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Abstract

Navigation of the growth cone at the tip of the developing axon is crucial for the proper wiring of
the nervous system. Mechanisms of actin-dependent growth cone steering, via signaling cascades,
are well documented. Microtubules are also important in growth cone guidance, because their
polarized invasion into the peripheral domain on one side of the growth cone is essential for it to
turn in that direction. Classically, microtubules have been considered secondary players, invading
the peripheral domain only where the actin cytoskeleton permits them to go. Presented here is
evidence for an underappreciated mechanism by which signaling cascades can potentially affect
growth cone turning, namely through regulatable forces imposed on the microtubules by molecular
motor proteins.

Motor-Driven Forces Provide an Underappreciated Mechanism for
Microtubule Participation in Growth Cone Turning

The growth cone is a fan-shaped structure at the tip of the growing axon that is receptive to
environmental cues via signaling cascades that affect the cytoskeleton [1-3]. The fan shape
comprises two domains called the central domain and the peripheral domain; the former is
the microtubule-rich region contiguous with the shaft of the axon, and the latter is the actin-
rich lamellar region that includes filopodia [4] (Figure 1). The motility of the growth cone is
achieved through the coordinated behaviors of microtubules and the actin cytoskeleton.
AXon extension, retraction, and turning in response to signaling cues require changes in the
distribution of microtubules within the growth cone [1,3,5,6]. For the axon to turn,
microtubules from the central domain must penetrate the transition zone to invade the
peripheral domain, preferentially on the side of the growth cone in the direction of the turn
[7]. Microtubules must be dynamic for growth cones to turn [8,9], and there are emerging
roles in axon navigation of + TIPs, proteins that associate with the plus ends of elongating
microtubules [10]. Even so, most research has focused on the actin cytoskeleton as the
principal target of signaling events relevant to growth cone behaviors, with microtubule
reconfigurations posited to passively follow changes in actin organization.

Dynamics (i.e., assembly, disassembly, and stabilization) are not the only behaviors that
micro-tubules undergo within cells, as dramatically illustrated by the mitotic spindle, the
most-studied microtubule array. Microtubule dynamics are essential for spindle formation
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and function, but so too are ATP-dependent forces on the microtubules generated by
molecular motor proteins [11]. Cytoplasmic dynein and a variety of specialized kinesins
generate forces on the microtubules that regulate their configuration and their interplay with
one another, as well as with the actin cytoskeleton. The forces generated by mitotic
microtubule-based motor proteins are crucial for the separation of the duplicated
centrosomes in prophase, formation of the bipolar spindle, separation of the half-spindles at
metaphase, and the final phases of cytokinesis during which daughter cells are pinched off
from one another. These motor proteins are subjected to regulation by modifications (such as
phosphorylation) and through interaction with partner proteins [12-19]. A decade and a half
of work has revealed that terminally differentiated neurons repurpose much the same
complement of motor proteins as used during cell division, as well as many of the same
mechanisms that regulate them, to build the microtubule arrays of axons and dendrites [20—
28]. In this Opinion, we focus on the role of motor-driven forces in reconfiguring
microtubules in growth cones, which we posit to be an underappreciated but critical
mechanistic aspect of axon navigation.

The Myosin Il versus Dynein Competition

Myosin 11 is a well-studied bipolar actin-based motor protein that functions coordinately
with actin dynamics to drive the retrograde flow of actin filaments within the growth cone.
This retrograde actin flow provides traction for the growth cone to advance, while at the
same time pushing microtubules backward from the peripheral domain into the central
domain [29,30]. For microtubules to invade the peripheral domain from the central domain
in a polarized fashion, the mechanism suggested has been that the actin cytoskeleton locally
reconfigures or depolymerizes on the side of the growth cone in the direction of the turn, so
that microtubules can then invade as a result of their dynamic properties. Indeed, local
application of antiactin drugs can lead to microtubule invasion on the side of the growth
cone exposed to the drug [31,32]. Without refuting the potential power of this mechanism to
turn the growth cone, evidence also exists for a mechanism in which the microtubules are
subjected to forces generated by microtubule-based motor proteins, with those forces in
competition with the myosin Il-driven retrograde flow of actin filaments. In this view,
microtubules can utilize such forces to overcome the retrograde flow without the retrograde
flow having to locally diminish to allow the microtubules to enter.

