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Coordination of the axonal
cytoskeleton during the emergence of
axon collateral branches

The formation of branches during development allows a single
axon to make synaptic contacts with numerous target neurons,
often in different parts of the nervous system, thereby allowing
for the establishment of complex patterns of neuronal connec-
tivity. Following injury, the formation of collateral branches
contributes to the endogenous neuroplasticity which depending
on the neuronal population can have beneficial (e.g., formation
of compensatory relay circuitry) or adverse effects (e.g., devel-
opment of autonomic dysreflexia). The formation of axon col-
lateral branches from the axon shaft involves a complex series of
signaling events and cytoskeletal reorganization. The initial step
in the formation of a collateral branch is the emergence of axo-
nal filopodia, supported by a bundle of actin filaments (Figure
1A). However, axonal filopodia are generated from precursor
structures consisting of small meshworks of actin filaments,
termed actin patches (Figure 1A inset). Actin patches are dy-
namic structures which form along the axon shaft, grow in size
and subsequently are disassembled (for reviews on actin patches
see Gallo, 2011, 2013). Although in live imaging studies using
fluorescently labeled actin most axonal filopodia arise from a
detectable actin patch, only a subset of patches gives rise to filo-
podia before dissipating. As the duration of filopodia is longer
than that of patches, they are often not detected at the base of
longer pre-existing filopodia, although they often re-emerge at
the base of existing filopodia. In order for an axonal filopodium
to mature into a collateral branch it must first become invaded
by axonal microtubules (Figure 1A). Following the targeting
and retention of axonal microtubules into the filopodium, the
filopodium then begins to reorganize its actin filament cyto-
skeleton transitioning from a linear bundle of actin filaments
to a distal accumulation of filaments giving rise to a nascent
branch (Figure 1A), ultimately giving rise to a small growth
cone structure at the tip of the branch. The transformation of a
filopodium into a nascent branch is referred to as maturation of
the branch which then grows in length (Figure 1A).

Although there are multiple neuronally expressed proteins that
have the ability to bind and physically link microtubules and ac-
tin filaments, and the idea of microtubule-actin filament interac-
tions in neuromorphogenesis has been proposed for a number of
years, few studies have addressed if and how such molecules are
involved in the mechanism of axon branching (see the recent re-
view on actin-microtubule interactions in neurons by Cammara-
ta et al., 2016). Specifically, there is a paucity of studies directly
addressing both the actin filament and microtubule cytoskeleton
in the context of the possible roles of actin-microtubule linking
proteins during axon branching. The focus of this article is to re-
view recent publications emphasizing a role of actin-microtubule
interactions in the mechanism of axon branching.

In a recent paper, evidence has emerged for drebrin, a protein
which can interact with actin filaments and microtubule plus
tips, in mediating cytoskeletal interactions during the early
phases of axon branching (Ketschek et al., 2016). Drebrin con-
tains two actin filament binding domains and is under phos-
phoregulation by Cdk5 (Worth et al., 2013). Phosphorylation of
drebrin by CdkS5 results in intramolecular changes which expose
the second actin binding domain, which is otherwise cryptic,

thereby allowing drebrin to bundle filaments. Microtubules are
polarized polymers with plus and minus ends. The plus end of
a microtubule undergoes cycles of dynamic instability charac-
terized by rapid polymerization followed by depolymerization.
Drebrin binds end binding protein-3 (EB3; Worth et al., 2013).
EB3 is a protein that specifically accumulates on the plus tips
of microtubules during periods of active polymerization. Thus,
drebrin is well suited for serving multiple roles during the pro-
cess of branch formation which involves the formation of filo-
podia supported by an actin filament bundle, and the targeting
of microtubule plus tips into the filopodia.

