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ABSTRACT
Rab35 and the Rab35 network of GAPs, GEFs, and effectors are important regulators of membrane
trafficking for a variety of cellular processes, from cytokinesis and phagocytosis to neurite
outgrowth. In the past five years, components of this signaling network have also been implicated
as critical mediators of synaptic vesicle (SV) recycling and protein homeostasis. Recent studies by
several groups, including our own, have demonstrated that Rab35-mediated endosomal sorting is
required for the degradation of SV proteins via the ESCRT pathway, thereby eliminating old or
damaged proteins from the SV pool. This sorting process is regulated by Rab35 activation in
response to neuronal activity, and potentially by an antagonistic signaling relationship between
Rab35 and the small GTPase Arf6 that directs SVs into distinct recycling pathways depending on
neuronal activity levels. Furthermore, mutations in genes encoding Rab35 regulatory proteins are
emerging as causative factors in human neurologic and neurodegenerative diseases, consistent
with their important roles in synaptic and neuronal health. Here, we review these recent findings
and offer our perspective on how the Rab35 signaling network functions to maintain
neurotransmission and synaptic fitness.
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Introduction

The fundamental sites of information transfer in the ner-
vous system are synapses, asymmetric cellular junctions
between neurons that mediate electrochemical signaling.
The ‘chemical’ component of this signaling occurs
through the regulated release of neurotransmitters from
synaptic vesicles (SVs) within the presynaptic compart-
ment. SVs are specialized secretory organelles that release
neurotransmitter by fusing with the neuronal plasma
membrane (exocytosis). SV fusion is followed by the re-
uptake of SV proteins and membranes (endocytosis), and
finally by SV re-formation to enable subsequent rounds
of exocytosis and neurotransmitter release. Although SVs
can be directly reformed at the plasma membrane,
increasing evidence indicates that SV proteins and mem-
branes undergo endosomal sorting before their re-emer-
gence on functional SVs (see Fig. 1; for reviews, see refs. 1,
2). Such sorting appears necessary for maintaining the
proper number and repertoire of SV proteins to support
neurotransmission, and for removing damaged or dys-
functional proteins for degradation.3-5 Although the

molecular composition of presynaptic endosomal sorting
compartments is unclear and somewhat controversial due
to their transient nature, essential components include
SNARE proteins (e.g. VAMPs, Syntaxins, Vti1a), clathrin
adaptor proteins (e.g., AP-2, AP-3), and specific lipids
and lipid metabolizing enzymes (e.g., phosphoinositide-
3-phosphates) (For a review, see ref.6). Another class of
molecules that appear to play key roles in SV sorting and
recycling are Rab GTPases, critical regulators of mem-
brane trafficking. These small GTPases act as “molecular
switches” that cycle between ‘active’ (GTP-bound) and
‘inactive’ (GDP-bound) states. Rab activation is catalyzed
by guanine nucleotide exchange factors (GEFs), which
release GDP and allow Rabs to bind cytosolic GTP. Active
Rabs in turn recruit effectors to catalyze downstream
events such as membrane fusion (i.e. SNARE proteins)
and vesicle trafficking (i.e., motor proteins) (For a review,
see ref. 7). Conversely, Rab inactivation is aided by
GTPase activating proteins (GAPs) that hydrolyze GTP
to GDP. Thus, regulation of Rab activation/inactivation
by GEFs and GAPs allows for the spatiotemporal
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coordination of critical membrane trafficking events.
Remarkably, at least 30 of the »60 mammalian Rab
GTPases are associated with SV pools,8,9 and several of
these have been implicated in SV recycling. For instance,
Rabs 3 and 27 are important regulators of SV exocytosis,
while Rab5 has a role in clathrin-mediated endocytosis
and SV recycling.10-16 Recently emerging studies, includ-
ing our own, have implicated Rab35 and the Rab35 net-
work of GEFs, GAPs, and effectors in SV protein
homeostasis, critical for SV protein sorting, degradation,
and the maintenance of functional SV pools. These roles
are essential for long-term neuronal health, as evidenced
by the identification of human patients with neurologic
and neurodegenerative conditions who have mutations in
these genes.17-23 In this review, we will discuss how the
antagonistic and synergistic functions of molecules within
the Rab35 signaling network are necessary for regulating
SV protein trafficking, degradation, and neurotransmitter
release, and conclude with a discussion of how dysfunc-
tion of this signaling network may induce neurologic and
neurodegenerative diseases.