In the axon shaft, some of the microtubules are very short and undergo bouts of concerted
and rapid transport, driven by cytoplasmic dynein [33]. Available data suggest that the cargo
domain of cytoplasmic dynein binds to longer stationary microtubules or to the actin
cytoskeleton, leaving the motor domain available to propel short microtubules down the
axon with their plus-ends leading [34]. Long microtubules are not likely to individually
move along other long microtubules of the same orientation because potential movements of
microtubules by multiple dynein motors of random orientation would cancel one another
out. However, these forces still exist, and can serve to integrate long microtubules with one
another and with the actin cytoskeleton, similar to an isometric exercise. In this fashion, the
dynein-driven forces enable the microtubule array to resist buckling and collapsing due to
contractile actomyosin-based forces within the cortex of the axon [35,36]. Dynein-driven
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forces may also manifest as slow forward movement of the entire microtubule array during
axon elongation [37].

In dynein-compromised neurons, the usual number of microtubules invading the peripheral
domain of the growth cone is diminished [35,38]. Dynamic microtubules appear to stand
still at the transition zone, despite being dynamic, because the retrograde flow of actin
filaments pushes the microtubules back in the absence of an opposing dynein-based force.
When challenged to turn in a substrate-based assay, the growth cones stall at the substrate
interface, an effect that is correlated with the inability of microtubules to invade the
peripheral domain [35]. These effects on microtubule distribution can be reversed if myosin
Il forces are experimentally inhibited, with microtubules then entering throughout the
peripheral domain, regardless of whether cytoplasmic dynein is inhibited. Collectively, these
observations reveal that microtubule invasion into the peripheral domain is enabled by
dynein-driven forces that assist the micro-tubules in overcoming the retrograde actin flow.
Consistent with this view, studies on Aplysia growth cones reveal modest forward movement
of long microtubules in the peripheral domain of the growth cone [32], which is
representative of the same dynein-driven forces that enable microtubules to resist the
retrograde actin flow.

