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Defects in membrane trafficking are hallmarks of neurodegeneration. Rab GTPases are key regulators of
membrane trafficking. Alterations of Rab GTPases, or the membrane compartments they regulate, are asso-
ciated with virtually all neuronal activities in health and disease. The observation that many Rab GTPases are
associated with neurodegeneration has proven a challenge in the quest for cause and effect. Neurodegener-
ation can be a direct consequence of a defect in membrane trafficking. Alternatively, changes in membrane
traffickingmay be secondary consequences or cellular responses. The secondary consequences and cellular
responses, in turn, may protect, represent inconsequential correlates or function as drivers of pathology.
Here, we attempt to disentangle the different roles of membrane trafficking in neurodegeneration by focusing
on selected associations with Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and selected
neuropathies. We provide an overview of current knowledge on Rab GTPase functions in neurons and review
the associations of Rab GTPases with neurodegeneration with respect to the following classifications: pri-
mary cause, secondary cause driving pathology or secondary correlate. This analysis is devised to aid the
interpretation of frequently observed membrane trafficking defects in neurodegeneration and facilitate the
identification of true causes of pathology.
Introduction
The endomembrane system is a corollary of compartmentaliza-

tion in eukaryotic cells. Most intracellular compartments,

including the nucleus, mitochondria and a plethora of endolyso-

somal compartments, are separated by membranes. Hence, all

eukaryotic cells must have mechanisms that ensure trafficking

between these organelles based on recognition of organelle

identities [1]. In multicellular organisms, different cell types with

highly divergent functions and morphologies exacerbate the

challenges and opportunities that come with coordinated mem-

brane trafficking.

Neurons vary greatly in morphology and function but share

special requirements in membrane trafficking. This is because

neurons are long-lived cells with complicated shapes that

require membrane trafficking between distant axonal and den-

dritic extensions in order to maintain function. Neuron-specific

roles of membrane trafficking include the regulation of protein

and organelle compositions in dendrites and axons, synaptic

transmission, and correct distribution of countless cell surface

receptors [2–7]. Not surprisingly, membrane trafficking has

been implicated in virtually every aspect of neuronal function

and, in particular, neuronal maintenance and degeneration [8].

Rab GTPases, the largest branch of the Ras superfamily, are

key organizers of intracellular membrane trafficking. Rab

GTPases were initially discovered in brain tissue, where their

abundance, diversity and functional adaptations reflect neuronal

challenges for membrane trafficking [9]. However, Rabs are

found in all eukaryotic cells, where they mediate fundamental

processes of vesicle sorting and transport between target mem-

branes [10,11]. Consequently, RabGTPases are commonly used
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as markers and identifiers of various organelles and vesicles in

the endocytic and secretory systems. Similar to other small

GTPases, Rab proteins switch between GTP-bound active and

GDP-bound inactive states. The activity state andmembrane as-

sociation of Rab GTPases are controlled by accessory proteins

[10,12,13]. Furthermore, the precise regulation of membrane

trafficking processes by Rab GTPases is dependent on interac-

tions with effector proteins, such as coat proteins (COPI, COPII

and clathrin), motor proteins (kinesins and dyneins), tethering

complexes (EEA1, Golgins, the exocyst complex and HOPS

complex) and SNAREs [14,15]. In neurons, such interactions

are essential to regulate trafficking of proteins and lipids for the

maintenance of cell morphology and synaptic function.

More than 60 Rab GTPases are encoded by the human

genome, up to 31 in Drosophila melanogaster and 11 in yeast

[16,17]. Half of all Drosophila Rab proteins are strongly enriched

or exclusively expressed in neurons [18,19]. In humans, 24 Rab

proteins are specific to or enriched in the central nervous system

[20]. Yet, only fewof these neuronal Rabs, including Rab3, Rab26

and Rab27, have been functionally characterized. In addition,

ubiquitously expressed Rab proteins often execute specialized

functions in neurons [18,19,21–24].Hence,RabGTPasesprovide

a window into understanding how membrane trafficking is regu-

lated in neurons.ManyRabGTPases have been directly and indi-

rectly linked to neurodegenerative diseases. In some cases,

mutations in rab genes or genes encoding Rab-associated

proteins have been directly implicated [25–28]. In other cases,

upregulation of Rab proteins can partially rescue degenerative

phenotypes [29–31]. And in most cases, progression of neuro-

degeneration is associated with alterations to Rab-mediated
ril 23, 2018 ª 2018 The Author(s). Published by Elsevier Ltd. R471
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:robin.hiesinger@fu-berlin.de
https://doi.org/10.1016/j.cub.2018.02.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2018.02.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cell body