Rab35 network proteins as regulators of SV cycling

The first evidence for Rab35’s role in SV protein traffick-
ing came several years ago from a study by Uytterhoeven

and colleagues, who performed a screen to identify genes
that caused synaptic transmission defects in Drosophila.
This group identified Skywalker/TBC1D24 (Sky), a Rab
GAP whose inactivation led to defects in SV recycling
and the accumulation of large cisternal structures at the
Drosophila neuromuscular junction (NMJ). These struc-
tures were identified as endosomal sorting stations for
SVs, indicating that SV proteins sorted excessively
through endosomes in the absence of Sky GAP activity.
The authors subsequently identified Rab35 as the target
Rab GTPase for Sky, and showed that dominant-negative
Rab35 rescued sky mutant phenotypes while constitu-
tively-active Rab35 replicated them. This study offered
the first indication that Rab35 and its GAP, Sky/
TBC1D24, were key players in the endosomal sorting/
recycling of SV proteins.3

Interestingly, TBC1D24 has also been reported to
interact with and negatively regulate Arf6, another small
GTPase in the Rab35 signaling network.22,24 Arf6, like
Rab35, is an important mediator of vesicle trafficking in
a variety of cellular contexts (For a review, see ref. 25). In
the nervous system, Arf6 appears to play a critical role
during development as a regulator of neuronal migra-
tion, dendritic outgrowth, and spine formation.24,26,27 It
was recently shown that TBC1D24 modulates Arf6-
dependent neuronal migration and outgrowth, as

Figure 1. Schematic diagram of Rab35/Arf6 control of SV cycling. After synaptic vesicle (SV) exocytosis, SV proteins and membranes are
endocytosed into early endosomes. Under conditions of Arf6 activation (GTP-Arf6; red arrow), SVs are directly reformed and recycled to
the SV pool for use in subsequent rounds of exocytosis. Under conditions of Rab35 activation (GTP-Rab35; blue arrow), such as periods
of high neuronal activity (lightning bolt), the Rab35 effector and initial ESCRT component Hrs is recruited to presynaptic endosomes.
This recruitment initiates ESCRT-mediated formation of multivesicular bodies, leading to the delivery of old or damaged SV proteins to
lysosomes for degradation.
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phenotypes induced by knockdown of TBC1D24 (i.e.,
delayed neuron migration and immature dendritic mor-
phology) were rescued by overexpression of dominant-
negative Arf6.24 These findings indicate that TBC1D24
prevents Arf6 activation, suggesting that it serves as a
GAP for Arf6.

Although Rab35 and Arf6 are both negatively regu-
lated by TBC1D24/Sky in neurons, studies in non-neuro-
nal cells have demonstrated that these GTPases have an
antagonistic relationship. For instance, Arf6 activity is
negatively regulated by ACAP2, a Rab35 effector and
Arf6 GAP, to facilitate neurite outgrowth in PC12 cells,
phagocytosis in macrophages, and myelination of neu-
rons via regulation of oligodendrocyte differentiation.28-
30 Conversely, Rab35 activity is negatively regulated by
EPI64B/TBC1D10B, an Arf6 effector and Rab35 GAP, to
promote the endocytic recycling necessary for successful
cytokinesis in mammalian HeLa cells.31 This antagonistic
Rab35/Arf6 relationship offers an elegant mechanism for
opposing trafficking pathways to be co-regulated by the
activation of just one of these GTPases.

Not only does the antagonistic Rab35/Arf6 signaling
cascade have essential roles in facilitating neurite out-
growth and phagocytosis,29,32,33 but it may also regulate
SV trafficking in neurons. A recent study by Tagliatti
and colleagues in cultured rodent hippocampal neurons
has demonstrated a role for Arf6 in the direct recycling
of SVs to the readily releasable pool (RRP) of vesicles fol-
lowing endocytosis.29 By electron microscopy, they noted
that presynaptic boutons expressing shRNAs to knock-
down Arf6 exhibited both a decrease in the total number
of SVs and an increase in large cisternal structures repre-
senting early/sorting endosomes. Using an inhibitor of
an Arf6 GEF, the authors were able to recapitulate this
phenotype and conclude that the lack of active Arf6 was
responsible. They hypothesized that active Arf6

functions to sort SVs directly to the RRP, and that inacti-
vation of Arf6 leads to excessive endosomal sorting of
SVs.34 The phenotype of Arf6 loss-of-function is strik-
ingly similar to that observed in sky mutant terminals,
suggesting that Arf6 inactivation and Rab35 activation
induce similar effects and that these molecules may func-
tion antagonistically to regulate SV trafficking. Indeed,
the findings of Uytterhoeven et al. and Tagliatti et al.
suggest a mechanism wherein Arf6 activation leads to
the recycling of SV proteins back to the RRP, while
Rab35 activation leads to SV recycling via endosomes
(Figs. 1 and 2).

