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Endocytic recycling is an intracellular process that returns internalized molecules back
to the plasma membrane and plays crucial roles not only in the reuse of receptor
molecules but also in the remodeling of the different components of this membrane.
This process is required for a diversity of cellular events, including neuronal morphology
acquisition and functional regulation, among others. The recycling endosome (RE) is
a key vesicular component involved in endocytic recycling. Recycling back to the cell
surface may occur with the participation of several different Rab proteins, which are
master regulators of membrane/protein trafficking in nerve cells. The RE consists of a
network of interconnected and functionally distinct tubular subdomains that originate
from sorting endosomes and transport their cargoes along microtubule tracks, by fast
or slow recycling pathways. Different populations of REs, particularly those formed by
Rab11, Rab35, and Arf6, are associated with a myriad of signaling proteins. In this
review, we discuss the cumulative evidence suggesting the existence of heterogeneous
domains of REs, controlling different aspects of neurogenesis, with a particular focus
on the commonalities and singularities of these REs and their contribution to nerve
development and differentiation in several animal models.

Keywords: Rabs, neuronal development, recycling endosome, endosomal pathway, development, Arf6, Rab35,
Rab11

INTRODUCTION

During neurodevelopment, dynamic morphological changes occur in migration, neurite
outgrowth, dendritic spine formation, axon myelination, and synaptogenesis. These processes
involve synthesis and classification of specific proteins, redistribution of cellular components, and
membrane addition, among others. For this, the correct coordination and synchronization of the
endosomal traffic machinery is essential (Platta and Stenmark, 2011).

Recycling endosomes (REs) play an important role in the reuse of receptor molecules as well as
in the remodeling of the protein and lipid composition of the plasma membrane. Specifically, in
neurons, they regulate retrograde neurotrophic signaling, axonal pathway fixation during protein
development, renewal and degradation, vesicle recycling, and synaptic plasticity, among other
processes (Kennedy and Ehlers, 2006; Dittman and Ryan, 2009; Winckler and Mellman, 2010;
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Itofusa and Kamiguchi, 2011). The morphology, distribution, and
function of REs in polarized cells are different compared with
other cells, especially with regard to their sorting ability, and
in their recruitment of Rab proteins and adapters (Thompson
et al., 2007; Fields et al., 2010). Due to the spatial demands of
the neuron, REs are spread throughout soma, dendrites, and
axons, unlike in non-neuronal cells where they are clustered
tightly near the nucleus (Prekeris et al., 1999; Park et al., 2006;
Ascano et al., 2009).

One of the best-characterized families related to the
endosomal pathway is the Ras superfamily of small guanosine
triphosphatase (small GTPases) related proteins, functioning
as GDP/GTP-regulated molecular switches (Vetter and
Wittinghofer, 2001). Based on sequence and similarity, Ras
can be divided into five major classes: Ras, Rho, Rab, Ran, and
Arf small GTPases.

Both Rab and Arf proteins, in their active state (bound to
GTP), recruit endosome membrane-specific effector proteins
(Novick and Zerial, 1997; Panopoulou et al., 2002) and are found
in different subsets of membrane domains along the secretory
and endocytic pathways. Recent roles for endosomal recycling
pathways have been identified: (a) in the exocytic transport where
exocytic proteins traverse through REs before their delivery to the
plasma membrane (PM) (Ang et al., 2004; Cresawn et al., 2007;
Misaki et al., 2010); (b) in retrograde transport, where cargoes
internalized from PM, must pass through REs to reach the Golgi
(Uchida et al., 2011; Bai and Grant, 2015); and (c) in degradation
transport where REs participate to degradation or promoting
autophagy (Husebye et al., 2010; Matsui et al., 2011; Longatti
et al., 2012). However, these RE’s roles have not been described
in neuronal cells.

Different markers have been associated with REs, such as
Rab11, Rab35, and Arf6 (Calhoun and Goldenring, 1996). Some
of the regulatory functions described for Rabs include the
interaction with effector proteins that select cargo, the promotion
of movement of vesicles to different compartments, and the
verification of the correct fusion site. In addition, Rabs interact
with GEFs (nucleotide exchange factors) or GAPs (GTPase-
activating proteins) that act as activators or negative regulators,
respectively (Hutagalung and Novick, 2011).

In this review, we analyze the accumulated evidence regarding
different Rabs that share heterogeneous and dynamics domains
in the RE, with an emphasis on Rab11, Rab35, and Arf6 and
how they control the different cellular functions associated with
neuronal development and differentiation in several models.

BRIEF DESCRIPTION OF Rab35, Rab11,
AND Arf6 EXPRESSION

Rab35 transcripts are expressed ubiquitously and at similar levels
in all major human tissues. The gene is evolutionarily conserved,
with homologs present in invertebrates and other lower
organisms. This suggests that Rab35 has important and general
cellular and/or developmental functions (Zhu et al., 1994).

Arfs (ADP ribosylation factors) are expressed in all eukaryotes.
There are six mammalian Arfs and many more Arf-like proteins.

Arf6 has distinct peripheral membrane distributions and diverse
cellular activities. Mammalian Arf6 homologs exist in almost all
eukaryotes (Cavenagh et al., 1996; Al-Awar et al., 2000).

Rab11 is a GTPase encoded by three different genes,
Rab11a, Rab11b, and Rab25, whose proteins are ubiquitously
expressed; enriched in the brain, heart, and testis; or restricted
to epithelia, respectively (Bhartur et al., 2000). In recent
years, Rab11 has emerged as an important modulator of
cellular transport by regulating the association of REs
with trafficking vesicles, allowing the delivery of cellular
components or signaling molecules to specific locations in the
cell (Jing and Prekeris, 2009).

Rab11, Rab35, AND Arf6
RE-ASSOCIATED FUNCTIONS DURING
MAMMALIAN NEURODEVELOPMENT

Neural development refers to those changes that occur in a cell
from a completely undifferentiated stage to a differentiated or
mature stage. Thus, we have focused on five aspects that we
consider relevant to neuronal development, such as axonal and
neurite growth, dendritic growth, migration of cortical neurons,
synaptic plasticity, and glial differentiation and myelination.

Neurite Outgrowth and Axon Elongation
Neurite outgrowth is a process by which developing neurons
produce new projections as they grow. In this regard, Rab35
favors axon elongation in rat primary neurons in an activity-
dependent manner. In this regard, p53-related protein kinase
(PRPK) negatively regulates axonal elongation by reducing Rab35
protein levels through the ubiquitin-proteasome degradation
pathway (Villarroel-Campos et al., 2016b).

Studies in immortalized neuronal cells show that Rab35-
induced neurite growth and baseline levels of neurite extension
are attenuated by loss of function of Rab35 (using dominant-
negative Rab35S22N or siRNA Rab35) (Chevallier et al., 2009).
From these early studies, it became evident that Rab35 is
key for coordinating and recruiting downstream Rab GTPases.
A reciprocal control between Rab35 and Arf6 GTPases which
is an important switch to control receptor recycling during
cell migration (Allaire et al., 2013) and successful cytokinesis
(Chesneau et al., 2012) has been proposed. Such regulatory
mechanisms would be also essential to propelling neurite
elongation. In this regard, ACAP2 (also known as centaurin-
β2) functions as a Rab35 effector and as an Arf6-GAP during
neurite growth. Rab35 accumulates in Arf6-positive endosomes
in response to stimulation of the nerve growth factor (NGF),
and ACAP2 is recruited into the same compartment in a Rab35-
dependent manner (Kobayashi and Fukuda, 2012). By using
siRNA, it was demonstrated that both Rab35 and MICAL-like
protein 1 are necessary for the localization of Rabs 8, 13, and
36 in REs, indicating that Rab35 is crucial for regulating the
localization of MICAL-L1, which in turn acts as a scaffold for
the Rabs in endosome recycling. Finally, Rab35 regulates the
formation of an association site between the molecular scissor
EHD1 and Arf6-positive endosomes by integrating the functions
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of two different Rab35 effectors for the successful growth of
neurites (Kobayashi and Fukuda, 2013).

In PC12 cells, TBC1D12 (Rab11-binding protein) also
modulates the growth of neurites (Oguchi et al., 2017) and is
regulated by Rabin8 through coordination with Rab8, Rab10,
and Rab11 and by an independent mechanism from GEF activity
(Homma and Fukuda, 2016). With this in mind, Furusawa et al.
proposed an interesting mechanism for regulating membrane
transport in growing axons: GRAB (a Rab8-GEF and also
a regulator of axon extension) promotes axonal membrane
transport by mediating the interaction between Rab11 and
Rab8 in neurons. In addition, GRAB activity is regulated by
phosphorylation of Cdk5-p35, thus modulating axonal growth
through the Rab11-GRAB-Rab8 cascade (Furusawa et al., 2017).
Moreover, by using light-induced heterodimerization, it was
proposed that growth cone dynamics and axon growth of rat
hippocampal neurons directly depend on the functioning of the
Rab11 vesicle near the growth cone, rather than the general
functions of Rab11 in other parts of the cell (van Bergeijk et al.,
2015). In dorsal root ganglion neurons, the expression of Rab11
increases neurite length, and the knockdown of Rab11 by siRNA
decreases neurite outgrowth (Eva et al., 2010).

