but 

rather tau becomes hyper-phosphorylated and acetylated in response to abnormal amyloid-β. 

Schematic illustrations suggest that microtubules disintegrate as they lose tau, presumably 

by a loss-of-function mechanism, as tau is classically considered a microtubule-stabilizing 

protein. Such a mechanism would suggest that stable domains of microtubules become 

destabilized, hence increasing the proportion of the microtubule mass that is labile, which 

would then somehow lead to a degradation of the microtubule mass. Given that the loss of 

microtubule mass occurs gradually over years, it is not unreasonable that the detachment of 

one of many microtubule stabilizers could explain the gradual microtubule loss that occurs 

during the disease. Another loss-of-function model for tauopathy posits that detachment of 

tau from microtubules causes them to degrade not by stable domains becoming labile, but 

rather because microtubules when not bound to tau become more sensitive to microtubule-

severing proteins, mainly katanin (Qiang et al., 2006; Sudo and Baas, 2011). A completely 

different possibility is a gain-of-function mechanism wherein the abnormal tau, either in the 

form of soluble protein or in the form of abnormal filaments, produces toxicity that can have 

myriad ill effects on the axon, including microtubule loss (Kanaan et al., 2012). This could 

be due, for example, to the hyper-activation of kinases that regulate other microtubule-

regulatory proteins, or the abnormal tau filaments could sequester other proteins that 
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normally contribute to microtubule stability (LaPointe et al., 2009). A recent study suggests 

that when tau abnormally enters dendrites during Alzheimer’s disease, the dendritic 

microtubules degrade because they become more polyglutamylated and hence more sensitive 

to spastin (Zempel et al., 2013). Loss-of-function and gain-of-function mechanisms may 

apply to a number of different neurodegenerative disorders in which loss of microtubule 

mass or a change in microtubule stability has been documented, including Amyotrophic 

Lateral Sclerosis, Hereditary Spastic Paraplegia, Parkinson’s disease, and others (Cappelletti 

et al., 2015; Coyne et al., 2014; Fanara et al., 2007; Solowska et al., 2014).

In recent years, there had been enthusiasm about the idea that neurons afflicted with 

tauopathies and other neurodegenerative diseases may benefit from a preservation of 

microtubule mass by treatment with microtubule-stabilizing drugs. This idea is buoyed by 

work on animal models for neurodegenerative diseases and injuries in which positive effects 

of microtubule-stabilizing drugs have been documented using methods ranging from 

histology to behavior (Brunden et al., 2010; Hellal et al., 2011; Sengottuvel et al., 2011; 

Zhang et al., 2012; Zhang et al., 2005). In human patients, there are potential problems of 

increasing microtubule stability throughout the neuron and throughout the entire nervous 

system, if the drugs are taken systematically. A recent study on spartin, a protein that when 

mutated causes hereditary spastic paraplegia, indicates that in some cases axonal 

degeneration may be due to too much stabilization of microtubules (Nahm et al., 2013); this 

serves as a reminder that the labile microtubule fraction is just as important as the stable 

fraction (Carrillo et al., 2013). Indeed, a broad theme of the present article is that both stable 

and labile domains of microtubules are functionally important, with each domain having its 

own roles to play, and interacting preferentially with a different complement of microtubule-

related proteins. Proponents of the microtubule-stabilization strategy would argue that the 

drugs will be introduced at concentrations sufficiently low that they would not have 

deleterious effects, but at the same time would have sufficiently positive effects to correct for 

the microtubule abnormalities that accompany the disease. A clinical trial for Epothilone D 

conducted on patients with mild Alzheimer’s disease ended in 2013 and evaluation of the 

drug was discontinued (Zempel and Mandelkow, 2015).

A key issue with regard to the microtubule loss that occurs during neurodegenerative 

diseases is whether the loss is principally of the stable fraction or the labile fraction. The 

general assumption has been that the stable fraction becomes labile and as a result is prone 

to disassembly. However, a different possibility is that the labile fraction is preferentially 

lost, leaving the neuron with less total microtubule mass. In this case, what microtubule 

mass that is left would be predominantly stable. If the latter is the case, microtubule-

stabilizing drugs may not be an effective strategy because such drugs would further stabilize 

the microtubule fraction that is already stable, while stabilizing the labile domains so that 

they may not be able to fulfill their normal functions. In a recent study on the brains of 

deceased Alzheimer’s patients, it was determined via quantitative Western blotting that the 

levels of total alpha tubulin were diminished relative to non-diseased brain, and so too were 

the levels of acetylated tubulin. However, the ratio of acetylated to total tubulin was 

increased, which would be consistent with the idea that the microtubule loss is of the 

predominantly labile regions (Tsushima et al., 2015; Zhang et al., 2015). If this is the case, 

just as with nerve injury discussed above, the more effective strategy may be one that 
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increases labile microtubule mass. Figure 3 shows three potential scenarios of microtubule 

loss during neurodegeneration, namely microtubule destabilization, preferential loss of labile 

domains, and abnormal microtubule severing.

