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Abstract

The microtubule cytoskeleton is critical for maintenance of long and long-lived neurons. The 

overlapping array of microtubules extends from the major site of synthesis in the cell body to 

the far reaches of axons and dendrites. New materials are transported from the cell body along 

these neuronal roads by motor proteins, and building blocks and information about the state of 

affairs in other parts of the cell are returned by motors moving in the opposite direction. As 

motor proteins walk only in one direction along microtubules, the combination of correct motor 

and correctly oriented microtubules is essential for moving cargoes in the right direction. In this 

review, we focus on how microtubule polarity is established and maintained in neurons. At first 

thought, it seems that figuring out how microtubules are organized in neurons should be simple. 

After all, microtubules are essentially sticks with a slow-growing minus end and faster-growing 

plus end, and arranging sticks within the constrained narrow tubes of axons and dendrites should 

be straightforward. It is therefore quite surprising how many mechanisms contribute to making 

sure they are arranged in the correct polarity. Some of these mechanisms operate to generate 

plus-end-out polarity of axons, and others control mixed or minus-end-out dendrites.
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Particular about polarity

Neurons have very specific arrangements of microtubules in axons and dendrites. Every 

axon that has been examined, from those in mammalian cultured neurons to invertebrate 

neurons in vivo, has almost uniform plus-end-out polarity (1). In contrast, most dendrites 

have a significant proportion of minus-end-out microtubules. Dendritic microtubule polarity 

was first determined to be different from that of axons in primary cultures of hippocampal 

neurons (2). The discovery that almost half of dendritic microtubules had their minus 

ends distal to the cell body immediately suggested that dendrite-specific cargoes could 

be delivered by the minus end-directed motor dynein, but this was not confirmed in 

mammals until two decades later (3). In the intervening years, plus end-directed kinesin 

motors were the focus of polarized transport studies in dendrites and axons (4, 5). It 

was therefore surprising when, in the kinesin era, Drosophila dendrites were found to 

have almost exclusively minus-end-out microtubules (6, 7) precluding a role for kinesin 

as an anterograde dendritic motor in this animal. Studies in C. elegans confirmed that, 

like Drosophila, their dendrites have minus-end-out rather than mixed polarity microtubules 

(8–10). One potential reason for the discrepancy between the pure minus-end-out polarity 

dendritic microtubule organization in invertebrates and mixed polarity in vertebrates was 

that the invertebrate studies were performed in vivo, while the vertebrate analysis was 

done in vitro. However, this possibility was eliminated by a thorough analysis of vertebrate 

dendritic microtubule polarity in vivo that demonstrated mature cortical neurons maintain 

mixed polarity (11). It seems that mixed polarity is sufficient to establish key differences 

between dendrites and axons in vertebrates, and in immature Drosophila neurons (12). 
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Perhaps pure minus-end-out dendrites are an added optimization for efficient transport 

that is useful in small animals. Because of their extreme take on polarity, minus-end-out 

dendrites have proven particularly useful for identifying strategies cells use to polarize 

microtubule arrays.

Growing and sliding into place

During neuronal development axons usually emerge first from the cell body, followed by 

dendrites. Both types of processes are initially populated by predominantly plus-end-out 

microtubules. In mammalian neurons this has been described very nicely for hippocampal 

neurons in culture. After primary cultures are plated, several short neurites initially extend, 

all of which have predominantly plus-end-out microtubules (11, 13). One of these begins 

rapid outgrowth to become the axon, and then several days later the remaining neurites 

begin to grow into dendrites. Minus-end-out microtubules are gradually added as the 

dendrites grow to reach 40-50% of the total population (11, 13). A similar series of 

events has been observed in Drosophila neurons in vivo, with very early stages of dendrite 

outgrowth characterized by predominantly plus-end-out microtubules (14) and minus-end-

out microtubules added gradually as dendrites mature (12, 14). The early arrival of plus 

ends in newly forming neurites fits well with basic microtubule behavior observed across 

many cell types. Microtubules are often nucleated at a central microtubule organizing center 