Finally, there are numerous reports implicating Arf6 as a
central regulator for local actin polymerization and/or dynamics.
As an example, the activation of Arf6 induces the recycling
of Rac1 (Zobel et al., 2018) and controls actin polymerization
mediated by a direct interaction with RhoB (Zaoui et al., 2019),
and EFA6 protein (Arf6 GEF) can interact directly with F-actin
promoting its polymerization (Macia et al., 2019). Although these
mechanisms have not been described as regulating neuronal
functions, it seems plausible that coordination between the
membrane and the actin dynamics observed in other cell
types may be essential to coordinate the local release of the
membrane and the modifications of the cytoskeleton that support
axonal elongation.

Dendritic Growth
Initially, Arf6 and the Arf nucleotide-binding site opener
(ARNO, which acts as Arf-GEF) were identified in the embryonic
and adult hippocampus, as negative regulators of both the
onset and branching of dendritic tree development, at 1–2 days
in vitro (DIV) (Hernandez-Deviez et al., 2002). Later, the same
authors expanded the described effects of these molecules to
include the regulation of axonal elongation and branching
during neuronal development, in early developmental stages
(1–6 DIV) (Hernandez-Deviez et al., 2004). Subsequently, it
was shown that signaling through ARNO is also necessary for
Schwann cell myelination (Torii et al., 2015). Furthermore, Arf6-
specific GAP (ACAP3) was shown to positively regulate neurite
(axon and dendrites) growth in mouse hippocampal neurons
(Miura et al., 2016).

Moreover, Rab11 has been reported to participate in the
initiation, maintenance, and regulation of axonal and dendritic
growth and synaptic transmission (Sann et al., 2009; Villarroel-
Campos et al., 2016a). Results obtained in cortical neurons
using constitutively active Rab11a-Q70L, but not dominant-
negative Rab11a-S25N, showed the promotion of axonal growth

(Takano et al., 2012). Subsequently, Takano et al. proposed
that LMTK1 (lemur kinase 1A) negatively controlled dendrite
growth and arborization, thus enhancing the movement of the
Rab11a-positive endosome (to similar levels to those expressing
Rab11A-Q70L) in a Cdk5-dependent manner (Takano et al.,
2014). The dynamics of REs are regulated by BDNF (brain-
derived neurotrophic factor) that increases Rab11 activity and
recruits Rab11-positive vesicles for dendrites. Consistently, the
overexpression of Rab11 in this context produces an increase
in dendritic branching in neurons to 7 DIV (Lazo et al.,
2013). On the contrary, neurons at 3 and 7 DIV show more
complex dendritic arborization after Rab11 suppression, with
an increase in the number of branching points and in the
number of primary processes (arising directly from the soma)
only at 3 DIV (Siri et al., 2020). The apparent discrepancy of
phenotypes in the dendritic tree caused by Rab11 activity needs
to be addressed by analyzing other stages of differentiation.
Regarding Rab35, its participation in this process has not
yet been described.

Since endo- and exocytosis mechanisms control essential
features of receptors recycling controlling synaptic strength
(Lamprecht and LeDoux, 2004), Arf6 functions linked to
clathrin-dependent and independent endocytosis may provide
light to uncover novel Arf6 functions coordinating dendritic
remodeling and synaptic plasticity (Krauss et al., 2003).

Migration of Cortical Neurons
In situ experiments using in utero electroporation show how
Arf6 regulates neuronal migration in the developing cerebral
cortex and highlights the physiological relevance of the Arf6-
dependent membrane trafficking pathway in cortex development.
Low levels of Arf6-GTP are necessary for the early stages of
corticogenesis (Arvanitis et al., 2013), as increasing levels of active
Arf6 cause delays in radial migration and defective terminal
branches of projection neurons (Falace et al., 2014). In addition,
the physiological importance of ACAP3 (Arf6-GAP) in brain
development in vivo has been shown. The knockdown of ACAP3
in developing cortical neurons of mice significantly abrogates
neuronal migration in the cortical layer, which is restored by the
ectopic expression of ACAP3, but not by its inactive GAP mutant
(Miura and Kanaho, 2017).

Moreover, Rab11-dependent recycling to promote neuronal
migration along radial glial fibers is essential in enabling active
N-cadherin transport in locomotor neurons in the cerebral cortex
(Kawauchi et al., 2010). In this regard, it is important to note that
FIP3 (family interaction protein Rab11 3 (FIP3)/Arfophilin-1, a
dual effector for Arf6 and Rab11) is a regulator of N-cadherin
traffic through interaction with Arf6 and Rab11 in migratory
neurons (Hara et al., 2016).

Finally, it is unknown whether Rab35 is involved in neuronal
migration, and further studies are required to explore this point.

Synaptic Plasticity
Emerging evidence using in vitro and in vivo studies in
hippocampal neurons has been shown that Arf6 (or Arf6-GEF
or -GAP) regulates AMPA receptor trafficking and long-term
synaptic plasticity at postsynaptic sites (Scholz et al., 2010;
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FIGURE 1 | Contributions of Rab11, Rab35, and Arf6 RE-associated in certain events related to neuronal development. A simplified outline of some RE-associated
signaling cascades to Rab11, Rab35, and Arf6 involved in neuronal development (A). Schematic image showing the type of participation of Rab11, Rab35, and Arf6
RE-associated with axonal and neuritic growth (B), dendritic growth (C), cortical migration (D), and glial differentiation (E). Pointed arrows indicate positive
regulation; blunt arrows indicate negative regulation.

Myers et al., 2012; Oku and Huganir, 2013; Zheng et al., 2015).
Moreover, an interesting report showed a new role for Arf6
in determining the size of releasable SVs and in promoting
direct vs. endosomal recycling of these vesicles (Tagliatti et al.,
2016). The location of Arf6 in the dendritic spines of mature
neurons indicates that Arf6 is linked with synaptic plasticity.
However, there are contradictory results in this regard, as Arf6-
Q67L overexpression decreases the density of the spines, while
the opposite result is obtained with the Arf6-T27N mutant in
21 DIV neurons (Miyazaki et al., 2005). Conversely, in 11 DIV
neurons, activation of Arf6 (by overexpression of a fast-cycling
Arf6 mutant—Arf6-T157A) increases spine density, whereas an
Arf6 knockdown decreases spine formation (Choi et al., 2006).
The answer to this controversy which was proposed by Kim
et al. who suggested that the different abilities of Arf6 to regulate
the formation and maintenance of the spine were related to
maturation and neuronal activity: Arf6 activation increases the
formation of the spine in developing neurons, yet it decreases the
density of the spine in mature neurons (Kim et al., 2015).

Using high-resolution live-cell imaging, it was demonstrated
that removal of Rab11 REs from dendritic spines decreases
the level of AMPA receptors in the spine membrane and
PSD-95 clusters in synapses, suggesting a mechanistic
link between endosome positioning and the structure and
composition of synapses (Esteves da Silva et al., 2015).
Later, by investigating the putative regulators of endosomal

trafficking involved in spinogenesis, many other molecules
were identified. In this regard, TBC1D9B and LMTK1
(which controls the GAP activity of TBC1D9B in Rab11)
have been proposed as novel factors that control spine
formation by the Cdk5-LMTK1-TBC1D9B-Rab11 cascade
(Nishino et al., 2019).

Glial Differentiation and Myelination
Many aspects of glial cell differentiation are regulated by
functions associated with trafficking. In fact, Rab35 and
ACAP2 (Rab35-GAP that also inactivates Arf6 activity)
have been shown to downregulate the morphological
differentiation of oligodendrocytes (OL). Suppression of
Rab35 or ACAP2 promotes OL differentiation. The knockdown
of Arf6 inhibits differentiation, indicating that Rab35 and
ACAP2 regulate differentiation by downregulation of Arf6.
Furthermore, using neuronal OL cultures, the loss of Rab35
or ACAP2 was found to promote myelination, while the
deletion of Arf6 inhibits myelination (Miyamoto et al.,
2014). Interestingly, and because the complete loss of
Arf6 results in embryonic lethality (Suzuki et al., 2006), a
conditional knockout mouse (CKO) was generated which
lacked Arf6 in neurons, OLs, or both cell lineages. Under
these conditions, and consistent with the results mentioned
above, axonal myelination during neuronal development
in vivo was affected in the hippocampus fimbria and corpus
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TABLE 1 | Main contributions of Rab RE-associated with neuronal development.

RE-resident Endosomal

Rab/Ras localization Main contribution to neuronal development Experimental model References

Rab4 EE, RE Promotes axon elongation. Xenopus laevis Falk et al., 2014

Critical for maintaining dendritic spine size. Rat hippocampal neurons Brown et al., 2007; Hoogenraad et al.,
2010

Regulates synapse homeostasis through kinesin-2 mediated
trafficking.