Kinesin-5 and Kinesin-12 Provide Polarity to Microtubule Invasion in

Growth Cones

On the basis of the results discussed above, a model could be posited wherein environmental
cues and signaling cascades regulate growth cone turning through a polarized increase or
decrease in the forces generated by cytoplasmic dynein or myosin Il. However, other studies
indicate that at least two other motor proteins contribute to the balance of forces on growth
cone microtubules, and suggest that these motor proteins are better candidates for providing
the polarity of microtubule invasion underlying growth cone turning. These two motors,
namely kinesin-5 (kif11, KSP, Eg5) and kinesin-12 (kif15), were once considered strictly
mitotic, but have now been shown to have roles in regulating the distribution and transport of
microtubules in both axons and dendrites. With regard to axon growth, regardless of whether
kinesin-5 is experimentally inhibited by allosteric inhibitors or depleted by RNA
interference, the result is faster-growing axons [28]. This is due in part to the fact that the
frequency of transport of short microtubules is doubled as a result of kinesin-5 inhibition
and/or depletion, and in part because the normal tendency of the axon to undergo bouts of
partial retraction is suppressed when kinesin-5 is inhibited [28]. Mechanistically, the
simplest interpretation is that kinesin-5 imposes a brake on the forces generated by
cytoplasmic dynein, such that removing the brake increases the effects of dynein-driven
forces. Indeed, the invasion of microtubules from the central domain of the growth cone into
the peripheral domain dramatically increases when kinesin-5 is depleted or inhibited, and
this occurs throughout the growth cone [39,40]. This effect is remarkably similar to that of
myosin I1 inhibition [41], except that kinesin-5 inhibition does not diminish the retrograde
flow of actin filaments. Just as with myosin Il inhibition, this loss of polarity of microtubule
invasion is accompanied by the growth cone no longer turning in response to either substrate
cues or growth factors [39,40].
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Kinesin-5 exists in cells as a homotetramer with four motor domains projected outward and,
hence, is ideally suited to regulate microtubule-microtubule interactions. Kinesin-12 has
some redundancy of function during mitosis with kinesin-5, and recent studies suggest that
kinesin-12 behaves like a tetramer [42]. Reminiscent of kinesin-5 depletion or inhibition,
depletion of kinesin-12 from cultured neurons and /n vivo results in faster-growing axons
with greater frequency of microtubule transport [26,43]. Neurons depleted of kinesin-12 also
fail to turn properly in response to substrate cues. However, kinesin-12 has a myosin I1-like
domain that is not shared by kinesin-5, and this domain enables kinesin-12 to regulate
microtubule—actin interactions in a manner that kinesin-5 cannot. Live cell imaging of
growth cones reveals that microtubules entering filopodia display a ‘waggling’ effect,
because they are assembling against the direction of actin retrograde flow. Depletion of
kinesin-12 (but not of kinesin-5) obliterates the waggling effect, indicating an uncoupling of
the microtubule from the actin bundle, reflecting a role for kinesin-12 in the normal
interaction of these two cytoskeletal elements. These results suggest that kinesin-5 and
kinesin-12 impose themselves on the force balance between cytoplasmic dynein and myosin
Il in such a way as to tip the balance one way or the other (Figure 2). In this manner,
signaling cascades that locally regulate these motors can provide polarity to the force
balance, and thereby underlie growth cone turning.

The association of kinesin-5 with microtubules is regulated by its phosphorylation at
Thr926, with the phosphorylated variant associating with microtubules [14,18,24]. In
neurons, as the growth cone encounters a signal to turn, kinesin-5 becomes locally
phosphorylated on the side of the growth cone opposite to the turn, thus enabling
microtubules to better invade the side of the growth cone in the direction of the turn [39].
During mitosis of dividing cells, kinesin-5 is phosphorylated at Thr926 by CDK1 [18], but
in neurons, CDKS5 s the relevant kinase for phosphorylating kinesin-5 at Thr926 [24].
Expression of a Thr926-phosphomutant of kinesin-5 in neurons prohibits growth cone
turning similarly to depleting kinesin-5 or pharmacologically inhibiting it with drugs, such
as monastrol [40]. Kinesin-5 has a higher affinity for microtubules that are not extensively
detyrosinated, which may explain why kinesin-5 preferentially accumulates in dendrites
versus axons and in the growth cone relative to the axon shaft [24].

Less is known about kinesin-12. While the effects of inhibiting kinesin-12 are ostensibly
similar to the effects of kinesin-5 inhibition on growth cone turning, the mechanism is likely
to be different rather than redundant, because they do not compensate functionally for one
another when the other is depleted or inhibited. Whereas kinesin-5 imposes its activity
mainly in the transition zone of the growth cone [39,40], the forces of kinesin-12 are more
relevant in the peripheral domain and filopodia, where the microtubules interact with actin
filaments [26]. A potential link between kinesin-5 and kinesin-12 may be TPX2, which was
originally discovered as a kinesin-12-interacting protein [44], but is now known to have a
kinesin-5-binding site [17]. In neurons, TPX2 is multifunctional [16,19], with one of its
functions to fortify the ability of kinesin-5 to behave as a brake. TPX2 does this by
generating drag on the kinesin-5 motor via interactions with kinesin-5 as well as with the
two microtubules with which kinesin-5 interacts [45]. In other cell types, TPX2 has been
shown to have roles in the localization and recruitment of both kinesin-5 and kinesin-12 to
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microtubules [17,44]. A potential role for TPX2 in regulating Kinesin-12 in neurons has not
yet been explored.