(MTOC), typically the centrosome, and plus ends explore outwards in bouts of growth and 

shrinkage termed dynamic instability (15). In developing neurons, then, plus ends would be 

expected to grow out into new neurites (Figure 1A). Indeed, this behavior has been observed 

in Drosophila neurons in vivo (12, 14). This basic phenomenon of plus ends growing out 

to populate far regions of cells is likely why plus-end-out polarity seems to be the default 

organization of many types of processes. For example, oligodendrocytes grow multiple 

plus-end-out processes as they develop (16). Moreover, several types of neurons with only 

plus-end-out neurites have been described. One such cell type is ganglion cells in the sea 

anemone Nematostella vectensis, which have three equivalent neurites, all with plus-end-out 

polarity (17). In vertebrates, dorsal root ganglion cells, the major neuron type that innervates 

the skin to receive sensory information, also has multiple plus-end-out axons and no regions 

containing minus-end-out microtubules (18). In contrast, neurons with exclusively mixed or 

minus-end-out neurites have not been identified, although candidate dendrite-only cells like 

amacrine neurons have not been assessed for microtubule polarity.

While plus end growth clearly helps populate new neurites with microtubules, microtubule 

sliding or transport also plays a role in driving the early stages of outgrowth (19, 20). 

Sliding by kinesin-1 helps initiate neurite outgrowth in Drosophila neurons (20). Later 

in development kinesin-1-mediated sliding is held in check by the kinesin Pavarotti in 

Drosophila (21) and by cortical anchoring in C. elegans (22). The role of kinesin-mediated 

sliding in controlling microtubule polarity is not entirely clear. In contrast, dynein has been 

implicated in axonal polarity in Drosophila and mammals (23, 24). It is thought to drive 

plus-end-out microtubules into axons, and remove minus-end-out ones (24, 25) (Figure 1B), 

so its sliding activity is tightly linked to control of microtubule polarity. While sliding in 

general is much less active as neurons mature, dynein may continue to help maintain axonal 

polarity. In dendrites, a tetrameric kinesin, MKLP1/CHO1 is important for establishment 
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and maintenance of polarity, and has been proposed to slide minus-end-out microtubules 

into dendrites (26, 27), though direct evidence it slides microtubules in neurons is lacking. 

For more complete discussions of microtubule sliding in neurons, two recent reviews are 

excellent resources (24, 28).

Minus end maneuvers

While a role for plus end growth in helping to establish axonal microtubule polarity makes 

intuitive sense, a similar and surprising role for minus end growth in establishment of 

dendritic microtubule polarity was recently identified. At very early stages of development, 

Drosophila dendrites have uniformly plus-end-out microtubules (14). As dendrites extend 

minus ends can be seen growing slowly and persistently into dendrites (Figure 2A), and this 

minus end growth requires Patronin. If Patronin levels are reduced, dendrites fail to achieve 

normal minus-end-out polarity (14) supporting a role for minus end growth in populating 

dendrites with minus-end-out microtubules.

Microtubule growth outwards from the cell body can help establish microtubule polarity, but 

as neurites lengthen new microtubule ends are generated throughout them. Many of these 

new ends are likely generated by severing followed by capping with minus end-binding 

proteins of the CAMSAP/Patronin family. Reduction of microtubule severing proteins of 

the AAA ATPase family in neurons results in phenotypes ranging from alterations in axon 

outgrowth (29) to changes in stability of distal dendrites (30), but it has been difficult to 

pin down when and where severing proteins act in axons or dendrites. However, minus 

ends capped with CAMSAP/Patronin are readily visualized in mammalian (31), C. elegans 

(32) and Drosophila (14), neurons and are presumably produced by severing. Microtubule 

severing allows for generation of new microtubules while preserving pre-existing polarity, so 

is a way to reinforce polarity of an array (Figure 1D).