Drosophila Dey et al., 2017

Rab8 TGN, RE Involved in the transport of proteins to the dendritic surface and in
neurite outgrowth.

Rat hippocampal neurons Huber et al., 1993, 1995

Required for the local delivery of AMPARs into synapses. Rat hippocampal neurons Gerges et al., 2004

Regulates axonal outgrowth via GRAB-mediated Rab8-Rab11
cascade in a Cdk5-dependent manner.

Mouse cortical neurons Furusawa et al., 2017

Rab11 RE Promotes neurite/axonal elongation and axon regeneration. Rat cortical neurons Takano et al., 2012; Koseki et al., 2017;

Promotes AMPARs and PSD-95 clusters at the synapses along
actin and microtubule cytoskeleton.

Rat hippocampal neurons Esteves da Silva et al., 2015

Involved in dendritic branching and spatial memory formation. Rat hippocampal neurons Siri et al., 2020

Participates in N-Cadherin trafficking regulating neuronal migration
and maturation.

Mouse cerebral cortex Kawauchi et al., 2010

Required for actin cytoskeleton remodeling during early Drosophila
furrow formation.

Drosophila Riggs et al., 2003

Required for the development of the outer segment of rod cell
membranes.

Mouse retina cells Reish et al., 2014

Involved in Zebrafish embryonic differentiation and development of
the nervous system.

Zebrafish Zhang et al., 2019

Rab13 TGN, RE Increases neurite outgrowth. PC12; Mouse dorsal root
ganglion neurons

Di Giovanni et al., 2005; Kobayashi
et al., 2014

Involved in the reorganization of the actin cytoskeleton through the
Rab13-JRAB/MICAL-L2 interaction.

PC12 Sakane et al., 2010

Rab17 EE, RE Regulates dendrite morphogenesis and postsynaptic development. Mouse hippocampal
neurons

Mori et al., 2012, 2013

Regulates dendritic surface insertion of GluK2-containing KARs by
dendritic trafficking of Syntaxin-4.

Rat hippocampal neurons;
Neuro2A

Mori et al., 2014

Rab35 RE Promotes neurite outgrowth. PC12; N1E-115 Chevallier et al., 2009; Kobayashi and
Fukuda, 2013

Regulates membrane trafficking from recycling endosomes to
neurite tips during neurite outgrowth.

PC12 Kobayashi et al., 2014

Regulates axonal elongation and Cdc42 activity in neurons. Rat hippocampal neurons Villarroel-Campos et al., 2016b

Implicated on sorting of synaptic vesicle proteins in neuromuscular
junctions.

Drosophila Uytterhoeven et al., 2011

Involved in maintain axonal integrity via
UNC-70/β-spectrin-TBC10-Rab35.

Caenorhabditis elegans Coakley et al., 2020

Arf6 RE Inhibits neurite/dendritic/axonal elongation and branching during
neuronal development.

PC12; Chick retinal and rat
hippocampal neurons;
Aplysia motor neurons

Hernandez-Deviez et al., 2002, 2004;
Albertinazzi et al., 2003; Huh et al.,
2003; Kobayashi and Fukuda, 2012

Enhances clathrin/AP-2 recruitment at the synapse by PIPKIγ
activation.

Rat cortical neurons Krauss et al., 2003

Regulates the formation and maintenance of the dendritic spines. Rat hippocampal neurons Miyazaki et al., 2005; Choi et al., 2006;
Kim et al., 2015

Regulates neuronal migration in the developing cerebral cortex. Mouse cerebral cortex Arvanitis et al., 2013; Falace et al., 2014

Promote neurotransmitter release at the neuromuscular junction. Xenopus laevis Ashery et al., 1999

Regulates traffic pathways during photoreceptor development. Zebrafish George et al., 2016

The table summarizes the role of RE-resident Rabs/Ras reported in processes mainly associated with neuronal differentiation and migration of several experimental
models.
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callosum, but only in neuron-specific Arf6-CKO mice; Arf6
also regulates the migration of oligodendrocyte precursor
cells (OPCs) (Akiyama et al., 2014). Furthermore, the
lack of Arf6 specifically in mouse Schwann cells reduces
myelin thickness, consistent with the negative regulation of
signaling molecules related to myelination, demonstrating
that Arf6 plays a key role in the myelination process
(Torii et al., 2015).

Regarding Rab11, a positive regulation of this Rab and the
importance of the SH3TC2 (effector of Rab11)/Rab11 interaction
for normal myelination has been demonstrated in dorsal root
ganglia (Stendel et al., 2010).

Finally, Rab35 in addition to recycling functions also
participate in endocytic trafficking functionally connected to Arf6
(Kanno et al., 2010; Dambournet et al., 2011; Donaldson et al.,
2016). Rab35 and Arf6 antagonism previously described seems to
be essential to balance the activity of these two small GTPases to
fine tune endocytosis.

In conclusion, throughout the different aspects analyzed
during the neurodevelopment of mammals, it is possible to
determine the active role played by both Rab35 and Rab11,
always acting as positive regulators. In contrast, Arf6 is a negative
regulator (Figure 1). It would be interesting to evaluate the
signals that activate the negative regulation of Arf6 and if the
similar roles of Rab35 and Rab11 occur by synergy or modulating
different aspects.

Rab11, Rab35, AND Arf6
RE-ASSOCIATED FUNCTIONS DURING
Xenopus laevis NEURODEVELOPMENT

TBC1d24, a Rab35 GAP, complexes with ephrinB2 via the
scaffold Disheveled (Dsh) and mediates a signal affecting contact
inhibition of locomotion in the cranial neural crest (CNC).
Moreover, in the migrating CNC, the interaction between
ephrinB2 and TBC1d24 negatively regulates E-cadherin recycling
via Rab35 (Yoon et al., 2018).

Regarding Arf6, in Xenopus neurons at the neuromuscular
junction, Arf6 modulates neurotransmitter release in a GEF msec
7-1-dependent fashion (Ashery et al., 1999).

Finally, Rab11 knockdown in rods leads to shortened outer
segments and retinal degeneration, and the direct interaction
between rhodopsin and Rab11 is required for the formation and
maintenance of vertebrate photoreceptors (Reish et al., 2014).

Rab11, Rab35, AND Arf6
RE-ASSOCIATED FUNCTIONS DURING
ZEBRAFISH (DANIO RERIO)
NEURODEVELOPMENT

The modulation of Arf6 activity rescues interrupted traffic
pathways at the start of photoreceptor development (George
et al., 2016). Furthermore, zRab11-FIP4 (an ortholog of the
Rab11-4 family interaction protein, Rab11-FIP4) is expressed

predominantly in neural tissues, including the retina, and
zRab11-FIP4 is involved in the regulation of proliferation and
differentiation of retinal cells during development (Muto et al.,
2006). Additional Rab11 genes (rab11a, rab11ba, and rab11bb)
play vital and differential roles during Zebrafish embryonic
development of the nervous system (Zhang et al., 2019).

Rab11, Rab35, AND Arf6
RE-ASSOCIATED FUNCTIONS DURING
Drosophila MELANOGASTER
NEURODEVELOPMENT

The participation of Rab35 in the formation of Drosophila
led to the identification of Fascin, a protein that groups
actin as an effector of Rab35 (Zhang et al., 2009; Shim
et al., 2010). In this sense, the effect of nuclear Rab11
Fallout (Nuf) on actin remodeling during cytokinesis has also
been demonstrated, probably by compromising Rho-GEF2-
Rho1 (Cao et al., 2008). Although Rab35 and Rab11 modulate
the actin cytoskeleton in different processes of Drosophila
development, their possible complementary roles have not
yet been explored.

Rab35 plays a critical role in the regulation of PtdIns (4,5)
levels in phase 2 (P2) of cytokinesis in Drosophila (Kouranti
et al., 2006). Inactivation of Rab35 using a Rab35 S22N
dominant-negative mutant induces the formation of abnormal
intracellular vacuoles rich in PtdIns (4,5) in P2. This defect leads
to delocalization of SEPTIN2 a protein that binds to PtdIns
(4,5) and subsequent accumulation of F-actin. The relocation
of SEPTIN2 from the plasma membrane in these vacuoles
possibly explains the instability of the excision groove and
cytokinesis failure, two phenotypes observed after inactivation of
Rab35. Rab35 is also downregulated by Arf6 during cytokinesis
(Chesneau et al., 2012).

The knockdown of Schizo (Arf6-GEF like mammalian Arf-
GEP100) produces misguidance of commissural axons, thus
demonstrating the importance of Arf6 in axonal guidance
in vivo (Onel et al., 2004). Recently, it was reported that in
Arf6-deficient mice many commissural axons were stalled at
the midline, reinforcing the initial observations in Drosophila
(Kinoshita-Kawada et al., 2019).