Methods for assessing microtubule stability in neurons

For experimental analyses, the question arises as to how to quantify and visualize the stable 

and labile microtubule fractions in axons and dendrites. The nocodazole approach from the 

late 1980s and early 1990s is a good one for studies on cultured neurons (Baas and Black, 

1990; Baas et al., 1991), but has not been adapted to studies on intact nerve tissue. In this 

method, discussed earlier, cultures are treated with nocodazole for various amounts of time 

and then the microtubule levels are quantified by electron microscopy, quantitative 

immunofluorescence, or Western blotting, and the data are graphically plotted as total 

microtubule mass (as a percentage of control levels) versus time in the drug. The drug-

induced diminution in microtubule mass is biphasic, with the labile fraction lost during the 

first 15–30 minutes and the stable fraction decaying much more slowly, over a period of 

hours (figure 4). Immunostaining for acetylated or detyrosinated tubulin is a relatively 

simple approach for providing information on microtubule stability at different ages or 

experimental conditions, or to compare diseased/experimental and healthy/control neurons, 

and this approach has become routine for use in both cell culture and nerve tissue (figure 5). 

Both of these methods are useful, but not without their caveats. For example, as indicated 

earlier, at least in primary neuronal culture, immunostaining for tyrosinated tubulin is a very 

good distinguisher of stable and labile domains of microtubules in axons, but not dendrites 

or somata (Baas et al., 1991). In different parts of the neuron, at different developmental 

stages, in different kinds of neuron, or in disease/injury scenarios, the enzymes that regulate 

tubulin modifications may vary in concentration and activity, such that immunostaining for 

acetylated, tyrosinated or detyrosinated tubulin may or may not be a reliable method for 

quantitatively comparing microtubule stability properties. In addition, levels of any of these 

stability-relevant isoforms of tubulin should be taken as a ratio against total tubulin in 

microtubules, or the result may be misinterpreted. For example, as discussed earlier in the 

context of Alzheimer’s disease, diminution in acetylated tubulin staining in an experimental 

scenario could mean that the fraction of the total microtubule mass that is acetylated has 

diminished, or it could be reflective of a diminution of total microtubule mass wherein the 

proportion of the total that is acetylated might actually be higher than in the control. A 

potential caveat with the nocodazole approach is that depolymerizing such a large fraction of 

the microtubule mass may release factors from that microtubule fraction that can then bind 

to the microtubule fraction that remains, potentially rendering the stable fraction more stable 

than it normally is. Another approach is to induce depolymerization by dilution, which is to 

extract the neurons in a detergent that releases free tubulin but does not artificially stabilize 

the microtubules (Baas and Heidemann, 1986). The microtubules will then depolymerize at 

a rate reflective of their dynamic properties, with the labile fraction depolymerizing quickly 

and the stable fraction depolymerizing slowly. The caveat with this approach is that the 

detergent extraction could result in the loss of factors from the microtubules that influence 

their stability, although using a mild detergent and/or very low concentration of detergent 

can minimize this.
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A more contemporary approach is to express fluorescently tagged tubulin in the neurons, 

allow time for it to incorporate through the microtubule array, and then bleach regions of the 

neuron. The recovery of the fluorescence reflects the rate of exchange of the microtubules 

with the free tubulin pool, with the labile fraction recovering quickly and the stable fraction 

recovering more slowly (Edson et al., 1993). This approach, called FRAP (fluorescence 

recovery after photobleaching) is free of the concerns of the other approaches, but has not 

yet been sufficiently refined so as to distinguish stability classes of microtubules. 

Presumably, after a quick influx of diffusible fluorescent tubulin, a bleached zone in the 

axonal microtubule array would recover in a biphasic fashion, first with the recovery of the 

labile portion of the microtubules and then with the recovery of the stable portion (figure 6). 