If this Rab35/Arf6 switch does indeed regulate SV
recycling, what are the signals responsible for selectively
activating each of these GTPases? Based on our recent
work, we hypothesize that neuronal activity is a key sig-
nal that activates Rab35 to induce the endosomal sorting
of SVs (Figs. 1 and 2). In particular, we find that applica-
tion of the GABA receptor antagonist bicuculline and
the voltage-gated KC channel blocker 4-amino pyridine
(4-AP) to hippocampal neurons for a 12-hour period not
only dramatically increases neuronal firing rates, but also
significantly increases the levels of GTP-Rab35 and the
binding of Rab35 to its downstream effector Hrs/Hgs
(Hepatocyte Growth Factor-Regulated Tyrosine Kinase
Substrate), an early endosome-associated protein and the
first component of the endosomal sorting complex
required for transport (ESCRT) pathway.5 Moreover, a
series of studies going back to the 1970s have demon-
strated a link between intense or prolonged neuronal
activity and the appearance of endosomal structures in
presynaptic boutons.35-40 Both Tagliatti et al. and Uytter-
hoeven et al. also observed an increase in cisternal/endo-
somal structures within presynaptic boutons following
neuronal activity, and a decrease upon neuronal silenc-
ing.3,34 Together, these findings suggest that high

Figure 2. Putative pathway for antagonistic Rab35/Arf6 regulation in presynaptic terminals. Rab35 activation by high neuronal firing
rates leads to Hrs binding, ESCRT pathway recruitment, and subsequent SV protein degradation as shown in Figure 1. Rab35 activation
may also induce binding with its effector MICAL-L1, leading to the recruitment of additional Rab GTPases (Rabs 8 and 13) to catalyze
downstream SV protein degradation and/or trafficking events. Finally, Rab35 activation may simultaneously inactivate Arf6 via ACAP2, a
Rab35 effector and Arf6 GAP. On the other hand, Arf6 activation in response to low or moderate neuronal activity is hypothesized to
promote SV protein recycling back to the readily-releasable pool, while inactivating Rab35 activity via EPI64B, an Arf6 effector and
Rab35 GAP. TBC1D24/Sky may serve as a GAP for both Rab35 and Arf6. Additional work is needed to verify these pathways and deter-
mine the cellular signals responsible for Arf6 and Rab35 activation/inactivation at presynaptic terminals.
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neuronal firing rates activate the Rab35 pathway, thereby
increasing the endosomal sorting of SVs. Intriguingly,
although the relationship between neuronal activity and
presynaptic Arf6 activation is unexplored, a recent study
by Kim et al. found that neuronal activity suppresses
Arf6 activation in the postsynaptic compartment.26 Spe-
cifically, the authors report that enhancing neuronal
activity with either the GABA receptor antagonist picro-
toxin or by chemical stimulation of postsynaptic gluta-
mate receptors reversed the effects of Arf6 expression on
dendritic spine density.26 These findings are consistent
with the concept that high levels of neuronal firing lead
to Arf6 inactivation (Fig. 2), potentially through an
antagonistic Rab35 signaling cascade, although addi-
tional studies are needed to investigate this phenomenon
in the presynaptic compartment.