Moreover, Rab11 is required for membrane trafficking
and actomyosin ring constriction in meiotic cytokinesis of
Drosophila males (Giansanti et al., 2007). Furthermore, during
the differentiation of photoreceptor terminals, adequate traffic
and the location of rhodopsin is crucial for the morphogenesis
of the rhabdomere, and Rab11 activity has a key role in the
initial delivery of exocytic rhodopsin to the growing rhabdomere
(Satoh et al., 2005), The Parcas protein is the predominant
Rab11-GEF required for rhodopsin transport (Otsuka et al.,
2019). The translocation of photoreceptor (R cell) nuclei during
Drosophila development is a model system used to analyze
mechanisms controlling neuronal migration and positioning
during embryonic development. The Rab5-Shibire/dynamin-
Rab11-dependent vesicular transport pathway is involved in
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R-cell positioning (Houalla et al., 2010). The movement of R-cell
nuclei along the apical–basal axis in the developing fly visual
system displays features very similar to the somal translocation
of neurons from the ventricular zone to the cortical plate
during the development of the mammalian cerebral cortex
(Nadarajah and Parnavelas, 2002).

Mutant embryos expressing dominant-negative or
constitutively active Rab11 or carrying null Rab11 show
disorganization and misdirected embryonic axons (Bhuin and
Roy, 2009). In addition, Rab11 is required for pruning the c4da
neuronal dendrites (sensory dendritic arborization class IV),
since the loss of Rab11 produces defects in the development
of the larval dendrite and also in the location of two neuronal
membrane proteins, Nrg and Ppk26 (cell adhesion molecule and
mechanosensory ion channel, respectively) (Kramer et al., 2019).

Rab11, Rab35, AND Arf6
RE-ASSOCIATED FUNCTIONS DURING
Caenorhabditis elegans
NEURODEVELOPMENT

In response to stress, UNC-70/β-spectrin, and TBC-10, a
conserved GAP, stabilize the hemidesmosome’s trans-epidermal
junction structures that would otherwise be lost, causing axonal
rupture and degeneration. Furthermore, TBC-10 regulates axonal
fixation and maintenance by inactivating RAB-35 and reveals
the functional conservation of these molecules with vertebrate
orthologs (Coakley et al., 2020).

Recent studies show RAB-11-interacting protein (REI-1)
as a new GEF for RAB-11. The loss of REI-1 impairs
targeting of RAB-11 to the late Golgi compartment, as well
as recycling of endosomes in embryos, and further reduces
RAB-11 recruitment in the excision sulcus, retarding cytokinesis
(Sakaguchi et al., 2015).

CONCLUDING REMARKS

The summarized evidence reveals the role of recycling
endosomes in different developmental steps and animal models
and that clearly one Rab does not rule them all. The RE data from
Rab11, Rab35, and Arf6 suggest that heterogeneous domains
of REs work synergistically, in some cases, and with opposite

roles in others (Figure 1). Regarding this point, it would be
interesting to understand the signals and the environmental
requirements that allow it, as well as the possibility of a redundant
function of these REs.

Furthermore, the presence and participation of these REs in
several animal models throughout evolution are clear, indicating
the relevance of these endosomes in functions that are conserved
from lower to greater complexity levels in the nervous system.

Finally, the importance and the complex participation of other
RE-resident Rab proteins required for neuronal development and
synaptic function have been demonstrated in several publications
and we summarized in Table 1. However, some questions
remain unclear: how do these Rab orchestrate the different
developmental processes? How are the signaling cascades linked
to regulating each other? Understanding the coordination that
these Rabs carry out for the correct establishment of sophisticated
neuronal morphology and specialized compartmentalization is
crucial for a better understanding of various aspects of neuronal
physiology and pathophysiology.

AUTHOR CONTRIBUTIONS

VR-S, CG-B, and CC wrote and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Fondo para la Investigación
Científica y Tecnológica (FONCYT) PICT 2014-2119 and
Roemmers Foundation Grant to CC; ANID/Fondecyt/1180419
and ANID/FONDAP/15150012 to CG-B; Research Grant from
Universidad Nacional de Villa María to VR-S and CONICET
Postdoctoral Fellowship Grant to VR-S. CC and CG-B were
supported by the IBRO PROLAB grant. The figure was created
using the Biorender program.

ACKNOWLEDGMENTS

We thank Michael Handford (Universidad de Chile) for
language support.

REFERENCES
Akiyama, M., Hasegawa, H., Hongu, T., Frohman, M. A., Harada, A., Sakagami,

H., et al. (2014). Trans-regulation of oligodendrocyte myelination by neurons
through small GTPase Arf6-regulated secretion of fibroblast growth factor-2.
Nat. Commun. 5:4744.

Al-Awar, O., Radhakrishna, H., Powell, N. N., and Donaldson, J. G. (2000).
Separation of membrane trafficking and actin remodeling functions of ARF6
with an effector domain mutant. Mol. Cell Biol. 20, 5998–6007. doi: 10.1128/
mcb.20.16.5998-6007.2000

Albertinazzi, C., Za, L., Paris, S., and de Curtis, I. (2003). ADP-ribosylation factor
6 and a functional PIX/p95-APP1 complex are required for Rac1B-mediated
neurite outgrowth. Mol. Biol. Cell 14, 1295–1307. doi: 10.1091/mbc.e02-07-
0406

Allaire, P. D., Seyed Sadr, M., Chaineau, M., Seyed Sadr, E., Konefal, S., Fotouhi,
M., et al. (2013). Interplay between Rab35 and Arf6 controls cargo recycling
to coordinate cell adhesion and migration. J. Cell Sci. 126(Pt. 3), 722–731.
doi: 10.1242/jcs.112375

Ang, A. L., Taguchi, T., Francis, S., Folsch, H., Murrells, L. J., Pypaert, M., et al.
(2004). Recycling endosomes can serve as intermediates during transport from
the Golgi to the plasma membrane of MDCK cells. J. Cell Biol. 167, 531–543.
doi: 10.1083/jcb.200408165

Arvanitis, D. N., Behar, A., Tryoen-Toth, P., Bush, J. O., Jungas, T., Vitale, N.,
et al. (2013). Ephrin B1 maintains apical adhesion of neural progenitors.
Development 140, 2082–2092. doi: 10.1242/dev.088203

Ascano, M., Richmond, A., Borden, P., and Kuruvilla, R. (2009). Axonal targeting
of Trk receptors via transcytosis regulates sensitivity to neurotrophin responses.
J. Neurosci. 29, 11674–11685. doi: 10.1523/jneurosci.1542-09.2009

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 December 2020 | Volume 8 | Article 603794

https://doi.org/10.1128/mcb.20.16.5998-6007.2000
https://doi.org/10.1128/mcb.20.16.5998-6007.2000
https://doi.org/10.1091/mbc.e02-07-0406
https://doi.org/10.1091/mbc.e02-07-0406
https://doi.org/10.1242/jcs.112375
https://doi.org/10.1083/jcb.200408165
https://doi.org/10.1242/dev.088203
https://doi.org/10.1523/jneurosci.1542-09.2009
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-603794 December 6, 2020 Time: 13:45 # 8

Rozés-Salvador et al. Recycling Endosomes in Neurodevelopment

Ashery, U., Koch, H., Scheuss, V., Brose, N., and Rettig, J. (1999). A presynaptic
role for the ADP ribosylation factor (ARF)-specific GDP/GTP exchange factor
msec7-1. Proc. Natl. Acad. Sci. U.S.A. 96, 1094–1099. doi: 10.1073/pnas.96.3.
1094

Bai, Z., and Grant, B. D. (2015). A TOCA/CDC-42/PAR/WAVE functional module
required for retrograde endocytic recycling. Proc. Natl. Acad. Sci. U.S.A. 112,
E1443–E1452.

Bhartur, S. G., Calhoun, B. C., Woodrum, J., Kurkjian, J., Iyer, S., Lai, F., et al.
(2000). Genomic structure of murine Rab11 family members. Biochem. Biophys.
Res. Commun. 269, 611–617. doi: 10.1006/bbrc.2000.2334

Bhuin, T., and Roy, J. K. (2009). Rab11 is required for embryonic nervous system
development in Drosophila. Cell Tissue Res. 335, 349–356. doi: 10.1007/s00441-
008-0711-8

Brown, T. C., Correia, S. S., Petrok, C. N., and Esteban, J. A. (2007). Functional
compartmentalization of endosomal trafficking for the synaptic delivery of
AMPA receptors during long-term potentiation. J. Neurosci. 27, 13311–13315.
doi: 10.1523/jneurosci.4258-07.2007

Calhoun, B. C., and Goldenring, J. R. (1996). Rab proteins in gastric parietal cells:
evidence for the membrane recycling hypothesis. Yale J. Biol. Med. 69, 1–8.