Synaptic vesicle

Sorting/Recycling
endosome

Multivesicular body/
late endosome

Phagophore/
Isolation membrane

Autophagosome

Clathrin

Kinesin with cargo Dynein with cargo

AMPA receptor Kainate receptor

Lysosome

Autolysosomes

ER-Golgi network

Rab18

Rab7
Rab24

Rab6Rab1

Rab8

Rab7

Rab33 Rab26

Rab3 Rab5

Rab4
Rab11

Rab17
Rab8
Rab39

Rab27

Rab7

Pre-synaptic 
terminal

Rab5

Rab4
Rab11
Rab35

Rab3/Rab27/Rab4

Rab2

Current Biology

Post-synaptic 
terminal

Figure 1. Rab GTPases in wild-type neurons.
Shown are a schematic cell body (left), axon (middle) and synaptic terminal (right). The post-synaptic terminal is marked in green. Rab GTPases have been
depicted with arrows between membrane compartments for which their role has been studied in wild-type neurons.
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membrane trafficking [32–35]. The cause and effect relationships

underlying the associations ofmany neurodegenerative diseases

with Rab GTPases have often remained unclear.

Rab GTPases in Wild-Type Neurons
For the maintenance of normal neuronal function both special-

ized ubiquitous membrane trafficking machinery as well as

neuron-specific mechanisms are used [7,36,37]. Here, we only

provide a brief outline of membrane trafficking in neurons from

the perspective of ubiquitous and neuron-specific Rab GTPase

functions (Figure 1).

Rab GTPases at the Synapse

Synaptic function requires a continuous flow of membrane and

membrane proteins at synapses, largely because synaptic vesi-

cles undergo continuous cycles of exocytosis and endocytosis

[5,6]. Hence, synaptic vesicle recycling presents a major chal-

lenge for neuronal maintenance [38,39]. A systematic analysis

of Rab GTPase expression and localization in Drosophila re-

vealed that all neuron-specific Rabs localize to synapses, where

the majority co-localize with endosomal markers [18,19]. The

precise synaptic function of the majority of these Rab GTPases

remains unknown.
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The two best characterized Rab GTPases in synaptic vesicle

exocytosis are Rab3 and Rab27 (Figure 1). In vertebrates, the

Rab3 subfamily (Rab3A, Rab3B, Rab3C and Rab3D) and

Rab27B are expressed exclusively in neurons and share effector

and regulator proteins [40]. Rab3A is a structural component of

the synapse’s active zone that forms a tripartite complex

together with other core active zone proteins RIM1 and

MUNC13. Together, these regulate priming and docking of

synaptic vesicles for neurotransmitter release [41]. Single and

double knockout mice for any two of the four Rab3 genes

are viable and fertile. Triple and quadruple mutants are lethal

only if Rab3A is deleted. The quadruple mutants exhibit no

significant changes in synaptic organization and only a 30%

decrease in transmitter release [42]. This surprising finding is

largely attributed to the redundant function of Rab27B

in synaptic vesicle exocytosis [40]. In Drosophila, loss of the sol-

itary Rab3 gene is viable, but leads to defects in active zone or-

ganization and mild functional defects [43]. Similarly, the rab27

mutant is viable and exhibits circadian rhythm defects [18]. Inhi-

bition of Rab27 activity in presynaptic terminals of the squid gi-

ant neuron resulted in fewer docked synaptic vesicles and

increased number of non-docked synaptic vesicles away from
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the active zones, demonstrating the role of Rab27 in synaptic

vesicle exocytosis [44].

Clathrin-mediated endocytosis is a major pathway for synap-

tic vesicle retrieval from the plasma membrane. Rab5 is the key

early endosomal Rab GTPase in clathrin-mediated endocytosis

and endosomal maturation, upstream of synaptic vesicle

retrieval [45,46]. At theDrosophila larval neuromuscular junction,

Rab5 is required for synaptic endosomal integrity, synaptic

vesicle exo-/endocytosis rates and neurotransmitter release

probability [47]. Rab5-dependent endosomal sorting may further

regulate uniformity of synaptic vesicle size [48]. Other early or re-

cycling endosomal Rabs, including Rab4 and Rab11, are also

candidates for the synaptic vesicle recycling process, as these

are also found on endocytic intermediates [49]. The expression

of dominant-negative Rab4 (Rab4DN) impairs the formation of

synaptic vesicle-like vesicles from early endosomes in PC12

cells [50]. The precise endocytic regulatory functions of these

Rabs in different neurons remain largely unknown.

