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Mini-review

Introduction

Neurons are highly polarized cells with a long and thin axon 
and several shorter and thicker dendrites. The achievement 
of this complex morphology and the correct formation of 
an intricate network of synaptic contacts are crucial for the 
proper transmission and reception of signals in the brain. The 
microtubular cytoskeleton plays fundamental roles in different 
aspects of neuronal biology both during development and in adult 
neurons. Thus, MTs are required for the morphological changes 
that occur in diverse developmental processes, such as: migration, 
polarization, neurite and axon outgrowth and navigation as well 
as dendritic spine formation.1 In mature neurons, MTs are also 

involved in the maintenance and organization of cell structure 
and intracellular transport.2 MTs interact with the actin 
cytoskeleton and with a plethora of signaling molecules, acting 
as dynamic and versatile elements that reorganize in response to 
diverse extracellular stimuli.2 Thus, MTs should be seen not only 
as essential architectural elements in neurons but also as highly 
dynamic structures that change their dynamic or stable state 
depending on the cellular context.

MTs are polar structures, with a minus and a plus end.1 MT 
polarity influences the binding of certain proteins (e.g., dynein or 
kinesin motor proteins).2 In neurons, MTs are tightly packed in 
dense parallel arrays forming bundles that are constrained into the 
thin cylindrical structures of axons and dendrites.1 which differ 
with respect to MT polarity. Thus, while axonal MTs present a 
uniform orientation, with their plus ends facing the distal tip of 
the axon, dendrites show a mixed MT orientation, with their plus-
ends facing either the dendritic tip or the cell body.1 Although 
in most cells MT minus-ends are anchored to the centrosome, a 
MT-organizing center (MTOC), in neurons MTs are nucleated 
in the centrosome and then released by the action of the severing 
protein katanin.3,4 Short MT polymers are transported into 
neurites, dendrites and axon shafts by molecular motors.5 On the 
other hand, MT plus-ends are unattached and free to undergo 
the so called “dynamic instability,” periods of MT polymerization 
followed by phases of depolymerization.6

Regulation of MT dynamics and stability is performed by 
diverse types of proteins, such as MT plus-end tracking proteins 
(+TIPs) and classical MT-associated proteins (MAPs).7-9 For 
a long time, classical MAPs have been considered the main 
regulators of MT stability and dynamics in neurons. However, 
+TIPs have lately emerged as important players in the regulation 
of dynamics of neuronal MTs. Recent reports show that classical 
MAPs modulate the action of EBs, the core +TIPs, in neurons.10.11 
These findings show that a complex set of functional interactions 
between microtubular proteins exists at multiple layers.
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Microtubules (MTs) are key cytoskeletal elements 
in developing and mature neurons. MT reorganization 
underlies the morphological changes that occur during 
neuronal development. Furthermore, MTs contribute to the 
maintenance of neuronal architecture, enable intracellular 
transport and act as scaffolds for signaling molecules. Thus, a 
fine-tuned regulation of MT dynamics and stability is crucial 
for the correct differentiation and functioning of neurons. 
Different types of proteins contribute to the regulation of the 
MT state, such as plus-end tracking proteins (+TiPs), which 
interact with the plus-ends of growing microtubules, and 
classical microtubule-associated proteins (MaPs), which bind 
along the microtubule lattice. recent evidence indicates that 
MaPs interplay with end Binding Proteins (eBs), the core +TiPs, 
in neuronal cells. This might contribute to the orchestrated 
regulation of MT dynamics in neurons. in this mini-review 
article, we address recent research on the neuronal crosstalk 
between eBs and classical MaPs and speculate on its possible 
functional relevance.
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MAPs vs. EBs: Regulators of MT Dynamics and 
Stability in Neurons

Classical or structural MAPs, which bind along the MT 
lattice, are involved in MT bundling and stabilization.9 
Neuronal MAPs, such as Tau, MAP1B, and MAP2, are direct 
MT regulators that promote MT nucleation, polymerization, 
and stabilization, in vitro and in vivo.12-14 However, MAP1B 
is a weaker MT stabilizer than Tau and MAP2.12-14 This is in 
agreement with the localization of these MAPs; while in cells, 
MAP1B is present both in cytosol and bound to dynamic MTs, 
Tau and MAP2 mostly localize along MTs, stabilizing them.12,13,15 
Moreover, Tau and MAP2 -but not MAP1B- induce bundle 
formation.12 The three MAPs regulate MT dynamics as well.9,15-