Also currently missing from this model of Rab35/Arf6
regulation of SV cycling are the identities of the recipro-
cal negative regulators, as the roles of ACAP2 and
EPI64B have not yet been investigated in the context of
SV recycling. However, ACAP2 plays an important role
in endosomal sorting in PC12 cells,29,41 which are often
used a model for studying synaptic vesicle biogenesis
and trafficking, and EPI64B is necessary for vesicle secre-
tion from pancreatic acinar cells,42 which share with neu-
rons much of the highly-conserved machinery for
regulated exocytosis. These studies suggest that both pro-
teins could have conserved roles in endosomal sorting
and/or vesicle exocytosis at nerve terminals. Moreover, a
recent study by Fischer and colleagues provides clues as
to how Rab35 and Arf6 could be inactivated during SV
cycling by TBC1D24/Sky. Specifically, Fischer et al.
solved the crystal structure of the TBC domain of Sky-
walker, responsible for catalyzing GTP hydrolysis and
thereby Rab/Arf inactivation. They report that this
domain interacts with specific phosphoinositides and is
necessary for Sky binding to SVs.43 Thus, it appears
likely that Sky association with phosphoinositides on
SVs or plasma membrane, potentially in response to
neuronal activity or other stimuli, would place Sky in
close proximity to Rab35 and Arf6 to mediate their inac-
tivation. Clearly, further studies are needed to test these
concepts and determine the precise mechanisms through
which Rab35 and Arf6 regulate the differential sorting of
SVs and their associated proteins.

Rab35 network proteins as regulators of SV turnover
and replenishment

Given the evidence for Rab35-mediated endosomal sort-
ing of SVs, what is its relevance for presynaptic function?
Recent studies have demonstrated the importance of
endosomal sorting for maintaining a releasable pool of

SVs to support neurotransmission. For instance, Uytter-
hoeven et al. observed that neurotransmitter release was
enhanced in sky mutants, indicating that SVs were more
efficiently exocytosed upon stimulation. Inhibition of the
endosomal sorting of SVs in sky mutants (via heterozy-
gous deletion of the ESCRT protein Hrs) normalized this
phenotype, demonstrating that increased endosomal
sorting was responsible for creating ‘high-functioning’
SVs capable of more efficient exocytosis.3 Another exam-
ple of the importance of endosomal sorting for maintain-
ing functional SV pools comes from a study by Watson
et al. in teetering mice.44 These mice harbor a single
nucleotide mutation in the HRS/HGS gene that leads to
the loss of Hrs protein expression. Similar to sky mutant
flies, teetering mice have increased numbers of endoso-
mal structures and decreased numbers of SVs at their
NMJs,44 consistent with defects in the endosomal sorting
of SVs. Unlike sky mutants, teeteringmice exhibit signifi-
cantly decreased spontaneous and evoked neurotrans-
mitter release,44 consistent with the concept that
decreased endosomal sorting results in ‘low functioning’
SVs that are less capable of efficient neurotransmitter
release. Together, these studies suggest that Hrs-medi-
ated endosomal sorting plays a fundamental role in
maintaining healthy, fusion-competent SVs to support
neurotransmission.

Mechanistically, how does endosomal sorting main-
tain fusion-competent SVs? One possibility is that this
sorting facilitates the high-fidelity reformation of SVs
containing the correct number and repertoire of proteins
to mediate exocytosis. Indeed, loss-of-function of endo-
cytic adaptors (e.g., AP180, AP3) that mediate the sort-
ing of specific SV membrane proteins to SVs has been
shown to impair SV recycling and neurotransmitter
release.45-50 However, Rab35 has not been found to have
a role in regulating the localization or function of these
adaptors, or the molecular composition of SVs. A second
possibility, borne out by the studies discussed in the fol-
lowing paragraphs, is that Rab35/ESCRT-mediated sort-
ing facilitates the removal and degradation of damaged
or misfolded SV proteins, thereby maintaining healthy
proteins on SV pools. Indeed, the ESCRT pathway is one
of the major cellular degradative pathways for removal
of ubiquitinated proteins. Ubiquitination is a signal for
protein degradation, with specific ubiquitin linkages (i.e.,
lysine-48 polyubiquitination) targeting cytosolic proteins
for degradation by the proteasome, and other linkages
(monoubiquitination or lysine-63 polyubiquitination)
targeting membrane-associated proteins for degradation
by the lysosome. The ESCRT pathway comprises a series
of protein complexes that recruit ubiquitinated proteins
to the endosomal membrane and internalize these pro-
teins into intraluminal vesicles to create multivesicular
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bodies (MVBs). These MVBs subsequently deliver cargo
proteins to lysosomes for degradation.