Endocytic intermediates downstream of synaptic vesicle

retrieval may also function as sorting stations for synaptic vesicle

proteins. Rab35 and its GAP Skywalker (Sky) are regulators of

synaptic vesicle rejuvenation in Drosophila and vertebrate

neuronal culture [51–53]. In skymutants, Rab35 is over-activated

and both the turnover of vesicles from the readily releasable pool

and neurotransmission are increased. In parallel, the degrada-

tion rate of ubiquitinated (dysfunctional) synaptic vesicle protein

neuronal Synaptobrevin (n-Syb) is increased, suggesting that

Rab35/Sky pathway functions at the core of an interplay be-

tween synaptic vesicle recycling and degradation [51,52]. Activ-

ity-dependent differential sorting and degradation of synaptic

vesicle proteins through the Rab35/Sky pathway have previously

been demonstrated [53]. Rab35/Sky, in concert with the ESCRT

pathway, selectively degrades synaptic vesicle proteins n-Syb

and SV2, but not Synaptotagmin1 (Syt1) and SNAP25. However,

how exactly different synaptic vesicle proteins are separately

sorted for degradation remains unknown.

Membrane protein degradation through the endolysosomal

system requires delivery tomultivesicular bodies and finally to ly-

sosomes [54,55]. Rab7 is a key regulator of multivesicular body

maturation from early endosomes, as well as the fusion of multi-

vesicular bodies with lysosomes [56]. Rab7 is ubiquitously ex-

pressed and is required to mediate lysosomal degradation in

all cells. In Drosophila, Rab7 is expressed in neurons before

other cell types, and its loss in photoreceptors leads to progres-

sive degeneration starting at synapses. At axon terminals, Rab7

is required for sorting of plasma membrane proteins, but not SV

membrane proteins, to degradative compartments [7]. These

findings suggest that neurons, and synaptic terminals in partic-

ular, are sensitive to reduced endolysosomal degradation and

employ various cargo-specific endo-lysosomal degradation

mechanisms for neuronal maintenance [18,22].

Autophagy is a major catabolic pathway for the degradation of

cytosolic proteins, membrane proteins, organelles and protein

aggregates [57]. In neurons, basal autophagy is necessary for

neuronal function and maintenance, and loss-of-function leads

to neurodegeneration [58,59]. Autophagosomes form and cap-

ture their cargos at synaptic terminals independently of the cell

body (Figure 1) [60]. Recent work has demonstrated compart-

mentalized regulation of autophagic activity by synaptic proteins
at the synapse, linking autophagy to synaptic function and

dysfunction in disease [61,62]. Several Rab proteins play roles

in the various stages of autophagic activity, yet only few have

been characterized or validated in neurons, and most informa-

tion comes from non-neuronal cell cultures. Rab1, Rab4 and

Rab11 regulate membrane trafficking from various sources to

the initial phagophore assembly site [63–65]. Rab5 interacts

with the BECN1/PI3KC3 complex to regulate the nucleation of

phagophore membrane [66]. Rab33 interacts with Atg16L1 to

elongate phagophore membrane [67], and late-endosome Rab

proteins, Rab7 and Rab24, mediate the fusion of autophago-

somes with lysosomes [68,69]. Rab2 functions in autophago-

some and lysosome maturation in human breast cancer cells

and in Drosophila fat cells and nephrocytes, but this has

not yet been demonstrated in neurons [70]. Recently, the first

link between synaptic vesicle recycling and autophagy was

reported [71]. Synaptic vesicle-associated Rab26 binds to

phagophore elongation factor Atg16L1 and directs synaptic

vesicles into phagophores for bulk degradation. Accordingly,

Rab26 overexpression leads to synaptic vesicle accumulation

in autophagosomes.