18 While MAP1B and Tau mainly localize to axons, MAP2 is 
present in dendrites.1 Consistent with their localization, MAP1B 
and Tau are required for proper axonogenesis whereas MAP2 is 
essential for dendritogenesis.1 Furthermore, different phenotypes 
related to defects in brain development are found in mice 
deficient in classical MAPs.19-23 In general, double knockout mice 
for two of these MAPs present more severe brain developmental 
phenotypes than single knockout mice.23,24 MAP1B expression 
levels decrease during development and are reduced in mature 
neurons, while Tau and MAP2 levels remain high, contributing 
to MT stabilization in axons and dendrites in adult neurons.9

+TIPs accumulate specifically at the plus-ends of growing 
MTs and control diverse dynamic instability parameters (e.g., 
rates of MT growth, catastrophe, rescue, etc).25 Early studies on 
neuronal +TIPs showed that MTs undergo dynamic instability 
in every neuronal compartment and that MT growth is slower 
in neurons than in non-neuronal cells.26 +TIPs also mediate 
the interaction of MTs with actin cytoskeleton, cell cortex and 
organelles.25 Many +TIPs interact with each other at MT plus-
ends.7 In fact, every known +TIP binds to End Binding Proteins 
(EBs), the core +TIPs that mark all growing MTs.7 EBs also 
interact with diverse signaling molecules.27 As a result, +TIPs 
form huge hubs of proteins at distal MT ends, with EB proteins 
at their epicenter. These protein platforms allow the transduction 
of signaling cascades into local MT reorganization that lead to 
morphological changes subjacent to neuronal differentiation and 
plasticity. It is thus not surprising that EBs are important players 
in the regulation of MT dynamics in developing and mature 
neurons.

The family of EB proteins has three members, EB1–3.8 
While EB1 is ubiquitous, EB3 is predominantly expressed in 
brain, mainly in neurons.28 EB1 and EB3 accumulate at distal 
ends of growing MTs throughout the neuron.26 Both EB1 and 
EB3 have been shown to be involved in neurite outgrowth.29,30 
Downregulation of EB1 leads to a reduction in neurite length 
in differentiating neuroblastoma cells in which EB1 regulates 
MT growth rate, growth distance and duration.29 In Drosophila 
neurons, EB1 is required for uniform dendrite MT polarity 
and MT growth at dendrite branch points.31 EB1 is enriched 
in the distal axon, recruiting the dynein activator dynactin in 
an ordered pathway, thus leading to the initiation of retrograde 
transport by the motor protein dynein.32 EB3 interacts with 

different proteins that regulate the actin cytoskeleton, such as 
drebrin, in filopodia of advancing growth cones,30 and p140Cap 
in dendritic spines.33 EB3 interacts also with the postsynaptic 
density protein 95 (PSD-95), contributing to the modulation of 
MT dynamics during dendrite formation.34 Thus, EB3 might 
act as a linker between MTs and the actin cytoskeleton during 
neurite extension, regulation of morphology of dendrites and 
dendritic spines, and synaptic plasticity. In addition, the three 
members of the EB family, EB1, EB2 and EB3, have been shown 
to interact with the N-terminal segment of the intracellular 
domain of Plexin-B3, a transmembrane receptor for Semaphorin 
5 involved in neurite outgrowth.35

In mature neurons, EB1 and EB3 are concentrated and 
stabilized at the Axon Initial Segment (AIS), through their 
interaction with the scaffold protein ankyrin G.36 Notably, EB1 
and EB3 do not accumulate at MT plus-ends but bind along 
the MT lattice of the AIS, contributing to MT stabilization 
at this neuronal compartment36 EB1 also interacts with the 
potassium channel Kv1, enriched at the AIS, and leads to its 
targeting to axons.37 This interaction is negatively regulated by 
phosphorylation of the auxiliary Kvβ2 subunit of Kv1 channels, 
mediated by cyclin-dependent kinase (Cdk).38 Thus, EB proteins 
play important roles in the maintenance of neuronal architecture 
and the correct localization and function of potassium channels, 
crucial for action potential initiation and propagation as well as 
neurotransmitter release.