Cao, J., Albertson, R., Riggs, B., Field, C. M., and Sullivan, W. (2008). Nuf, a
Rab11 effector, maintains cytokinetic furrow integrity by promoting local actin
polymerization. J. Cell Biol. 182, 301–313. doi: 10.1083/jcb.200712036

Cavenagh, M. M., Whitney, J. A., Carroll, K., Zhang, C., Boman, A. L., Rosenwald,
A. G., et al. (1996). Intracellular distribution of Arf proteins in mammalian
cells. Arf 6 is uniquely localized to the plasma membrane. J. Biol. Chem. 271,
21767–21774. doi: 10.1074/jbc.271.36.21767

Chesneau, L., Dambournet, D., Machicoane, M., Kouranti, I., Fukuda, M., Goud,
B., et al. (2012). An ARF6/Rab35 GTPase cascade for endocytic recycling and
successful cytokinesis. Curr. Biol. 22, 147–153. doi: 10.1016/j.cub.2011.11.058

Chevallier, J., Koop, C., Srivastava, A., Petrie, R. J., Lamarche-Vane, N., and Presley,
J. F. (2009). Rab35 regulates neurite outgrowth and cell shape. FEBS Lett. 583,
1096–1101. doi: 10.1016/j.febslet.2009.03.012

Choi, S., Ko, J., Lee, J. R., Lee, H. W., Kim, K., Chung, H. S., et al. (2006). ARF6
and EFA6A regulate the development and maintenance of dendritic spines.
J. Neurosci. 26, 4811–4819. doi: 10.1523/jneurosci.4182-05.2006

Coakley, S., Ritchie, F. K., Galbraith, K. M., and Hilliard, M. A. (2020). Epidermal
control of axonal attachment via beta-spectrin and the GTPase-activating
protein TBC-10 prevents axonal degeneration. Nat. Commun. 11:133.

Cresawn, K. O., Potter, B. A., Oztan, A., Guerriero, C. J., Ihrke, G., Goldenring,
J. R., et al. (2007). Differential involvement of endocytic compartments in the
biosynthetic traffic of apical proteins. EMBO J. 26, 3737–3748. doi: 10.1038/sj.
emboj.7601813

Dambournet, D., Machicoane, M., Chesneau, L., Sachse, M., Rocancourt, M., El
Marjou, A., et al. (2011). Rab35 GTPase and OCRL phosphatase remodel lipids
and F-actin for successful cytokinesis. Nat. Cell Biol. 13, 981–988. doi: 10.1038/
ncb2279

Dey, S., Banker, G., and Ray, K. (2017). Anterograde transport of Rab4-associated
vesicles regulates synapse organization in Drosophila. Cell Rep. 18, 2452–2463.
doi: 10.1016/j.celrep.2017.02.034

Di Giovanni, S., De Biase, A., Yakovlev, A., Finn, T., Beers, J., Hoffman, E. P.,
et al. (2005). In vivo and in vitro characterization of novel neuronal plasticity
factors identified following spinal cord injury. J. Biol. Chem. 280, 2084–2091.
doi: 10.1074/jbc.m411975200

Dittman, J., and Ryan, T. A. (2009). Molecular circuitry of endocytosis at nerve
terminals. Annu. Rev. Cell Dev. Biol. 25, 133–160. doi: 10.1146/annurev.cellbio.
042308.113302

Donaldson, J. G., Johnson, D. L., and Dutta, D. (2016). Rab and Arf G proteins in
endosomal trafficking and cell surface homeostasis. Small GTPases 7, 247–251.
doi: 10.1080/21541248.2016.1212687

Esteves da Silva, M., Adrian, M., Schatzle, P., Lipka, J., Watanabe, T., Cho, S., et al.
(2015). Positioning of AMPA receptor-containing endosomes regulates synapse
architecture. Cell Rep. 13, 933–943. doi: 10.1016/j.celrep.2015.09.062

Eva, R., Dassie, E., Caswell, P. T., Dick, G., ffrench-Constant, C., Norman, J. C.,
et al. (2010). Rab11 and its effector Rab coupling protein contribute to the
trafficking of beta 1 integrins during axon growth in adult dorsal root ganglion
neurons and PC12 cells. J. Neurosci. 30, 11654–11669. doi: 10.1523/jneurosci.
2425-10.2010

Falace, A., Buhler, E., Fadda, M., Watrin, F., Lippiello, P., Pallesi-Pocachard, E.,
et al. (2014). TBC1D24 regulates neuronal migration and maturation through
modulation of the ARF6-dependent pathway. Proc. Natl. Acad. Sci. U.S.A. 111,
2337–2342. doi: 10.1073/pnas.1316294111

Falk, J., Konopacki, F. A., Zivraj, K. H., and Holt, C. E. (2014). Rab5 and Rab4
regulate axon elongation in the Xenopus visual system. J. Neurosci. 34, 373–391.
doi: 10.1523/jneurosci.0876-13.2014

Fields, I. C., King, S. M., Shteyn, E., Kang, R. S., and Folsch, H. (2010).
Phosphatidylinositol 3,4,5-trisphosphate localization in recycling endosomes is
necessary for AP-1B-dependent sorting in polarized epithelial cells. Mol. Biol.
Cell 21, 95–105. doi: 10.1091/mbc.e09-01-0036

Furusawa, K., Asada, A., Urrutia, P., Gonzalez-Billault, C., Fukuda, M., and
Hisanaga, S. I. (2017). Cdk5 Regulation of the GRAB-Mediated Rab8-Rab11
Cascade in Axon Outgrowth. J. Neurosci. 37, 790–806. doi: 10.1523/jneurosci.
2197-16.2016

George, A. A., Hayden, S., Stanton, G. R., and Brockerhoff, S. E. (2016). Arf6 and
the 5phosphatase of synaptojanin 1 regulate autophagy in cone photoreceptors.
Bioessays 38(Suppl. 1), S119–S135.

Gerges, N. Z., Backos, D. S., and Esteban, J. A. (2004). Local control of AMPA
receptor trafficking at the postsynaptic terminal by a small GTPase of the Rab
family. J. Biol. Chem. 279, 43870–43878. doi: 10.1074/jbc.m404982200

Giansanti, M. G., Belloni, G., and Gatti, M. (2007). Rab11 is required for
membrane trafficking and actomyosin ring constriction in meiotic cytokinesis
of Drosophila males. Mol. Biol. Cell 18, 5034–5047. doi: 10.1091/mbc.e07-05-
0415

Hara, Y., Fukaya, M., Hayashi, K., Kawauchi, T., Nakajima, K., and Sakagami,
H. (2016). ADP ribosylation Factor 6 regulates neuronal migration in the
developing cerebral cortex through FIP3/Arfophilin-1-dependent Endosomal
Trafficking of N-cadherin. eNeuro 3:148.

Hernandez-Deviez, D. J., Casanova, J. E., and Wilson, J. M. (2002). Regulation of
dendritic development by the ARF exchange factor ARNO. Nat. Neurosci. 5,
623–624. doi: 10.1038/nn865

Hernandez-Deviez, D. J., Roth, M. G., Casanova, J. E., and Wilson, J. M.
(2004). ARNO and ARF6 regulate axonal elongation and branching through
downstream activation of phosphatidylinositol 4-phosphate 5-kinase alpha.
Mol. Biol. Cell 15, 111–120. doi: 10.1091/mbc.e03-06-0410

Homma, Y., and Fukuda, M. (2016). Rabin8 regulates neurite outgrowth in
both GEF activity-dependent and -independent manners. Mol. Biol. Cell 27,
2107–2118. doi: 10.1091/mbc.e16-02-0091

Hoogenraad, C. C., Popa, I., Futai, K., Martinez-Sanchez, E., Wulf, P. S., van
Vlijmen, T., et al. (2010). Neuron specific Rab4 effector GRASP-1 coordinates
membrane specialization and maturation of recycling endosomes. PLoS Biol.
8:e1000283. doi: 10.1371/journal.pbio.1000283

Houalla, T., Shi, L., van Meyel, D. J., and Rao, Y. (2010). Rab-mediated vesicular
transport is required for neuronal positioning in the developing Drosophila
visual system. Mol. Brain 3:19. doi: 10.1186/1756-6606-3-19

Huber, L. A., Dupree, P., and Dotti, C. G. (1995). A deficiency of the small
GTPase rab8 inhibits membrane traffic in developing neurons. Mol. Cell Biol.
15, 918–924. doi: 10.1128/mcb.15.2.918

Huber, L. A., Pimplikar, S., Parton, R. G., Virta, H., Zerial, M., and Simons, K.
(1993). Rab8, a small GTPase involved in vesicular traffic between the TGN and
the basolateral plasma membrane. J. Cell Biol. 123, 35–45. doi: 10.1083/jcb.123.
1.35

Huh, M., Han, J. H., Lim, C. S., Lee, S. H., Kim, S., Kim, E., et al. (2003). Regulation
of neuritogenesis and synaptic transmission by msec7-1, a guanine nucleotide
exchange factor, in cultured Aplysia neurons. J. Neurochem. 85, 282–285. doi:
10.1046/j.1471-4159.2003.01718.x