Rab GTPases are also important regulators of the trafficking

and turnover of neurotransmitter receptors at the postsynaptic

site (Figure 1). The correct distribution and abundance of post-

synaptic receptors are prerequisites for activity-induced synap-

tic plasticity during memory formation and learning [72]. Rab4,

Rab8, Rab11, Rab17 and Rab39B are implicated in the postsyn-

aptic trafficking of AMPA and Kainate receptors. Rab8 regulates

the delivery of GluA1-AMPA receptors from ER–Golgi network to

the postsynaptic membrane [73]. Rab39B functions at the inter-

face of ER–Golgi network and is necessary for maturation of

AMPA receptor GluA2 subunit [74]. Rab4 and Rab11 are well-

known regulators of receptor recycling. Specifically, Rab4 and

Rab11 regulate activity-dependent insertion and removal of

AMPA receptors from the postsynaptic membrane during long-

term potentiation and long-term depression. Expression of

Rab11DN blocks recycling of AMPA receptors and eventually

attenuates long-term potentiation [75]. Rab17 mediates the

surface abundance of Kainate receptors, but not AMPA recep-

tors, through its interaction with the t-SNARE syntaxin-4.

Expression of constitutively active Rab17 results in accumula-

tion of syntaxin-4 in dendrites, which eventually leads to

increased insertion of GluK2-Kainate receptors to the postsyn-

aptic membrane [76].

From Axons and Dendrites to the Cell Body

Neurons are highly polarized cells, in which many proteins func-

tioning in axons, axon terminals and dendrites must be trans-

ported to and from the cell body for signaling and degradation.

In axons and dendrites, microtubules serve as trafficking routes

along which motor proteins carry their cargos bidirectionally.

Kinesin superfamily motor proteins (KIFs) mediate anterograde

transport from the cell body to axonal and dendritic terminals.

Dynein motor proteins direct retrograde transport to the cell

body [77]. Several Rab GTPases interact either directly with

motor proteins or indirectly through adaptor molecules to regu-

late both anterograde and retrograde transport in axons and

dendrites [78]. The transport of Rab3 to axon terminals is medi-

ated by the Rab3 GEF DENN/MADD through its interaction with

the stalk domain of kinesin motors, KIF1A and KIF1Bb [41,79].
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Interestingly, both Rab3 and Rab27 are also reported to mediate

transport of other proteins to the axon terminals. GTP-bound

active Rab3 directs transport of amyloid precursor protein

(APP) to the axon terminals through association with another ki-

nesin superfamily member, KIF1C [80]. Rab27 interacts with

another member of the kinesin superfamily, KIF5, via adaptor

proteins Slp1 and CRMP-2 to mediate the axonal transport of

neurotrophin receptor TrkB to axon terminals [81]. Recently,

anterograde transport of Rab4-positive vesicles was proposed

to contribute to synaptic organization and homeostasis [82],

albeit a rab4 null mutant, to our knowledge, has not yet been

analyzed in this context.

Retrograde transport of late endosomes and autophago-

somes ensures removal of dysfunctional proteins from distal

neurites and is important for neuronal survival and function

[83,84]. Cargos for degradation are packaged in late endosomes

and autophagosomes locally at axon terminals, and have been

shown to be transported to the cell body to fuse with lysosomes

for degradation [60]. The interaction between Rab7 and its

effector RILP (Rab7 interacting lysosomal protein) mediates

the retrograde transport of late endosomes and lysosomes. Spe-

cifically, RILP binds to the carboxy-terminal region of dynactin

subunit p150, which associates dynactin/dynamin complex to

late endosomes and lysosomes for transport of these organelles

[85]. Recent evidence suggests that retrograde transport of au-

tophagosomes requires initial fusion with late endosomes to

form amphisomes, which may be transported to the cell body

by the same Rab7/RILP/dynactin complex [86].

Neurotrophins are a class of proteins that function in neuronal

development and maintenance by binding to two different clas-

ses of receptors: tropomyosin-receptor kinases (Trks) and the

neurotrophin receptor p75 (p75NTR) [23]. Intraventricular admin-

istration of neurotrophins results in the formation of vesicles con-

taining receptor–ligand complexes that are actively transported

along microtubules [87,88]. Rab5 mediates the internalization

of receptor–ligand complexes into early endosomes (‘signaling

endosomes’) where signaling continues to induce neurite

outgrowth and dendritic branching [89]. Signaling endosomes

undergo Rab5-to-Rab7 conversion [90], and Rab7-associated

vesicles undergo retrograde transport to the cell body to modu-

late gene expression in the nucleus to promote survival and

maintenance (Figure 1) [88,91].