MAPs as Modulators of EBs Actions in Neurons

EB1/3 have thus emerged as key regulators of MT dynamics 
and stability in neurons, rivaling in importance with structural 
MAPs. Recent findings provide evidence that EBs and MAPs 
should be considered as close cooperators in the task of regulating 
MT state. Notably, these studies show that classical MAPs act as 
direct regulators of the actions of EBs in neuronal cells, pointing 
to the existence of a functional interplay between these two types 
of microtubular proteins.10,11

Typical localization of classical MAPs and EBs on MTs differ: 
while EBs accumulate at MT plus-ends in a comet-like pattern, 
classical MAPs bind along MTs.7,9 How can then EBs be directly 
regulated by MAPs? To envision such a scenario, different aspects 
have to be considered: (1) a pool of both EB proteins and MAPs 
can be found in the cytosol; (2) EB1/3 localize along MTs under 
certain conditions. This broadens the possibilities suggesting 
that the interaction between EBs and MAPs could take place 
either in the cytosol or at MT lattices. Moreover, as mentioned 
above, neuronal MAPs show specific localizations either in 
axons or dendrites. Below, we draw together and discuss studies 
that describe the crosstalk between MAPs and EBs in different 
neuronal compartments and subcellular locations (see Fig. 1).

MAP1B Sequesters EBs in the Cytosol of Extending 
Neurites/Axons of Developing Neuronal Cells

EB proteins reside shortly at MT plus-ends, since EB1/3 
undergo a fast exchange on  off MT growing ends.39 Thus, there 
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is a pool of EB1/3 in the cytosol whose interaction with MTs 
can be subject of regulation. Of note, a considerable amount of 
some structural MAPs, such as MAP1B, is also present in the 
cytosol.40 Moreover, expression of EB1/3 and MAP1B is enriched 
along extending neurites and axons.10 As shown in the model 
presented in Figure 1A, we have recently shown that MAP1B 
interacts directly with EB1/3 and sequesters them in the cytosol 
of developing neuronal cells thereby regulating MT dynamics 
in a coordinated fashion.10 We propose that MAP1B reduces the 
effective pool of cytosolic EBs available to interact with MT plus-
ends, thus keeping the high MT dynamicity required during 
axonogenesis. In particular, the MAP1B/EBs crosstalk in growth 
cones contributes to growth cone remodeling and proper advance 
during axon outgrowth.

We showed that the effect of MAP1B on EB proteins is not 
due to the stabilizing actions of MAP1B on MTs and is specific 
for MAP1B since: (1) Tau, another classical axonal MAP, does 
not exert comparable effects on EB1/3 in developing neuronal 
cells, (2) a fragment of MAP1B, which does not interact with 
MTs, retains EB proteins in the cytosol in a similar way to full-
length MAP1B.10

We showed that the interaction between MAP1B and EBs 
is negatively modulated by phosphorylation.10 Phosphorylation 

also negatively regulates the binding of EBs to other protein 
partners,38,41,42 as well as the binding of MAP1B to MTs.15,43 This 
is probably due to the fact that both the MT lattice surface and 
the C-terminal partner-binding part of the EBs are negatively 
charged.44 Usually, phosphorylation events occur upon triggering 
of signaling cascades in response to extracellular cues. Thus, it 
seems likely that assembly and disassembly of all these protein 
complexes in neurons, including the MAPs/EBs, will occur 
downstream of the activation of certain signal transduction 
pathways. Moreover, high levels of MAP1B would promote 
that a significant proportion of other +TIPs and/or signaling 
molecules that otherwise localized to MT plus-ends, would be 
retained in the cytosol bound to EB1/3. This adds an extra layer 
of complexity to the local regulation of MT dynamics during 
neuronal differentiation.

Our data also suggest that MAP1B may be hindering low-
affinity binding sites for EB1/3 along MTs. It is tempting to 
speculate that as axons start growing and MAP1B levels increase, 
the putative localization of EBs at the MT lattice is impaired. 
Hence, we propose that MAP1B may regulate the interaction 
of EB proteins with MTs during neurite/axon extension in two 
different ways: by sequestration of EB1/3 in the cytosol and 
by prevention of their localization along MTs. Hence, MAP1B 

Figure 1. eB1/3 proteins are differentially regulated by classical MaPs in developing or mature neurons. (A) in differentiating neurons, MaP1B, which is 
expressed at high levels, sequesters eB1/3 in the cytosol (see detail in growth cone). This contributes to maintain MTs in a highly dynamic state during 
axon outgrowth. (B) in dendrites of mature neurons, neuronal activation (e.g., by nMDa) induces MaP2 dephosphorylation and binding to MTs, leading 
to MT bundling. Dephosphorylated MaP2 recruits eB1/3 to MT bundles, thus decreasing MT dynamics and increasing MT stability in dendrites. eB1/3 
proteins are also found along the MT lattice at the aiS, interacting with ankyrin G and maybe with other MaPs.
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contributes to avoid the overstabilization of MTs in neurites, 
axon shaft, and growth cone during differentiation.