Husebye, H., Aune, M. H., Stenvik, J., Samstad, E., Skjeldal, F., Halaas, O., et al.
(2010). The Rab11a GTPase controls Toll-like receptor 4-induced activation
of interferon regulatory factor-3 on phagosomes. Immunity 33, 583–596. doi:
10.1016/j.immuni.2010.09.010

Hutagalung, A. H., and Novick, P. J. (2011). Role of Rab GTPases in membrane
traffic and cell physiology. Physiol. Rev. 91, 119–149. doi: 10.1152/physrev.
00059.2009

Itofusa, R., and Kamiguchi, H. (2011). Polarizing membrane dynamics and
adhesion for growth cone navigation. Mol. Cell Neurosci. 48, 332–338. doi:
10.1016/j.mcn.2011.03.007

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 December 2020 | Volume 8 | Article 603794

https://doi.org/10.1073/pnas.96.3.1094
https://doi.org/10.1073/pnas.96.3.1094
https://doi.org/10.1006/bbrc.2000.2334
https://doi.org/10.1007/s00441-008-0711-8
https://doi.org/10.1007/s00441-008-0711-8
https://doi.org/10.1523/jneurosci.4258-07.2007
https://doi.org/10.1083/jcb.200712036
https://doi.org/10.1074/jbc.271.36.21767
https://doi.org/10.1016/j.cub.2011.11.058
https://doi.org/10.1016/j.febslet.2009.03.012
https://doi.org/10.1523/jneurosci.4182-05.2006
https://doi.org/10.1038/sj.emboj.7601813
https://doi.org/10.1038/sj.emboj.7601813
https://doi.org/10.1038/ncb2279
https://doi.org/10.1038/ncb2279
https://doi.org/10.1016/j.celrep.2017.02.034
https://doi.org/10.1074/jbc.m411975200
https://doi.org/10.1146/annurev.cellbio.042308.113302
https://doi.org/10.1146/annurev.cellbio.042308.113302
https://doi.org/10.1080/21541248.2016.1212687
https://doi.org/10.1016/j.celrep.2015.09.062
https://doi.org/10.1523/jneurosci.2425-10.2010
https://doi.org/10.1523/jneurosci.2425-10.2010
https://doi.org/10.1073/pnas.1316294111
https://doi.org/10.1523/jneurosci.0876-13.2014
https://doi.org/10.1091/mbc.e09-01-0036
https://doi.org/10.1523/jneurosci.2197-16.2016
https://doi.org/10.1523/jneurosci.2197-16.2016
https://doi.org/10.1074/jbc.m404982200
https://doi.org/10.1091/mbc.e07-05-0415
https://doi.org/10.1091/mbc.e07-05-0415
https://doi.org/10.1038/nn865
https://doi.org/10.1091/mbc.e03-06-0410
https://doi.org/10.1091/mbc.e16-02-0091
https://doi.org/10.1371/journal.pbio.1000283
https://doi.org/10.1186/1756-6606-3-19
https://doi.org/10.1128/mcb.15.2.918
https://doi.org/10.1083/jcb.123.1.35
https://doi.org/10.1083/jcb.123.1.35
https://doi.org/10.1046/j.1471-4159.2003.01718.x
https://doi.org/10.1046/j.1471-4159.2003.01718.x
https://doi.org/10.1016/j.immuni.2010.09.010
https://doi.org/10.1016/j.immuni.2010.09.010
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1016/j.mcn.2011.03.007
https://doi.org/10.1016/j.mcn.2011.03.007
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-603794 December 6, 2020 Time: 13:45 # 9

Rozés-Salvador et al. Recycling Endosomes in Neurodevelopment

Jing, J., and Prekeris, R. (2009). Polarized endocytic transport: the roles of Rab11
and Rab11-FIPs in regulating cell polarity. Histol. Histopathol. 24, 1171–1180.

Kanno, E., Ishibashi, K., Kobayashi, H., Matsui, T., Ohbayashi, N., and Fukuda,
M. (2010). Comprehensive screening for novel rab-binding proteins by GST
pull-down assay using 60 different mammalian Rabs. Traffic 11, 491–507. doi:
10.1111/j.1600-0854.2010.01038.x

Kawauchi, T., Sekine, K., Shikanai, M., Chihama, K., Tomita, K., Kubo, K.,
et al. (2010). Rab GTPases-dependent endocytic pathways regulate neuronal
migration and maturation through N-cadherin trafficking. Neuron 67, 588–602.
doi: 10.1016/j.neuron.2010.07.007

Kennedy, M. J., and Ehlers, M. D. (2006). Organelles and trafficking machinery
for postsynaptic plasticity. Annu. Rev. Neurosci. 29, 325–362. doi: 10.1146/
annurev.neuro.29.051605.112808

Kim, Y., Lee, S. E., Park, J., Kim, M., Lee, B., Hwang, D., et al. (2015). ADP-
ribosylation factor 6 (ARF6) bidirectionally regulates dendritic spine formation
depending on neuronal maturation and activity. J. Biol. Chem. 290, 7323–7335.
doi: 10.1074/jbc.m114.634527

Kinoshita-Kawada, M., Hasegawa, H., Hongu, T., Yanagi, S., Kanaho, Y., Masai, I.,
et al. (2019). A crucial role for Arf6 in the response of commissural axons to Slit.
Development 146:dev172106. doi: 10.1242/dev.172106

Kobayashi, H., Etoh, K., Ohbayashi, N., and Fukuda, M. (2014). Rab35 promotes
the recruitment of Rab8, Rab13 and Rab36 to recycling endosomes through
MICAL-L1 during neurite outgrowth. Biol. Open 3, 803–814. doi: 10.1242/bio.
20148771

Kobayashi, H., and Fukuda, M. (2012). Rab35 regulates Arf6 activity through
centaurin-beta2 (ACAP2) during neurite outgrowth. J. Cell Sci. 125(Pt. 9),
2235–2243. doi: 10.1242/jcs.098657

Kobayashi, H., and Fukuda, M. (2013). Rab35 establishes the EHD1-
association site by coordinating two distinct effectors during neurite
outgrowth. J. Cell Sci. 126(Pt. 11), 2424–2435. doi: 10.1242/jcs.11
7846

Koseki, H., Donega, M., Lam, B. Y., Petrova, V., van Erp, S., Yeo, G. S., et al. (2017).
Selective rab11 transport and the intrinsic regenerative ability of CNS axons.
eLife 6:e26956.

Kouranti, I., Sachse, M., Arouche, N., Goud, B., and Echard, A. (2006).
Rab35 regulates an endocytic recycling pathway essential for the terminal
steps of cytokinesis. Curr. Biol. 16, 1719–1725. doi: 10.1016/j.cub.2006.
07.020

Kramer, R., Rode, S., and Rumpf, S. (2019). Rab11 is required for neurite
pruning and developmental membrane protein degradation in Drosophila
sensory neurons. Dev. Biol. 451, 68–78. doi: 10.1016/j.ydbio.2019.
03.003

Krauss, M., Kinuta, M., Wenk, M. R., De Camilli, P., Takei, K., and Haucke, V.
(2003). ARF6 stimulates clathrin/AP-2 recruitment to synaptic membranes by
activating phosphatidylinositol phosphate kinase type Igamma. J. Cell Biol. 162,
113–124. doi: 10.1083/jcb.200301006

Lamprecht, R., and LeDoux, J. (2004). Structural plasticity and memory. Nat. Rev.
Neurosci. 5, 45–54.

Lazo, O. M., Gonzalez, A., Ascano, M., Kuruvilla, R., Couve, A., and Bronfman,
F. C. (2013). BDNF regulates Rab11-mediated recycling endosome dynamics to
induce dendritic branching. J. Neurosci. 33, 6112–6122. doi: 10.1523/jneurosci.
4630-12.2013

Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S., Barr, F. A., and Tooze, S. A.
(2012). TBC1D14 regulates autophagosome formation via Rab11- and ULK1-
positive recycling endosomes. J. Cell Biol. 197, 659–675. doi: 10.1083/jcb.
201111079

Macia, E., Partisani, M., Wang, H., Lacas-Gervais, S., Le Clainche, C., Luton, F.,
et al. (2019). The C-terminal domain of EFA6A interacts directly with F-actin
and assembles F-actin bundles. Sci. Rep. 9:19209.