However, this approach is significantly flawed by the fact that fluorescent microtubules from 

the regions of the axon flanking the branch can move through the bleached zone (rapid 

transport of short microtubules and potential sliding of longer microtubules; see (Del 

Castillo et al., 2015; He et al., 2005), and hence the recovery of fluorescence can be due as 

much to microtubule movements as microtubule dynamics [see also (Yu et al., 1996)]. A 

variant of this approach is to microinject tagged tubulin, wait various periods of time, extract 

to release free tubulin, fix the cells, and visualize the timetable by which the tagged tubulin 

incorporates into microtubules; the labile fraction incorporates the tagged tubulin quickly 

while the stable fraction incorporates the tagged tubulin more slowly (Li and Black, 1996). 

Assaying for microtubule stability in vivo (especially in the case of adult animals) has been 

more challenging, but is especially important for studies on animal models of diseases and 

therapeutic approaches for restoring microtubule levels and properties to normal. Some 

interesting and novel approaches are now being explored (Barten et al., 2012; Kleele et al., 

2014).

Factors that affect microtubule stability in the neuron

It is not uncommon in the biomedical literature for the stability of a microtubule to be 

confused with its stiffness or mobility or other properties that may be indirectly related to its 

stability but technically are not stability. As described earlier, stability refers to the rate at 

which a microtubule undergoes subunit exchange with the soluble tubulin pool, which is 

reflected in the sensitivity of the microtubule to the reduction in the effective concentration 

of the tubulin pool by tubulin-sequestering drugs or dilution. Stability also refers to the 

sensitivity of the microtubule to cold and/or calcium (which is not always the same as 

sensitivity to dilution or drugs). The mistaken gestalt that sometimes comes to mind is that a 

stable microtubule is necessarily stiffer or less mobile than a labile microtubule. Some 

proteins that stabilize microtubules could also make them stiffer or less mobile, but this is 

not always true. For example, a microtubule could be stable but not as stiff as a microtubule 

that is labile. As discussed earlier, short mobile microtubules in the axon are stable, while 

immobile microtubules often have long labile domains. Microtubules that are highly bundled 

are often thought of as very stable, but this is also not necessarily true, as for example, labile 

domains extending into the growth cone could be bundled and yet still labile. All of this begs 

the most perplexing question of all, which is what factors actually determine the stability 

properties of a microtubule. The literature is rife with talk of proteins that act as microtubule 

stabilizers or destabilizers, but the issue is not as simple as it is often portrayed. A protein 
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that stabilizes a microtubule would transform a labile domain into a stable domain, or at 

least make either domain more stable than it would otherwise be. A protein that destabilizes 

a microtubule would transform a stable domain into a labile domain, or at least make either 

domain less stable than it would otherwise be.

Myriad proteins are said to stabilize microtubules, and these include traditional fibrous 

MAPs (microtubule-associated proteins) such as tau, MAP2 and MAP1b, as well as other 

proteins, such as doublecortin, that bind to the microtubule lattice (Dehmelt and Halpain, 

2005; Mandelkow and Mandelkow, 1995; Tucker, 1990). Crosslinking proteins such as 

plakons have also been implicated in microtubule stability (Fuchs and Yang, 1999). Most 

proteins that interact with microtubules can stabilize them in vitro, if present at high 

concentrations, and the same is true under conditions of high overexpression of such 

proteins in living cells. Tau and its related family members, MAP2 and MAP4, have repeats 

of microtubule-binding domains on their c-terminal end, and these are thought to bind in a 

series along the microtubule lattice to hold it together and thereby prevent depolymerization 

of the microtubule (Kadavath et al., 2015). However, the on/off rate of association and 

dissociation of these proteins with the microtubule in living cells is only milliseconds 

(Janning et al., 2014), which seems inconsistent with tau or its family members (which 

presumably have similar dwell times on the microtubule lattice) transforming highly 

dynamic labile microtubule domains into stable long-lived domains. Curiously, tau and 

MAP1b are more enriched on the labile domains extending into the distal region of growing 

axons than on microtubules in the main shaft of the axon where stable and labile domains 

intermingle (Black et al., 1994; Black et al., 1996; Kempf et al., 1996). [This contrasts with 

MAP6, for which there is evidence of enrichment on stable microtubule domains; see 

(Slaughter and Black, 2003)]. Whether or not MAP1b is phosphorylated may play a role in 

how it affects microtubule stability (Goold et al., 1999). Doublecortin binds in the groove 

between the longitudinal protofilaments of the microtubule and would seem ideally located 

to stabilize the microtubule against depolymerization, and yet most data suggest that 

doublecortin’s main roles are to regulate microtubule stiffness important for growth cone 

guidance (Jean et al., 2012), constrain the microtubule’s protofilament number to 13 

(Bechstedt and Brouhard, 2012), and regulate the integration of microtubules with the actin 

cytoskeleton underlying such events as axonal branch formation (Tint et al., 2009). MAP1b 

also has myriad functions apart from influencing microtubule stability (Villarroel-Campos 

and Gonzalez-Billault, 2014). One possibility is that microtubule stability in neurons is the 

result of the combined effects of a large pool of stabilizers, but another possibility is that the 

microtubule-stabilizing properties of many of these proteins have been a red herring all 

along, and at least some of them are not really stabilizers of microtubules in the 

physiological context.