Initial evidence that Rab35/ESCRT-mediated endoso-
mal sorting was required for SV protein degradation
came from Uytterhoeven et al., who created a degrada-
tive substrate by fusing ubiquitin to Synaptobrevin (Ub-
Syb), the Drosophila vSNARE protein localized to SVs.
They found that while Ub-Syb was efficiently cleared
from wild-type boutons, its clearance was markedly
faster in sky mutants. Moreover, Hrs loss-of-function led
to the accumulation of Ub-Syb within both wild-type
and sky mutant boutons, indicating that ESCRT-medi-
ated sorting was required for Ub-Syb degradation.3 In a
follow-up study from the same laboratory, Fernandes
et al. used fluorescent timer fusion proteins, which
change color as they mature, to monitor the age of chi-
meric Syb-timer proteins in response to stimulation or
inhibition of endosomal sorting. They found that Sky
mutation or overexpression of active Rab35 to stimulate
endosomal sorting resulted in a ‘younger’ pool of Syb-
timer on SVs.4 Conversely, inhibition of endosome-to-
lysosome trafficking via mutation of the homotypic
fusion and vacuole protein sorting (HOPS) complex
resulted in the accumulation of ‘older’ Syb-timer at bou-
tons, and also led to reduced neurotransmitter release.4

These studies showed that Rab35/ESCRT/HOPS-medi-
ated endo-lysosomal sorting promoted the degradation
of SV proteins, leaving the youngest and presumably
healthiest proteins to populate SVs and mediate
exocytosis.

Our recent study provides further mechanistic insight
into the degradation of SV proteins by Rab35 and the
ESCRT pathway. In accordance with previous studies
implicating Rab35 in the endosomal sorting of SVs, we
observed that overexpression of Rab35 stimulates the
degradation of SV membrane proteins (but notably not
peripheral SV proteins or active zone proteins) in mam-
malian hippocampal neurons. Additionally, we found
that knockdown of Rab35 or ESCRT pathway compo-
nents inhibited SV protein turnover and led to their
accumulation over time, suggesting that the Rab35/
ESCRT pathway is the major pathway for SV protein
degradation in neurons. Given the putative link between
high neuronal firing rates and endosomal sorting, we
also examined the effect of neuronal activity on SV pro-
tein degradation. Here, we found that neuronal activity,
induced by application of bicuculline and 4-AP, signifi-
cantly increased the degradation of the SV proteins
VAMP2/Synaptobrevin2 and SV2. Moreover, this activ-
ity-dependent degradation required Rab35 and the
ESCRT pathway, indicating that endosomal sorting is
necessary for the effective clearance of SV proteins dur-
ing periods of high neuronal firing. Remarkably, we also

observed that Rab35 was activated in response to bicu-
culline/4-AP treatment, and that this activation pro-
moted binding to Hrs, which we identified as a novel
Rab35 effector. As the first component of the ESCRT
pathway, Hrs not only concentrates ubiquitinated cargo
on the endosome membrane, but also initiates the
recruitment of downstream ESCRT machinery, thereby
mediating MVB formation and the delivery of SV pro-
teins to lysosomes for their degradation. Indeed, we also
observed higher levels of CHMP2B, a downstream
ESCRT component and MVB marker, in axons and pre-
synaptic boutons following bicuculline/4-AP treatment.
Overall, our findings demonstrate a direct mechanistic
link between Rab35 and the ESCRT pathway, and show
that activation of Rab35 by neuronal activity catalyzes
the recruitment of ESCRT machinery to SV pools to
mediate the degradation of SV proteins.5