Matsui, T., Itoh, T., and Fukuda, M. (2011). Small GTPase Rab12 regulates
constitutive degradation of transferrin receptor. Traffic 12, 1432–1443. doi:
10.1111/j.1600-0854.2011.01240.x

Misaki, R., Morimatsu, M., Uemura, T., Waguri, S., Miyoshi, E., Taniguchi, N., et al.
(2010). Palmitoylated Ras proteins traffic through recycling endosomes to the
plasma membrane during exocytosis. J. Cell Biol. 191, 23–29. doi: 10.1083/jcb.
200911143

Miura, Y., Hongu, T., Yamauchi, Y., Funakoshi, Y., Katagiri, N., Ohbayashi, N.,
et al. (2016). ACAP3 regulates neurite outgrowth through its GAP activity

specific to Arf6 in mouse hippocampal neurons. Biochem. J. 473, 2591–2602.
doi: 10.1042/bcj20160183

Miura, Y., and Kanaho, Y. (2017). ACAP3, the GTPase-activating protein specific
to the small GTPase Arf6, regulates neuronal migration in the developing
cerebral cortex. Biochem. Biophys. Res. Commun. 493, 1089–1094. doi: 10.1016/
j.bbrc.2017.09.076

Miyamoto, Y., Yamamori, N., Torii, T., Tanoue, A., and Yamauchi, J. (2014). Rab35,
acting through ACAP2 switching off Arf6, negatively regulates oligodendrocyte
differentiation and myelination. Mol. Biol. Cell 25, 1532–1542. doi: 10.1091/
mbc.e13-10-0600

Miyazaki, H., Yamazaki, M., Watanabe, H., Maehama, T., Yokozeki, T., and
Kanaho, Y. (2005). The small GTPase ADP-ribosylation factor 6 negatively
regulates dendritic spine formation. FEBS Lett. 579, 6834–6838. doi: 10.1016/j.
febslet.2005.11.022

Mori, Y., Fukuda, M., and Henley, J. M. (2014). Small GTPase Rab17 regulates
the surface expression of kainate receptors but not alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors in hippocampal neurons
via dendritic trafficking of Syntaxin-4 protein. J. Biol. Chem. 289, 20773–20787.
doi: 10.1074/jbc.m114.550632

Mori, Y., Matsui, T., and Fukuda, M. (2013). Rabex-5 protein regulates dendritic
localization of small GTPase Rab17 and neurite morphogenesis in hippocampal
neurons. J. Biol. Chem. 288, 9835–9847. doi: 10.1074/jbc.m112.427591

Mori, Y., Matsui, T., Furutani, Y., Yoshihara, Y., and Fukuda, M. (2012).
Small GTPase Rab17 regulates dendritic morphogenesis and postsynaptic
development of hippocampal neurons. J. Biol. Chem. 287, 8963–8973. doi:
10.1074/jbc.m111.314385

Muto, A., Arai, K., and Watanabe, S. (2006). Rab11-FIP4 is predominantly
expressed in neural tissues and involved in proliferation as well as in
differentiation during zebrafish retinal development. Dev. Biol. 292, 90–102.
doi: 10.1016/j.ydbio.2005.12.050

Myers, K. R., Wang, G., Sheng, Y., Conger, K. K., Casanova, J. E., and Zhu, J. J.
(2012). Arf6-GEF BRAG1 regulates JNK-mediated synaptic removal of GluA1-
containing AMPA receptors: a new mechanism for nonsyndromic X-linked
mental disorder. J. Neurosci. 32, 11716–11726. doi: 10.1523/jneurosci.1942-12.
2012

Nadarajah, B., and Parnavelas, J. G. (2002). Modes of neuronal migration in the
developing cerebral cortex. Nat. Rev. Neurosci. 3, 423–432. doi: 10.1038/nrn845

Nishino, H., Saito, T., Wei, R., Takano, T., Tsutsumi, K., Taniguchi, M., et al. (2019).
The LMTK1-TBC1D9B-Rab11A cascade regulates dendritic spine formation
via endosome trafficking. J. Neurosci. 39, 9491–9502. doi: 10.1523/jneurosci.
3209-18.2019

Novick, P., and Zerial, M. (1997). The diversity of Rab proteins in vesicle transport.
Curr. Opin. Cell Biol. 9, 496–504. doi: 10.1016/s0955-0674(97)80025-7

Oguchi, M. E., Noguchi, K., and Fukuda, M. (2017). TBC1D12 is a novel Rab11-
binding protein that modulates neurite outgrowth of PC12 cells. PLoS One
12:e0174883. doi: 10.1371/journal.pone.0174883

Oku, Y., and Huganir, R. L. (2013). AGAP3 and Arf6 regulate trafficking of AMPA
receptors and synaptic plasticity. J. Neurosci. 33, 12586–12598. doi: 10.1523/
jneurosci.0341-13.2013

Onel, S., Bolke, L., and Klambt, C. (2004). The Drosophila ARF6-GEF Schizo
controls commissure formation by regulating Slit. Development 131, 2587–
2594. doi: 10.1242/dev.01147

Otsuka, Y., Satoh, T., Nakayama, N., Inaba, R., Yamashita, H., and Satoh, A. K.
(2019). Parcas is the predominant Rab11-GEF for rhodopsin transport in
Drosophila photoreceptors. J. Cell Sci. 132:jcs231431. doi: 10.1242/jcs.231431

Panopoulou, E., Gillooly, D. J., Wrana, J. L., Zerial, M., Stenmark, H., Murphy,
C., et al. (2002). Early endosomal regulation of Smad-dependent signaling
in endothelial cells. J. Biol. Chem. 277, 18046–18052. doi: 10.1074/jbc.
m107983200

Park, M., Salgado, J. M., Ostroff, L., Helton, T. D., Robinson, C. G., Harris,
K. M., et al. (2006). Plasticity-induced growth of dendritic spines by exocytic
trafficking from recycling endosomes. Neuron 52, 817–830. doi: 10.1016/j.
neuron.2006.09.040

Platta, H. W., and Stenmark, H. (2011). Endocytosis and signaling. Curr. Opin. Cell
Biol. 23, 393–403.

Prekeris, R., Foletti, D. L., and Scheller, R. H. (1999). Dynamics of tubulovesicular
recycling endosomes in hippocampal neurons. J. Neurosci. 19, 10324–10337.
doi: 10.1523/jneurosci.19-23-10324.1999

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 December 2020 | Volume 8 | Article 603794

https://doi.org/10.1111/j.1600-0854.2010.01038.x
https://doi.org/10.1111/j.1600-0854.2010.01038.x
https://doi.org/10.1016/j.neuron.2010.07.007
https://doi.org/10.1146/annurev.neuro.29.051605.112808
https://doi.org/10.1146/annurev.neuro.29.051605.112808
https://doi.org/10.1074/jbc.m114.634527
https://doi.org/10.1242/dev.172106
https://doi.org/10.1242/bio.20148771
https://doi.org/10.1242/bio.20148771
https://doi.org/10.1242/jcs.098657
https://doi.org/10.1242/jcs.117846
https://doi.org/10.1242/jcs.117846
https://doi.org/10.1016/j.cub.2006.07.020
https://doi.org/10.1016/j.cub.2006.07.020
https://doi.org/10.1016/j.ydbio.2019.03.003
https://doi.org/10.1016/j.ydbio.2019.03.003
https://doi.org/10.1083/jcb.200301006
https://doi.org/10.1523/jneurosci.4630-12.2013
https://doi.org/10.1523/jneurosci.4630-12.2013
https://doi.org/10.1083/jcb.201111079
https://doi.org/10.1083/jcb.201111079
https://doi.org/10.1111/j.1600-0854.2011.01240.x
https://doi.org/10.1111/j.1600-0854.2011.01240.x
https://doi.org/10.1083/jcb.200911143
https://doi.org/10.1083/jcb.200911143
https://doi.org/10.1042/bcj20160183
https://doi.org/10.1016/j.bbrc.2017.09.076
https://doi.org/10.1016/j.bbrc.2017.09.076
https://doi.org/10.1091/mbc.e13-10-0600
https://doi.org/10.1091/mbc.e13-10-0600
https://doi.org/10.1016/j.febslet.2005.11.022
https://doi.org/10.1016/j.febslet.2005.11.022
https://doi.org/10.1074/jbc.m114.550632
https://doi.org/10.1074/jbc.m112.427591
https://doi.org/10.1074/jbc.m111.314385
https://doi.org/10.1074/jbc.m111.314385
https://doi.org/10.1016/j.ydbio.2005.12.050
https://doi.org/10.1523/jneurosci.1942-12.2012
https://doi.org/10.1523/jneurosci.1942-12.2012
https://doi.org/10.1038/nrn845
https://doi.org/10.1523/jneurosci.3209-18.2019
https://doi.org/10.1523/jneurosci.3209-18.2019
https://doi.org/10.1016/s0955-0674(97)80025-7
https://doi.org/10.1371/journal.pone.0174883
https://doi.org/10.1523/jneurosci.0341-13.2013
https://doi.org/10.1523/jneurosci.0341-13.2013
https://doi.org/10.1242/dev.01147
https://doi.org/10.1242/jcs.231431
https://doi.org/10.1074/jbc.m107983200
https://doi.org/10.1074/jbc.m107983200
https://doi.org/10.1016/j.neuron.2006.09.040
https://doi.org/10.1016/j.neuron.2006.09.040
https://doi.org/10.1523/jneurosci.19-23-10324.1999
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-603794 December 6, 2020 Time: 13:45 # 10

Rozés-Salvador et al. Recycling Endosomes in Neurodevelopment

Reish, N. J., Boitet, E. R., Bales, K. L., and Gross, A. K. (2014). Nucleotide bound
to rab11a controls localization in rod cells but not interaction with rhodopsin.
J. Neurosci. 34, 14854–14863. doi: 10.1523/jneurosci.1943-14.2014

Riggs, B., Rothwell, W., Mische, S., Hickson, G. R., Matheson, J., Hays, T. S.,
et al. (2003). Actin cytoskeleton remodeling during early Drosophila furrow
formation requires recycling endosomal components Nuclear-fallout and
Rab11. J. Cell Biol. 163, 143–154.