MAP2 Recruits EB3 to MT Bundles in Dendrites of 
Mature Neurons

In mature neurons, EB1/3 accumulate at MT plus-ends 
in dendrites and certain regions of the axons.26 This indicates 
that dynamic MTs are not only important during neuronal 
development but are also required to maintain neuronal 
morphology and function. The interaction of EB3 with MTs 
in adult neurons is modulated by neuronal activity.11 Induction 
of long-term depression (LTD) by NMDA in primary rat 
hippocampal neurons, leads to the rapid removal of EB3 from 
MT plus-ends in dendrites and the subsequent attenuation of 
MT dynamics (see Fig. 1B).11 However, this rapid NMDA effect 
is followed by a more prolonged response, during which EB3 
is recruited along MAP2-positive MT bundles in the dendritic 
shaft. Notably, MAP2 interacts directly with EB3 and is 
necessary and sufficient for this activity-dependent redistribution 
of EB3 to MTs.11 Remarkably, under basal conditions, EB3 and 
MAP2 are both abundantly present in dendrites but they interact 
with different populations of MTs; EB3 binds to the plus-ends 
of growing MTs and MAP2 decorates stable MTs.11 Of note, as 
described for MAP1B, regulation of the interaction of MAP2 
with EB3 is negatively regulated by phosphorylation. Thus, 
phosphorylation seems to be a common regulatory mechanism 
of the interaction between classical MAPs and EBs. It will be 
exciting to elucidate further the growth factors, signaling 
pathways, and protein kinases that control the assembly and/or 
disassembly of the MAPs/EBs complexes.

Kapitein et al.11 suggest that relocalization of EB3 along 
MAP2-positive MT bundles would be a way to partially deplete 
the cytosolic pool of EB3 available to accumulate at MT plus-
ends and to promote growth of dynamic MTs, required for 
maintenance of dendritic spine morphology. Alternatively, they 
propose that this might be a way to recruit molecules involved 
in specific signaling cascades to the MT lattice.11 In this context, 
as occurs at the AIS,36 EB1/3 proteins switch their function 
from being pure +TIPs to become classical MAPs (Fig. 1B). It 
is possible that EB1/3 interact with other classical MAPs along 
stable MTs localized at the AIS in mature neurons. Recruiting of 
EBs to MT bundles appears to be a way to enhance MT stability 

in specific regions of adult neurons (e.g., AIS) and/or under 
certain conditions (e.g., neuronal activation).

Summary and Future Perspectives

Here we have reviewed and discussed recent work on new 
mechanisms of regulation of EB1/3 proteins by direct interactions 
with classical MAPs in neurons. Neuronal MAPs show different 
developmental expression patterns, subcellular localization, and 
MT stabilizing capacity, providing wide possibilities of EBs 
regulation at different levels. Thus, axonal MAP1B is expressed 
at the beginning of axon extension and declines upon maturation 
whereas dendritic MAP2 is expressed later but remains high 
in adult neurons.9 In this way, MAP1B locally modulates MT 
dynamics by trapping EB1/3 in the cytosol of extending neurites 
and/or axons.10 In adult neurons, MAP2 recruits EB3 to stable 
MT bundles in response to neuronal activation, thereby reducing 
MT dynamics and enhancing MT stability in dendrites.11 Both 
MAPs would, in different manners, regulate the amount of 
free diffuse EB proteins in the cytosol of neurons. It is likely 
that other classical MAPs regulate EB1/3 binding to MTs in 
neurons in a similar fashion. Given the wide expression of EBs 
and classical MAPs, it is plausible that a functional interplay 
between MAPs and EBs occurs in a variety of cell types, thus 
contributing to the regulation of MT dynamics in a number of 
cellular processes. The findings discussed above have only paved 
the way to start deciphering the molecular mechanisms involved 
in the modulation of the MAP1B/EBs interplay in neuronal cells. 
Further research will be required to fully understand the complex 
coordination of the actions of MAPs and EBs and its relevance in 
neuronal physiology.
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