Microtubule Severing in Growth Cones

Remodeling of cellular microtubule arrays can occur by severing of long microtubules into
shorter ones, reorientation of the short microtubules (by molecular motor proteins), and
subsequent elongation of the short microtubules into longer ones [46,47]. The coordinated
activities of the microtubule-severing proteins that generate the short microtubules and the
motor proteins that transport them have been referred to as the ‘cut and run” mechanism
[47]. Axons can pause or stall in their growth for prolonged periods of time and, when they
do, the microtubules within the growth cone form a looped bundle that later splays apart for
the axon to resume growth (Figure 3, Key Figure). When this happens, many of the
microtubules undergo severing events that produce short highly motile microtubules that are
propelled outward, throughout the peripheral domain [48] by a dynein-driven mechanism
similar to what has been reported in non-neuronal migrating cells [49].

Spastin, a microtubule-severing protein that concentrates in growth cones, has a preference
for severing microtubules rich in post-translationally polyglutamylated tubulin [50,51],
which is concentrated in the stable portion of the microtubule. Katanin, which is more
evenly spread in the axon, has a preference for post-translationally acetylated tubulin [52],
which is also concentrated in the stable portion of the microtubule. The preference of spastin
and katanin for the stable portion of the microtubule is relevant to the production of short
mobile microtubules because severing in the labile portion of the microtubule would cause it
to disassemble. Katanin sensitivity is reduced by tau bound to the microtubule [53], which is
especially interesting in light of new studies suggesting that tau is also a negative regulator
of kinesin-5 [54]. Fidgetin is a microtubule-severing protein that severs in the labile portion
of the microtubule, via a preference for unacetylated tubulin [55]. Within the growth cone,
micro-tubules generally have their stable portions in the central domain, with the labile
portions able to extend into the peripheral domain. Fidgetin is perhaps the most relevant of
the severing proteins to axon navigation because severing in the labile portion of the
microtubule affects the capacity of microtubules to assemble labile portions into the
peripheral domain of the growth cone.

Concluding Remarks

How developing axons find their appropriate target tissues is one of the most crucial
questions in developmental neurobiology. While the answer certainly includes the actin
cytoskeleton, the importance of microtubules has languished by comparison in the
contemporary literature. In our opinion, growth cone turning borrows a theme from mitosis,
wherein a variety of molecular motors impose forces that are necessary for microtubules to
undergo their needed behaviors. Evidence for such a scenario has been presented here,
mainly focusing on three microtubule-based motors (cytoplasmic dynein, kinesin-5 and
kinesin-12), and how they contribute to the polarized invasion of microtubules in the growth
cone. Various other studies lend support to this motor-based perspective [49,56,57], with
some suggesting that other motor proteins also participate [58]. The most exciting aspect of
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this developing model is regulation, because the activity of each motor is controlled by
various factors, such as phosphorylation by particular kinases and/or interaction with co-
factors (see Outstanding Questions). Relevant also are microtubule-severing proteins,
because their activity affects how the motor-driven forces manifest on the microtubules. At
present, there is little evidence that speaks to the signaling pathways by which environmental
cues relevant to axon navigation might activate or deactivate particular motor proteins (and
severing proteins) in functionally important regions of the growth cone to elicit polarized
invasion of microtubules. The next frontier lies in elucidating these pathways to improve our
understanding of the wiring of the nervous system during development. Progress on this
frontier will hopefully provide new opportunities in the clinic for coaxing regenerating adult
axons of the injured nervous system to renavigate to their appropriate targets.
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Trends

Polarized invasion of microtubules into one side only of the peripheral domain of the
growth cone is required for the growth cone to turn.

Cytoplasmic dynein generates forces that enable some microtubules to overcome the
myosin ll-based retrograde flow of actin filaments in the growth cone, and thereby invade
its peripheral domain.