Many proteins termed microtubule destabilizers actually promote microtubule disassembly, 

and would be more accurately termed microtubule depolymerizers. Examples are stathmin 

and its neuron-specific variant called SCG10, which shift microtubules toward disassembly 

by sequestering tubulin subunits and by promoting catastrophe, as well as certain 

“depolymerizing” kinesins (kinesin-8 and kinesin-13) that use the forces of ATP hydrolysis 

to tear subunits from the ends of microtubules (Chauvin and Sobel, 2015; Niwa, 2015). By 

depolymerizing the labile domains of microtubules, such proteins would reduce the total 

Baas et al. Page 19

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microtubule mass and shift the microtubule array to a greater proportion of the total being 

stable. Whether proteins actually exist that transform stable domains of microtubules into 

labile domains remains to be seen.

There are hundreds of published articles on neuronal development, disease and injury that 

invoke various proteins, pathways and mechanisms that draw authors to converge on 

changes in microtubule stability as the downstream explanation for their results. Assuming 

the lion’s share of these studies are interpreted appropriately, the mind boggles at how 

alterations in so many different proteins and pathways simultaneously could be so crucial to 

keeping microtubules as stable as they normally are. There may be a complex interplay of 

factors; for example, regions of microtubules that are rich in tau are generally deficient in 

doublecortin (Tint et al., 2009), suggesting that one may displace the other. In knockout 

animals, the absence of one microtubule-associated protein can lead to the overexpression of 

another (Ke et al., 2012). As indicated earlier, certain proteins that do not directly stabilize 

microtubules may have that indirect effect by protecting the microtubule from proteins that 

promote severing or depolymerization, and certain tubulin modifications that do not directly 

stabilize microtubules may render the microtubule more or less favored for interaction with 

various microtubule-related proteins, some of which could affect microtubule stability. Work 

conducted on developing neurons is not easily considered alongside work on adult neurons, 

as many features of their stability properties can be quite different. Complexities abound 

such that, despite over 30 years of progress on the issue, the molecular basis of microtubule 

stability is still shrouded in mystery.
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Figure 1. Microtubule organization in the vertebrate neuron
Schematic of typical vertebrate neuron with one axon and multiple dendrites. Microtubules 

are nearly uniformly oriented in the axon, and non-uniformly oriented in the dendrites. 

Microtubules in both the axon and the dendrites consist individually of a stable domain 

(shown in red) and a labile domain (shown in yellow), with the labile domain toward the 

plus end of the microtubule. Short mobile microtubules in the axon are entirely stable. 

Microtubules in the axon and dendrites vary in their length, with none of them attached to 

the centrosome. In the axon, a higher percentage of the total microtubule mass is stable 

compared to the situation in the dendrite.
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Figure 2. Stability domains of axonal microtubules and related molecules and modificiations
Microtubules in the axon individually consist of a stable domain toward the minus end of the 

microtubule and a labile domain toward the plus end of the microtubule. Panel A 

schematically indicates the two domains, which compositionally differ in their levels of 

post-translationally acetylated and detyrosinated tubulin subunits. Modified subunits (shown 

with green highlighted tubulin ‘tails’) are enriched in the stable domain while unmodified 

subunits (shown with orange highlighted tubulin ‘tails’) are enriched in the labile domain. 

The tip of the labile domain (plus end of the microtubule) is associated during bouts of 

microtubule assembly with plus-tip proteins such as EB1, EB3, CLIP and CLASP. The tip of 

the stable domain (minus end of the microtubule) is associated with minus-tip proteins 

termed CAMSAPs, which often take on a linear structure as they compete for tubulin 

subunits during the formation of a cap that prevents microtubule disassembly from the minus 

end. The two domains differ in their interactions with various microtubule-related proteins, 

such as the severing proteins katanin and spastin which target stable domains and the 

severing protein fidgetin, which targets labile domains. Panel B shows a more detailed view 