In axonal filopodia, drebrin was found to target the proximal
~5 microns of the filopodial shaft (Figure 1B). Drebrin also
targets to the precursors of axonal filopodia, actin patches. As
filopodia mature into branches drebrin extends further into the
filopodium and the nascent branch, and in mature branches
drebrin colocalizes with the actin filament distribution in the
branch. Functional experiments depleting drebrin from em-
bryonic sensory neurons using shRNA, or overexpression of
drebrin, showed that drebrin promotes the formation of filo-
podia from actin patches. Depletion of drebrin also decreased
the formation or actin patches, although overexpression did not
affect patch formation, indicating that drebrin contributes to
patch formation but it is not sufficient to initiate patches. The
role of drebrin in regulating the emergence of filopodia from
patches is likely in the formation of the actin filament bundle
that supports filopodia. Drebrin was also found to promote the
targeting of microtubule plus tips into axonal filopodia, the re-
quired event for the maturation of a filopodium into a branch.
These data indicate that drebrin is a major regulator of the
organization of the filopodial actin filament bundle and subse-
quently also serves to promote the targeting of microtubule tips
into filopodia. The localization of drebrin in filopodia (Figure
1B) is consistent with drebrin serving this dual function during
the early stages of branch formation.

Drebrin binding to filaments has been shown to alter the
ability of other actin filament binding proteins to associate with
filaments. Myosin II is a molecular motor protein that generates
contractile forces on filaments and is generally considered to
suppress axon extension and branching. The binding of drebrin
to purified actin filaments has been reported to suppress the
ability of myosin II to bind filaments and generate forces (Ha-
yashi et al., 1996). Inhibition of the activity of myosin II, using
the pharmacological inhibitor blebbistatin, further promoted
axon branching under conditions of drebrin overexpression,
which alone promotes branching. Unexpectedly, while under
normal conditions drebrin is present only along the proximal
portion of the filopodial shaft, inhibition of myosin II resulted
in a redistribution of drebrin along the entire length of filopo-
dia. The blebbistatin-induced redistribution of drebrin along
the filopodial shaft correlated with an increase in the distance
that microtubule plus tips penetrated into the filopodium. This
observation suggests that the drebrin redistribution in filopodia,
through its ability to bind EB3 at the plus tips of microtubules,
may promote the continued extension of the plus tip into the
distal-most portion of the filopodium.

Drebrin overexpression also increased the stability of axonal
filopodia (i.e., filopodia exhibited longer durations). Microtu-
bules can indirectly regulate the dynamics of the actin filament
cytoskeleton (Cammarata et al., 2016). However, the effect of
drebrin on filopodial stability was independent of the targeting
of microtubules into filopodia, as indicated by the observation
that pharmacologically preventing the entry of plus tips into
filopodia did not affect the increase in filopodial stabilization
induced by drebrin overexpression.
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Figure 1 Sequence of cytoskeletal reorganization during branch formation and the intra-filopodial distribution of drebrin.

(A) A single embryonic sensory axon exhibiting multiple stages of branch formation after treatment with nerve growth factor (NGF). The sample
was simultaneously fixed and extracted and then stained to reveal microtubules using an anti-a-tubulin antibody and actin filaments using phalloi-
din. Filopodia (F) exhibit a linear array of actin filaments. In the first step toward branch formation, filopodia are invaded by microtubules (F+). As
the filopodium begins to mature into a nascent branch (NB) its actin filament bundle reorganizes and actin filaments become polarized to the tip
of the branchlet. The branch then matures accruing additional microtubules and exhibiting a more complex organization of actin filament, also in-
cluding the formation of filopodia from the side of the branch. The inset shows actin filament staining presenting an actin patch and a filopodium
emerging from it at the time of fixation. (B) Example of the distribution of endogenous drebrin in axonal filopodia. Note that the extent of drebrin
staining in these relatively long filopodia does not exceed the proximal ~5 microns of the axon shaft. (C) Schematic summary of the role of drebrin
in the formation of axonal filopodia and the targeting of microtubules into filopodia. Drebrin contributes to the initiation of axonal actin patches,
and also the emergence of filopodia from patches. Following filopodia formation, drebrin is also involved in the targeting of microtubules into ax-
onal filopodia, thereby paving the way to the possible maturation of the filopodium into a nascent branch. The schematic is adapted from Ketschek

et al. (2016).

The induction of axon branches along sensory neurons by
nerve growth factor (NGF) requires NGF-induced intra-axonal
protein synthesis of actin regulatory proteins (Spillane et al.,
2012, 2013), and drebrin mRNA has been detected in axons
(Gumy et al., 2011). Acute treatment of cultures with NGF for
40 min, during which axons elaborate branches in response to
NGE, increased the axonal levels of drebrin. However, inhibition
of protein synthesis using two different inhibitors did not affect
the NGF-induced increase in axonal drebrin levels, although the
inhibitors were effective as shown by positive controls. Thus, the
mechanism used by NGF to increase axonal levels of drebrin
is not dependent of axonal protein synthesis. Drebrin levels in
axons may be normally regulated by proteolytic/degradation
mechanism which NGF may suppress. Indeed, the response of
axons to extracellular signals often involve both axonal protein
synthesis and degradation-based mechanism (Campbell and
Holt, 2001). The recent demonstration of the regulated deg-
radation of drebrin in neurons lends further credence to this
notion (Chimura et al., 2015).