Kinesin-5 and kinesin-12, traditionally considered mitotic motor proteins, act as
polarizing motors that locally oppose cytoplasmic dynein-based forces in certain regions
of the growth cone to enable microtubule invasion into other regions.

Signaling cascades can locally activate and deactivate the relevant motor proteins via
mechanisms that include phosphorylation and interaction with partner proteins.
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Outstanding Questions

What are the means by which each relevant molecular motor protein is activated or
deactivated in a manner that contributes to the turning of the growth cone in response to
environmental cues?

Avre there other motor proteins beyond those studied thus far that have important
functions in generating forces on microtubules in the growth cone that are relevant to its
turning in response to environmental cues?

What are the different signaling cascades originating from the environmental cue that
elicit changes in growth cone microtubule distribution via motor-driven forces?

Do some signaling cascades affect the actin cytoskeleton while others affect
microtubules, or do the same signaling cascades affect them both in a coordinated way?

How are microtubule-severing proteins regulated during growth cone behaviors so that
microtubules are severed when and where needed so that the motor forces manifest
appropriately?

Can learning more about the role of motor-driven forces in axon navigation provide
strategies for enabling regenerating axons to find their appropriate targets during recovery
from nerve injury?
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(B) Growth cone turning

Trends in Neurosciences

(A) The central domain of the growth cone is the microtubule (MT)-rich region contiguous
with the axon shaft. The peripheral domain is the outer-most part of the growth cone. The
peripheral domain comprises a broad flat lamellar region in which actin filaments are
arranged as a meshwork, as well as elongated thin filopodia in which actin filaments are
arranged as aligned bundles. The transition zone is the region between these two domains.
Retrograde flow of the actin cytoskeleton in the peripheral domain pushes back most
microtubules, compacting them in the central domain. Individual microtubules from the
central domain are able to penetrate the transition zone to enter the peripheral domain during
growth cone advance. (B) During growth cone turning, microtubules extend from the central
domain through the transition zone preferentially into one side of the peripheral domain.
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(B) Growth cone turning
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Figure 2. Motor-Driven Forcesin the Growth Cone
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(A) During growth cone advance, cytoplasmic dynein generates forces on microtubules
(MT) that enable some of them to resist the retrograde flow of the actin cytoskeleton in the
peripheral domain of the growth cone. Kinesin-5 and kinesin-12 generate forces that oppose
dynein-driven forces on the microtubules to resist their entry into the peripheral domain.
Kinesin-5 acts more in the transition zone, while kinesin-12 acts more in the filopodia. (B)
During growth cone turning, kinesin-5 and kinesin-12 forces become polarized to the side of
the growth cone opposite to the direction of the turn. This enables microtubules to
preferentially enter the side of the growth cone in the direction of the turn.
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Figure 3. Motor-Driven Microtubule (MT) Behaviorsduring Different Phases of Growth Cone
Activit

(A) Dli/ring growth cone advance, dynein-driven forces permit a portion of the microtubules
to overcome the retrograde flow of actin filaments so that these microtubules can invade the
peripheral domain and filopodia. The invasion occurs in a nonpolarized fashion throughout
the peripheral domain, so that the axon grows in a relatively straight trajectory. Severing in
the labile portion of the microtubule (shown in dark blue) regulates the length of that portion
of the microtubule, while severing in the stable portion of the microtubule (shown in light
blue) creates short mobile microtubules. (B) When the growth cone pauses, the advance of
the microtubule array results in a growth cone no longer compartmentalized into central and
peripheral domains, dominated by a curved bundle of microtubules. (C) When the axon
resumes growth, microtubules are rapidly unbundled, and microtubule severing is increased
so that more short microtubules are propelled away from the bundle. (D) During turning,
kinesin-5 and/or kinesin-12 forces become polarized to the side of the growth cone opposite
to the direction of the turn, so that dynein-driven forces enable microtubule invasion only on
the side of the growth cone in the direction of the turn. Small arrows indicate direction of
movement of short microtubules. Large red arrows indicate retrograde actin flow.
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