Our study did not examine the effects of Rab35/
ESCRT pathway loss-of-function on neurotransmission,
but work from multiple groups suggests that impaired
protein clearance leads to presynaptic dysfunction and
degeneration in mouse models. For instance, Watson
et al. observed an increase in ubiquitinated proteins
within the synaptosomal fraction of cortical neurons
from teetering mice,44 suggesting that the accumulation
of old/damaged proteins contributes to the impaired
neurotransmitter release observed in these animals,
potentially by compromising SV fusion. Notably, teeter-
ing mice also exhibit growth retardation, motor and sen-
sory defects, dysregulated myelination, and early
perinatal lethality,44 indicating widespread consequences
of ESCRT pathway dysfunction. Similar phenotypes
were reported in another study in which the HRS gene
was specifically deleted from the mouse central nervous
system.51 Here, mice lacking neuronal Hrs also exhibited
growth retardation, accumulation of ubiquitinated pro-
teins, and motor defects, as well as learning and memory
defects and prominent neurodegeneration in the hippo-
campus. Together, these studies demonstrate the critical
role of Hrs and the ESCRT pathway in maintaining syn-
aptic transmission and neuronal health. Interestingly,
phenotypes reminiscent of those seen in teetering and
Hrs knockout mice were also reported in transgenic
mice expressing VAMP2/Synaptobrevin2 fused to non-
cleavable ubiquitin. These phenotypes included impaired
neurotransmitter release at the NMJ, as well as decreased
number of SVs, increased endosomal structures, and
progressive NMJ degeneration.52 We hypothesize that
fusion of non-cleavable ubiquitin to VAMP2 likely pre-
vents its proper clearance and degradation, leading to
the accumulation of non-functional VAMP2 on SVs,
impaired neurotransmitter release, and ultimately degen-
eration of presynaptic terminals. Further evidence for the
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link between impaired protein degradation and presyn-
aptic dysfunction comes from studies of mice deficient
in the deubiquitinating enzymes Usp14 or UCHL1.
These animals have lower levels of free ubiquitin, leading
to reduced polyubiquitination and degradation of pro-
tein substrates,53,54 as well as prominent NMJ pheno-
types, including decreased neurotransmitter release, loss
of SVs, and NMJ degeneration.54,55 Together, these stud-
ies indicate that presynaptic boutons are particularly sen-
sitive to defects in protein clearance and/or buildup of
damaged and ubiquitinated SV proteins, and suggest
that Rab35/ESCRT-mediated degradation is crucial for
the function and long-term maintenance of mammalian
synapses.

Rab35 as a master Rab?

Rab35 has important roles in many cellular processes,
including neurite outgrowth, cytokinesis, and phagocyto-
sis. Intriguingly, studies of these processes in non-neuro-
nal cells indicate that Rab35 functions as a master
regulator to recruit and coordinate downstream Rab
GTPases. For example, Rab35 has been shown to
undergo nerve growth factor-dependent recruitment to
Arf6-positive recycling endosomes in PC12 cells, in a
process necessary for neurite outgrowth.41 Active Rab35
subsequently recruits its effectors ACAP2 and MICAL-
L1 onto these recycling endosomes. ACAP2 inactivates
Arf6 as part of the antagonistic Rab35/Arf6 signaling
cascade discussed earlier in this review, while MICAL-L1
mediates the recruitment of downstream Rabs, including
Rabs 8, 13, and 36, to Arf6-positive endosomes.56 Using
siRNA depletion, Kobayashi and colleagues demon-
strated that both Rab35 and MICAL-L1 were necessary
for the localization of these Rabs to recycling endosomes,
and they proposed that Rab35 functions as a “master
Rab” to regulate the localization of MICAL-L1, which in
turn acts as a scaffold for Rab clustering on recycling
endosomes. Each of these downstream Rabs (8, 13, 36)
was shown to have an independent role in neurite out-
growth that did not depend upon the localization of the
other two. Intriguingly, another recent study has impli-
cated a similar Rab cascade in a completely different
cellular process, phagocytosis in macrophages.57 Specifi-
cally, Yeo et al. find that a sequential cascade of Rab 35,
13, 8, 27a, 10, and 31 is necessary for the proper closure
of the phagocytic cup. This study again implicates Rab35
as the major initiator of subsequent Rab GTPase recruit-
ment to mediate downstream trafficking events. An
interesting possibility is that Rab35 acts in a similar man-
ner at presynaptic terminals to initiate a cascade of Rab
recruitment through MICAL-L1 or another effector to
coordinate SV protein endosomal trafficking and/or

degradation (Fig. 2). Intriguingly, two of the Rabs that
function downstream of Rab35 and MICAL-L1, Rabs 8
and 13, are implicated in the clearance/degradation of
a-synuclein, an SV-associated protein whose misfolding
and aggregation is linked to Parkinson disease and
dementia with Lewy bodies.58 These findings, although
obtained in non-neuronal cells, suggest that Rabs 8 and
13 also have roles in degradative protein sorting. How-
ever, it remains to be determined whether these Rabs
function in the Rab35/ESCRT pathway, in a parallel
pathway to mediate the clearance of a-synuclein and
other aggregation-prone proteins, and/or in additional
SV protein trafficking or recycling steps (Fig. 2).