Baas et al. Page 29

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of tubulin post-translational modifications (detyrosination, acetylation, phosphorylation, 

polyglycylation and polyglutamylation) and where they occur in the tubulin subunits 

comprising the microtubule lattice. Note: In dendrites, the stable and labile regions of 

microtubules do not differ in such a pronounced way in their content of post-translationally 

modified tubulins, as is the case in the axon.
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Figure 3. Hypothetical mechanisms of microtubule loss from neurons during neurodegenerative 
diseases
Panel A shows the normal situation in the axon with individual microtubules displaying 

stable and labile domains. Panel B shows a scenario for potential loss of microtubule mass 

during neurodegeneration in which the stable domains are gradually destabilized, thus 

shifting individual microtubules to shorter stabile domains and longer labile domains that 

undergo greater depolymerization. Panel C shows enhanced depolymerization of the labile 

domains, without destabilization of the stable domains. Panel D shows microtubule loss due 

to increased microtubule severing. Severing in the labile domain results in complete 

depolymerization of the resulting labile microtubule fragments. Severing in the stable 

domain produces stable fragments with some accompanying depolymerization during the 

severing event. These three mechanistic possibilities could also apply to microtubule loss in 

dendrites.
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Figure 4. Nocodazole-based approach for assaying stable and labile microtubule fractions in 
cultured neurons
Top three panels on the right schematically show electron microscopy experiment in which 

the labile domain of the axonal microtubule is preferentially labeled by colloidal gold 

secondary antibody and tyrosinated tubulin primary antibody. After 15–30 minutes in 

nocodazole, the labile domains are entirely depolymerized, leaving behind only the stable 

domains. After an additional few hours in drug, the stable domain is reduced but much more 

slowly than the labile domain was lost. The graph to the left of these panels shows a 

hypothetical quantification of data derived from this kind of experiment in which the 

microtubule levels are plotted against time in drug. A biphasic loss of microtubule mass is 

revealed with a rapidly lost labile fraction and a slowly depolymerizing stable fraction. The 

lower panel to the left shows a parallel immunofluorescence experiment in which the labile 

domains (rich in tyrosinated tubulin) are depolymerized by 15–30 minutes in the drug, 

leaving behind the stable domains (rich in detyrosinated tubulin). The lower panel to the 

right shows the same experiment, as assessed by Western blotting rather than microscopy.
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Figure 5. Immuno-microscopy-based approaches for assaying stable and labile microtubule 
fractions in cultured neurons
Top panel shows a hypothetical triple-label immunofluorescence experiment in which 

cultured neurons were pre-extracted in a microtubule-stabilizing buffer (to release free 

tubulin) prior to fixation, and then labeled with antibodies to total tubulin (with green 

secondary antibody), tyrosinated tubulin (with red secondary antibody), and acetylated 

tubulin (with blue secondary antibody). Total tubulin is relatively evenly distributed in 

dendrites, the axon, and soma, with microtubules also extending into the growth cone at the 

tip of the axon. Tyrosinated tubulin is relatively enriched in the dendrites, soma and growth 

cone microtubules. Acetylated tubulin is relatively enriched in the axonal shaft (which 

would also be true of detyrosinated tubulin, not shown in figure). The lower panel shows 

electron microscopy of axonal microtubule labeled with primary antibody to tyrosinated 

tubulin and secondary antibody conjugated to colloidal gold. The labile domain is densely 

labeled while the stable domain is unlabeled.
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Figure 6. FRAP-based approach for assaying stable and labile microtubule fractions in cultured 
neurons
In the FRAP-based approach, cultured neurons are transfected to express fluorescently-

tagged tubulin, with sufficient time allowed for the tagged tubulin to incorporate into the 

stable and labile microtubule fractions. Then, a bleached zone is created in the axon, after 

which the return of fluorescence is recorded through digital imaging. In theory, after a very 

rapid initial influx of free fluorescent tubulin (not shown), the fluorescence is recovered 

biphasically, with the first phase returning in 15–30 minutes, and the rest returning over a 

matter of hours. These two phases would correspond to the labile and stable microtubule 

fractions, respectively. FRAP has been used in the past to study microtubules in cultured 

neurons, but the more sophisticated use of the method to reveal stable and labile fractions 

remains hypothetical, as is the predicted quantification, shown graphically at the bottom of 
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the schematic illustrations of the recovery phases. A notable shortcoming of this approach is 

the mobility of fluorescent microtubules into the bleached region from the fluorescent zones 

flanking the bleached region, as indicated in the third illustration, which could theoretically 

contribute to the recovery of fluorescence of the bleached zone as much as microtubule 

dynamics.
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