De novo nucleation of microtubules, unlike severing, could easily lead to new microtubules 

being generated in random orientation. In axons, the involvement of HAUS/augmin offers 

a fix for this polarity problem. The HAUS/augmin complex recruits the core microtubule 

nucleation machinery, the γ-Tubulin Ring Complex (γ-TuRC), to the side of existing 

microtubules. The recruited γ-TuRC can then initiate growth of a new microtubule from 

the side of its parent microtubule in a process termed branching nucleation (Figure 1C). 

This type of nucleation preferentially initiates microtubules in similar orientation to the 

parent microtubule (33, 34). In cultured mammalian neurons axonal microtubule polarity is 

less uniformly plus-end-out when HAUS/augmin complex members are reduced, consistent 

with branched nucleation promoting parallel microtubule alignment (35, 36). While one 

might imagine that a similar mechanism could be engaged in invertebrate dendrites, where 

microtubules are also uniformly arranged, Drosophila with mutations in one of the augmin 

subunits do not exhibit changes in dendrite microtubule organization (37). Phenotypes are, 

however, observed when augmin mutations are combined with loss of centrosomin (37) 

indicating augmin does function in these cells, perhaps in parallel with other microtubule 

organizing mechanisms.
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In the mitotic spindle, HAUS/augmin-mediated branched nucleation coexists with nucleation 

from the spindle pole microtubule organizing centers (MTOCs). Mini MTOCs have also 

been described in dendrites. Centrosomes are the classic MTOC, but many cells position 

γ-TuRCs on cellular membranes ranging from the nuclear envelope in muscle cells (38) 

to the plasma membrane in the C. elegans gonad (39). It was recently found that during 

dendrite outgrowth in C. elegans, Rab11 endosomes house nucleation sites near the growing 

tip (40). Microtubules are nucleated out from an endosomal cluster that serves as the distal 

dendritic MTOC in both directions-to the cell body and away from the cell body. However, 

the position of the endosomes in a single clump near the growth cone means that most of 

the growing dendrite is populated by minus-end-out microtubules and only a short region 

at the tip has plus-end-out ones (40). While this tip MTOC is important for specifying 

minus-end-out polarity during development, it seems to be inactivated in mature neurons and 

the nucleation site has not been determined.

In Drosophila dendrites endosomes also house nucleation sites (41). In this case, the 

relationship between nucleation and polarity control is not as simple as in growing C. 

elegans dendrites where endosome position is used to generate minus-end-out polarity. In 

Drosophila nucleation sites are located at branch points distributed along the dendrites (41–

43) so nucleation in both directions from the mini MTOC would result in mixed polarity. 

So far two ways to couple nucleation and polarity in these cells have been identified. First, 

new microtubules do not seem to be generated equally in both directions (to and from the 

cell body). Instead, there is a slight bias (about 60%) of microtubules generated in the 

correct orientation with plus ends growing towards the cell body (44) (Figure 2B). Second, 

there is a quality control mechanism that favors exit of correctly oriented microtubules 

from the branch point into the main dendrite (44). If newly generated microtubules are 

generated in the same orientation as existing microtubules Trim9 and Klp61F can promote 

growth of the new microtubule (44). Microtubules growing in the opposite direction to 

existing microtubules have a high frequency of catastrophe (Figure 2C) helping to reduce the 

potentially disruptive impact of microtubule nucleation to minus-end-out polarity

In mammalian neurons, it is not clear whether endosomes or other membranes house 

dendritic nucleation sites. Although there is support for local nucleation throughout 

mammalian neurons (31), sites where dendritic nucleation occurs have remained elusive. 

Polarity regulation of nucleation would not be necessary in mammalian dendrites as they 

have mixed orientation microtubule arrays.

Polarity control at the growing plus end

Growth of plus ends from the cell body into neurites can clearly contribute to setting 

up plus-end-out polarity in short new axons, and we have already mentioned several 

ways that this initial short-range plus-end-out polarity could be used to template a long 

overlapping plus-end-out microtubule array. First, polarity could be reinforced by using 

severing to generate new microtubule ends without altering polarity (Figure 1D). Second, 

HAUS/augmin-mediated nucleation can be used to make new microtubules based on polarity 

of existing ones (Figure 1C). If plus end growth out from the cell body dominates during 
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axon development, then perhaps these mechanisms are sufficient to orchestrate long-distance 

plus-end-out polarity.