Rab35 network in neurological and
neurodegenerative disease

Given that dysregulation of membrane trafficking is
emerging as a central cause of neurodegenerative dis-
eases (For reviews, see refs. 59, 60), it will be critically
important to unravel the roles of Rab GTPases in neuro-
nal protein sorting events. Indeed, mutations in proteins
of the Rab35 signaling network have been implicated in
several neurologic and neurodegenerative disorders. For
instance, loss-of-function mutations in TBC1D24 are
linked to epilepsy, non-syndromic deafness, neurodegen-
eration, and DOORS (deafness, onychodystrophy, osteo-
dystrophy, mental retardation, and seizures) syndrome.
Indeed, phenotypes of patients carrying TBC1D24 muta-
tions are extremely variable, ranging from isolated deaf-
ness to mild seizures to drug-resistant epilepsy with
severe developmental delay and early death.17-23 This
heterogeneity likely reflects the location of mutations
within the TBC1D24 gene, as some are reported to result
in the loss of protein expression,23 and others in the loss
of phosphoinositide binding and SV association.43 Inter-
estingly, Fischer et al. were able to rescue behavioral
defects (seizures and temperature sensitivity) associated
with mutant Sky/TBC1D24 expression in Drosophila by
genetically increasing levels of the phosphoinositide PI
(4,5)P2 within presynaptic boutons. This remarkable
finding suggests that the major phenotypes associated
with some TBC1D24 mutations, such as epilepsy, may
result from presynaptic defects in SV trafficking/turn-
over, and could be mitigated with pharmacological
agents that boost PI(4,5)P2 production. However, given
that TBC1D24 negatively regulates Arf6 and Rab35, its
loss-of-function presumably also causes defects in other
Arf6 and Rab35-dependent processes that impact neuro-
nal excitability, such as neuronal migration, neurite out-
growth, and dendritic spine formation. These processes
may prove more difficult to reverse with pharmacological
treatments.
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As mentioned previously, mutation or deletion of Hrs,
a Rab35 effector and ESCRT pathway component, causes
synaptic dysfunction, accumulation of ubiquitinated pro-
teins, and neurodegeneration in animal models.3,44 In
humans, mutations in another ESCRT component,
CHMP2B, are linked to frontotemporal dementia with
or without parkinsonism and to amyotrophic lateral scle-
rosis.61-67 Not only do such mutations demonstrate the
importance of the ESCRT pathway for neuronal health,
they also illustrate the selective vulnerability of specific
populations of neurons (i.e., motor neurons and cortical
neurons) to dysfunction of endo-lysosomal sorting and
the accumulation of damaged proteins.

Finally, a recent study has reported that Rab35 levels
are elevated in the cerebrospinal fluid of patients with
Parkinson disease (PD) compared with age matched
controls.68 The authors link this elevation in Rab35 levels
to the increased aggregation and secretion of mutant
a-synuclein from dopaminergic neurons. Several studies
report that a-synuclein is secreted by exosomes, small
secretory vesicles released via fusion of MVBs with the
plasma membrane.69-72 Intriguingly, Rab35 was identi-
fied as a regulator of exosome secretion in glial cells,73

and its appearance in PD patients may indicate that it
can serve as a biomarker for these vesicles. An alternative
explanation for this finding is that Rab35 levels are upre-
gulated by neurons in response to a-synuclein misfold-
ing/aggregation, as part of an intracellular stress
response to stimulate a-synuclein clearance and degra-
dation. Consistent with this concept, two recent studies
by Spencer and colleagues show that a-synuclein is
degraded via the ESCRT pathway, and that lentiviral
expression of CHMP2B can rescue neurodegeneration in
transgenic mice overexpressing a-synuclein.71,72 Further
work to identify the molecules and pathways involved in
a-synuclein-mediated toxicity, and the role of Rab35 in
its secretion and/or degradation, will help to clarify the
relationship between Rab35 and PD pathogenesis.

In summary, Rab35 and the Rab35 signaling network
have important roles in many aspects of nervous system
development and function, from the regulation of early
neurite outgrowth to the maintenance of synaptic trans-
mission via SV protein recycling and degradation. Indeed,
recent findings from Drosophila and human genetic stud-
ies suggest that Rab35-mediated membrane trafficking has
a highly conserved role in the nervous system, and that
disruption of these trafficking events triggers synaptic dys-
function and neurodegeneration in both invertebrate and
vertebrate organisms. Further work to elucidate Rab35
trafficking pathways and identify the intracellular and
extracellular signals responsible for their regulation will be
vital for understanding how the brain functions under
normal and pathological conditions.
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