Finally, although not specifically addressing the manipulation
of potential actin-microtubule crosslinkers on both the axonal
actin and microtubule cytoskeleton, additional recent studies
on MAPIB (microtubule associated protein 1B; Barnat et al.,
2016) and MACFI1 (microtubule actin crosslinking factor 1;
Ka and Kim, 2015) have provided evidence for roles in axon
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branching. MAP1B has a suppressive role in branch formation,
as evidenced by increased branching in MAP1B knock out neu-
rons (Barnat et al., 2016). In the absence of branch inducting
signals (e.g., NGF) MAP1B is found along microtubules that
target into axonal filopodia, and also within filopodia but in the
majority of filopodia it does not appear to be associated with
actin filaments (Ketschek et al., 2015). However, its actin fila-
ment binding activity may be under phosphoregulation within
individual filopodia thus regulating actin-microtubule interac-
tions (Ketschek et al., 2015). The NGF induction of branches
correlates with decreased levels of MAP1B along microtubules
within filopodia, which however is then increased as the branch
matures. The presence of the phosphorylated form of MAP1B,
which is considered to promote actin filament binding, follows
a similar trend. Thus, given the inhibitory role of MAP1B in
branching, MAP1B may serve to regulate actin-microtubule
interactions during later stages branch maturation and sub-
sequent elongation, but perhaps not during the earliest stages
of branch formation. A recent study addressed the functional
consequences of knocking out MACF1 specifically in subsets of
cortical and hippocampal neurons in vivo and in vitro on den-
dritic and axonal development (Ka and Kim, 2015). Although
the study focused on dendritic branching, which was impaired
by the absence of MACF1, effects on axonal development were
also characterized. When MACFI1 was knocked out axons grew
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shorter and formed less axon branches in vivo. MACF1 knock
out also resulted in alterations in both the actin and micro-
tubule cytoskeleton at the tips of neuronal processes, but the
effects of MACF1 knock out on the axonal cytoskeleton was not
specifically addressed.

In conclusion, evidence for the functional significance of
actin-microtubule interactions in axon branch formation is
mounting. Future studies will be required to further scrutinize
how individual molecules which have the potential of cross-
linking the two cytoskeletal systems impact the cytoskeleton
and relevant morphogenetic processes. In particular, it will be
important to analyze how deletion of microtubule and actin
binding domains in the proteins affect their functions during
branching. Furthermore, future studies ought to investigate the
spatio-temporal dynamics of the localization of relevant pro-
teins to filopodia, microtubules, nascent and mature branches.
In the case of drebrin, this protein undergoes a developmentally
regulated switch in isoform expression from its embryonic
forms (E1/E2) to the adult form. It will be of interest to deter-
mine if the adult form is involved in branching in a manner
similar to the embryonic form, and if so whether it may have a
role in the sprouting of axon branches in the context of injury
scenarios.

Ultimately, as our understanding of the mechanism of axon
branching advances, the various molecular steps involved will
become candidates for manipulation in therapeutic contexts.
For example, depletion of drebrin in sensory axons has the
potential to be used to prevent the sprouting of these axons in
the context of autonomic dysreflexia. In this context, the devel-
opment of pharmacological approaches, or perhaps rationally
designed cell permeable peptides, that target drebrin function
may provide an effective therapeutic venue. On the converse
side, upregulation of drebrin levels or pharmacological/peptide
mediated activation of drebrin activity could be used to pro-
mote axon branching in beneficial scenarios such as promoting
the endogenous morphologic plasticity of spinal cord circuitry
following injury. It should however also be considered that dre-
brin has important roles in synaptic structure and function and
any attempt to target drebrin may have consequences on these
additional aspects of neuronal function. Thus, considering al-
ternative actin-microtubule interacting molecules underlying
branching would also be cautious (e.g., MAP1B and MACF1).
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