While axonal polarity works with exuberant plus end growth, maintaining minus-end-out 

polarity in branched Drosophila dendrites relies on its careful control. One key control 

mechanism is recruitment of kinesins to the plus end to harness plus end growth to 

prevailing polarity. At least two different kinesins seem to act in specific contexts to coax 

plus ends in the “right” direction. Kinesin-2, in concert with plus end-binding proteins 

Apc and EB1, controls plus end growth at dendrite branch points. Microtubules entering a 

branch point from a distal dendrite have two exit routes: one towards the cell body and one 

away from the cell body. If they grow away from the cell body, they disrupt minus-end-out 

polarity. In normal dendrites, almost all grow towards the cell body, and this requires 

kinesin-2, Apc and EB1 (45) (Figure 2D). This complex seems to be engaged specifically 

when the incoming plus end collides with the side of an existing microtubule, and the result 

is that the plus end grows along the old microtubule towards its plus end (46). This type of 

microtubule steering by plus end-attached kinesin-2 has been reconstituted in vitro (47, 48). 

Essentially the plus end becomes a kinesin cargo, coupled to the cargo-binding Kap3 subunit 

by its interaction with Apc. The motor domain is thus free to associated with the side of 

the existing microtubule. The tetrameric motor kinesin-5 (Klp61F) also promotes plus end 

growth along parallel microtubules, but seems to function specifically on newly nucleated 

microtubules as they exit the branch point (see above) (44). In vitro kinesin-5 motors can 

act as microtubule polymerases (44, 49) so that activity is likely involved in dendrites. It 

works in concert with Trim9 in dendrites, and it is possible Trim9 ensures that polymerase 

activity is coupled to parallel growth along an existing microtubule. In mammalian neurons 

a Trim9 family member, Trim46, bundles parallel microtubules in the proximal axon (50) 

and crosslinks microtubules together in this part of the cell (51), so it is possible Drosophila 

Trim9 can also recognize microtubules in parallel arrangements.

Although control of plus end growth is critical for minus-end-out dendrite polarity, it may 

also occur in axons. Indeed, motor-mediated regulation of microtubules helps coordinate 

growth cone turning (52). It is therefore possible that some of the mechanisms that control 

plus end growth in dendrites may operate in axons, not necessarily to control polarity, but to 

influence other aspects of microtubule behavior.

Flipping the switch on polarity

In the sections above, one frequent theme is using the prevailing microtubule polarity to 

guide generation and growth of new microtubules so that polarity is constantly reinforced 

(Figure 1 C and D and Figure 2 C and D). However, this does not mean that once polarity 

is established during development it is fixed for the life of the cell. Remarkably, axon injury 

near the cell body can trigger complete rebuilding of the dendritic microtubule cytoskeleton 

in the axonal orientation. This process has been best described in Drosophila, where severing 

an axon close to the cell body initiates rebuilding of the dendritic microtubules. By about 

a day after injury, one dendrite typically loses its minus-end-out microtubule array and 

becomes plus-end-out (53). After this point, the plus-end-out dendrite initiates growth 

and takes on axonal characteristics, including pathfinding along the nerve if it encounters 
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it (53, 54). If polarity cannot be reversed, a dendrite does not become a regenerating 

axon (45). In mammalian neurons, axon injury near the cell body also causes a dendrite 

to convert into a regenerating axon (55), and it is likely that this conversion involves 

rebuilding dendritic microtubules in the axonal orientation. Thus, although polarity can be 

maintained in individual neurites over a lifetime, this is not a fixed state. It is not understood 

how this dramatic reversal is orchestrated, and this remains a challenge that will put our 

understanding of neuronal microtubule polarity control mechanisms to the test.