Sakaguchi, A., Sato, M., Sato, K., Gengyo-Ando, K., Yorimitsu, T., Nakai, J.,
et al. (2015). REI-1 is a guanine nucleotide exchange factor regulating RAB-11
localization and function in C. elegans Embryos. Dev. Cell 35, 211–221.

Sakane, A., Honda, K., and Sasaki, T. (2010). Rab13 regulates neurite outgrowth
in PC12 cells through its effector protein. JRAB/MICAL-L2. Mol. Cell. Biol. 30,
1077–1087.

Sann, S., Wang, Z., Brown, H., and Jin, Y. (2009). Roles of endosomal trafficking in
neurite outgrowth and guidance. Trends Cell Biol. 19, 317–324.

Satoh, A. K., OTousa, J. E., Ozaki, K., and Ready, D. F. (2005). Rab11 mediates
post-Golgi trafficking of rhodopsin to the photosensitive apical membrane of
Drosophila photoreceptors. Development 132, 1487–1497.

Scholz, R., Berberich, S., Rathgeber, L., Kolleker, A., Kohr, G., and Kornau, H. C.
(2010). AMPA receptor signaling through BRAG2 and Arf6 critical for long-
term synaptic depression. Neuron 66, 768–780.

Shim, J., Lee, S. M., Lee, M. S., Yoon, J., Kweon, H. S., and Kim, Y. J. (2010).
Rab35 mediates transport of Cdc42 and Rac1 to the plasma membrane during
phagocytosis. Mol. Cell Biol. 30, 1421–1433.

Siri, S. O., Rozes-Salvador, V., de la Villarmois, E. A., Ghersi, M. S., Quassollo, G.,
Perez, M. F., et al. (2020). Decrease of Rab11 prevents the correct dendritic
arborization, synaptic plasticity and spatial memory formation. Biochim.
Biophys. Acta Mol. Cell Res. 1867:118735.

Stendel, C., Roos, A., Kleine, H., Arnaud, E., Ozcelik, M., Sidiropoulos, P. N.,
et al. (2010). SH3TC2, a protein mutant in Charcot-Marie-Tooth neuropathy,
links peripheral nerve myelination to endosomal recycling. Brain 133(Pt. 8),
2462–2474.

Suzuki, T., Kanai, Y., Hara, T., Sasaki, J., Sasaki, T., Kohara, M., et al. (2006).
Crucial role of the small GTPase ARF6 in hepatic cord formation during liver
development. Mol. Cell Biol. 26, 6149–6156.

Tagliatti, E., Fadda, M., Falace, A., Benfenati, F., and Fassio, A. (2016). Arf6
regulates the cycling and the readily releasable pool of synaptic vesicles at
hippocampal synapse. eLife 5:5.

Takano, T., Tomomura, M., Yoshioka, N., Tsutsumi, K., Terasawa, Y., Saito, T.,
et al. (2012). LMTK1/AATYK1 is a novel regulator of axonal outgrowth that
acts via Rab11 in a Cdk5-dependent manner. J. Neurosci. 32, 6587–6599.

Takano, T., Urushibara, T., Yoshioka, N., Saito, T., Fukuda, M., Tomomura, M.,
et al. (2014). LMTK1 regulates dendritic formation by regulating movement of
Rab11A-positive endosomes. Mol. Biol. Cell 25, 1755–1768.

Thompson, A., Nessler, R., Wisco, D., Anderson, E., Winckler, B., and Sheff, D.
(2007). Recycling endosomes of polarized epithelial cells actively sort apical and
basolateral cargos into separate subdomains. Mol. Biol. Cell 18, 2687–2697.

Torii, T., Ohno, N., Miyamoto, Y., Kawahara, K., Saitoh, Y., Nakamura, K.,
et al. (2015). Arf6 guanine-nucleotide exchange factor cytohesin-2 regulates
myelination in nerves. Biochem. Biophys. Res. Commun. 460, 819–825.

Uchida, Y., Hasegawa, J., Chinnapen, D., Inoue, T., Okazaki, S., Kato, R., et al.
(2011). Intracellular phosphatidylserine is essential for retrograde membrane
traffic through endosomes. Proc. Natl. Acad. Sci. U.S.A. 108, 15846–15851.

Uytterhoeven, V., Kuenen, S., Kasprowicz, J., Miskiewicz, K., and Verstreken, P.
(2011). Loss of skywalker reveals synaptic endosomes as sorting stations for
synaptic vesicle proteins. Cell 145, 117–132.

van Bergeijk, P., Adrian, M., Hoogenraad, C. C., and Kapitein, L. C. (2015).
Optogenetic control of organelle transport and positioning. Nature 518,
111–114.

Vetter, I. R., and Wittinghofer, A. (2001). The guanine nucleotide-binding switch
in three dimensions. Science 294, 1299–1304.

Villarroel-Campos, D., Bronfman, F. C., and Gonzalez-Billault, C. (2016a). Rab
GTPase signaling in neurite outgrowth and axon specification. Cytoskeleton 73,
498–507.

Villarroel-Campos, D., Henriquez, D. R., Bodaleo, F. J., Oguchi, M. E., Bronfman,
F. C., Fukuda, M., et al. (2016b). Rab35 functions in axon elongation are
regulated by P53-related protein kinase in a mechanism that involves Rab35
protein degradation and the microtubule-associated protein 1B. J. Neurosci. 36,
7298–7313.

Winckler, B., and Mellman, I. (2010). Trafficking guidance receptors. Cold Spring
Harb. Perspect. Biol. 2:a001826.

Yoon, J., Hwang, Y. S., Lee, M., Sun, J., Cho, H. J., Knapik, L., et al.
(2018). TBC1d24-ephrinB2 interaction regulates contact inhibition
of locomotion in neural crest cell migration. Nat. Commun.
9:3491.

Zaoui, K., Rajadurai, C. V., Duhamel, S., and Park, M. (2019). Arf6 regulates
RhoB subcellular localization to control cancer cell invasion. J. Cell Biol. 218,
3812–3826.

Zhang, H., Gao, Y., Qian, P., Dong, Z., Hao, W., Liu, D., et al. (2019). Expression
analysis of Rab11 during zebrafish embryonic development. BMC Dev. Biol.
19:25. doi: 10.21203/rs.2.11110/v2

Zhang, J., Fonovic, M., Suyama, K., Bogyo, M., and Scott, M. P. (2009). Rab35
controls actin bundling by recruiting fascin as an effector protein. Science 325,
1250–1254.

Zheng, N., Jeyifous, O., Munro, C., Montgomery, J. M., and Green, W. N.
(2015). Synaptic activity regulates AMPA receptor trafficking through different
recycling pathways. eLife 13, 4.

Zhu, A. X., Zhao, Y., and Flier, J. S. (1994). Molecular cloning of two small GTP-
binding proteins from human skeletal muscle. Biochem. Biophys. Res. Commun.
205, 1875–1882.

Zobel, M., Disanza, A., Senic-Matuglia, F., Franco, M., Colaluca, I. N., Confalonieri,
S., et al. (2018). A NUMB-EFA6B-ARF6 recycling route controls apically
restricted cell protrusions and mesenchymal motility. J. Cell Biol. 217, 3161–
3182. doi: 10.1083/jcb.201802023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Rozés-Salvador, González-Billault and Conde. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 December 2020 | Volume 8 | Article 603794

https://doi.org/10.1523/jneurosci.1943-14.2014
https://doi.org/10.21203/rs.2.11110/v2
https://doi.org/10.1083/jcb.201802023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Recycling Endosome in Nerve Cell Development: One Rab to Rule Them All?
	Introduction
	Brief Description of Rab35, Rab11, and Arf6 Expression
	Rab11, Rab35, and Arf6 Re-Associated Functions During Mammalian Neurodevelopment
	Neurite Outgrowth and Axon Elongation
	Dendritic Growth
	Migration of Cortical Neurons
	Synaptic Plasticity
	Glial Differentiation and Myelination

	Rab11, Rab35, and Arf6 Re-Associated Functions During Xenopus laevis Neurodevelopment
	Rab11, Rab35, and Arf6 Re-Associated Functions During Zebrafish (Danio Rerio) Neurodevelopment
	Rab11, Rab35, and Arf6 Re-Associated Functions During Drosophila Melanogaster Neurodevelopment
	Rab11, Rab35, and Arf6 Re-Associated Functions During Caenorhabditis elegans Neurodevelopment
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