The big picture of polarity

In the thirty years we have known that a critical distinction between axons and dendrites is 

the polarized arrangement of microtubules, we have made inroads into identifying proteins 

and mechanisms that contribute to polarity. One fairly early hypothesis was that the same 

principles used in mitosis to organize the spindle might be reused in neurons to control 

microtubule organization (56). From the description of polarity control players above, it 

should be clear that not only are the same principles used, but many of the same players, 

from mitotic kinesins to Patronin (originally named short spindle 4 in Drosophila) and the 

HAUS/augmin complex. Determining how these mitotic proteins function in post-mitotic 

neurons has become much more accessible over this time period with our ability to eliminate 

or reduce gene function in post-mitotic cells, for example using RNAi in mature cultured 

mammalian neurons or Drosophila neurons in vivo. However, while we have made good 

progress identifying players and mechanisms that operate in specific scenarios or systems, 

we do not yet have a coherent big picture of how the mechanisms work together or which 

ones are present in different neuron types. For example, endosomes have been identified as 

nucleation control centers that impact polarity in Drosophila and C. elegans dendrites, but 

it is not known where nucleation occurs in mammalian dendrites. Similarly, HAUS/augmin 

impacts microtubule polarity in mammalian neurons (35, 36), but polarity in a null mutant 

in one of the subunits is unaffected in Drosophila (37). Within a single system where 

multiple mechanisms have been identified, for example Drosophila dendrites, we do not 

understand how they work together to generate the final arrangement of microtubules. Most 

of the mechanisms in Drosophila act to maintain polarity by reading out existing polarity. 

How then does polarity change from mixed to minus-end-out during development (12) or 

from minus-end-out to plus-end-out after axon removal (53)? With pieces of the puzzle 

identified, putting them together into a more complete picture of microtubule organization 

across neuronal systems may now become an attainable goal.
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Figure 1. 
Axonal polarity control mechanisms

In all diagrams the cell body is at the left and axon is shown extending to the right. 

The microtubule of interest is shown in blue with plus end indicated. Older or template 

microtubules are shown in grey. A. Dynamic plus ends can grow out from the cell body 

into the axon during development and in mature neurons. Rapid plus end growth can 

help populate axons with plus-end-out microtubules. B. Dynein anchored to the cell cortex 

can slide mis-oriented microtubules out of the axon by walking towards their minus end. 
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Plus end growth and dynein-mediated removal of microtubules can help establish initial 

polarity, and can also help maintain polarity over the long-term. C. The HAUS/augmin 

complex can recruit the gamm-tubulin ring complex to the side of existing microtubules 

and favors nucleation in parallel to the template. D. A microtubule severing event can 

generate two new correctly oriented microtubules from a parent microtubule. Minus ends 

are typically recognized by capping proteins including CAMSAPs when they are generated. 

Both severing and templated nucleation help maintain microtubule polarity by making new 

microtubules based on the polarity of pre-existing microtubules.
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Figure 2. 
Dendritic microtubule polarity control mechanisms

In all diagrams the dendrite is at the left and cell body at right. Microtubules are drawn as in 

Figure 1. Endosomal nucleation sites are shown as magenta circles. A. Minus end outgrowth 

from the cell body into dendrites is slow and persistent, and can contribute to presence of 

minus-end-out microtubules in dendrites. B. In developing C. elegans neurons positioning 

of nucleation sites near the growing tip helps establish minus-end-out polarity (not shown). 

In Drosophila nucleation at dendrite branch points is biased towards the cell body. It is 
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not clear whether this bias depends on the polarity of pre-existing microtubules or whether 

it is independent of them and could thus help establish minus-end-out polarity. C. New 

microtubules nucleated at dendrite branch points in Drosophila are more likely to succeed 

in growing beyond the branch point if they are oriented in the same direction as existing 

microtubules. Thus in a minus-end-out dendrite arbor, new microtubule growth towards 

the cell body is favored maintaining existing polarity. D. Kinesin-2 can be recruited to 

growing plus ends of microtubules and can steer the plus end along the side of a pre-existing 

microtubule it collides with thus reinforcing existing polarity.
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