The secretory system in all eukaryotic cells contains ER, Golgi

apparatus, ER–Golgi intermediate compartment and the trans-

Golgi network. The ER forms a continuous network in axons

and dendrites and the Golgi has dendritic ‘outposts’ that are

positive for the trans-Golgi network component syntaxin16

[2,92–94]. Membrane trafficking within this large network of

membrane-bound organelles is essential for protein synthesis,

processing, sorting, turnover and targeting of the newly synthe-

sized proteins to their acceptor membranes [95]. The secretory

pathway in neurons is particularly important for the formation

of secretory granules, including synaptic vesicles and dense-

core vesicles, and their transport to the axon terminals [96].

Rab1 and Rab2 regulate transport of vesicles between ER and

Golgi [97]. Rab2 is involved in the maturation of dense-core ves-

icles in Caenorhabditis elegans neurons. Its interaction with

effector proteins RUND1, a RUN domain protein, and CCCP1,

a coiled-coil protein at the Golgi, mediates sorting of soluble
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and transmembrane cargo into dense-core vesicles [98].

RUND1 also interacts with a Rab2 effector, RIC-19, for which

the loss-of-function phenocopies dense-core vesicle maturation

defect of Rab2 mutants [99]. In addition to Rab1 and Rab2,

Rab18 has also been shown to regulate ER–Golgi trafficking in

non-neuronal cells [100]. Enhanced activity of Rab18 inhibits

secretion of secretory granule contents in response to stimula-

tion in neuroendocrine cells [101].

The bidirectional movement of vesicles in the ER–Golgi

network and from trans-Golgi to the acceptor membranes is

dependent on dynein- and kinesin-mediated microtubule-

based transport [102]. Rab6 has a key role in retrograde trans-

port of vesicles from Golgi apparatus towards ER. Although the

mammalian isoform Rab6A is ubiquitous, Rab6B is predomi-

nantly expressed in microglia and Purkinje cells and specifically

localizes to Golgi apparatus and ERGIC-derived vesicles [103].

Both isoforms interact with a dynein light chain, DYNLRB1, to

regulate retrograde transport from Golgi to ER [104]. In

Drosophila, the expression of constitutively active Rab6 pre-

vents the maturation of rhodopsins Rh1 and Rh3, possibly

by increasing the recycling of rhodopsin-containing vesicles

from Golgi to ER and thereby hindering their post-Golgi

maturation [105]. The Rab6 GEF component rich regulates,

together with Rab6, the localization of the cell adhesion

receptor N-Cadherin during brain wiring in Drosophila [106].

Finally, Rab8 has been proposed to mediate anterograde trans-

port of post-Golgi vesicles to the plasma membrane [107]. In

Xenopus rod photoreceptors, Rab8 loss-of-function impairs

the transport of post-Golgi rhodopsin-containing vesicles to

the connecting cilium resulting in degeneration of photorecep-

tors [108]. Cilia are specialized membrane protrusions that

regulate various processes like cell motility, sensation of envi-

ronmental cues and signal transduction. Several Rabs,

including Rab8, Rab11 and Rab23, have been implicated in

ciliogenesis and cilia function [109]. How this plethora of wild-

type neuronal functions relates to the associations of Rab

GTPases with neurodegenerative diseases is often unclear

and is the subject of the following section.

Rab GTPases in Neurodegeneration
Rab GTPases have been associated with many neurodegenera-

tive diseases, ranging from dementia to motor neuron degener-

ation. However, the types of association vary greatly. Mutations

in Rab GTPases are a direct cause only in few cases, e.g. a rare

case of familial Parkinson’s disease or the rare Charcot-Marie-

Tooth type 2B disease. In contrast, the most common neurode-

generative diseases, including Alzheimer, are only indirectly

linked to Rab GTPases and membrane trafficking dysfunction.

Arguably the most important complication arising from indirect

effects is the question of cause and effect: secondary effects

can be either causative or ‘associated’ side effects with no

causal relationship to pathology — or in fact a consequence of

pathology. Yet, secondary effects can be critical, because these

may indeed be the main cause of a pathology in instances where

the primary trigger is not per se neurotoxic [8]. A summary of Rab

GTPases associated with selected neurodegenerative disorders

(Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-

ease, amyotrophic lateral sclerosis and Charcot–Marie–Tooth)

is provided in Table 1. To facilitate understanding of the potential



Table 1. Summary of Rab GTPases and associated membrane trafficking processes implicated in Alzheimer’s disease (AD),

Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) and Charcot–Marie–Tooth (CMT).

Disease

Rab GTPases

implicated Categories Rescue Key findings

Implicated membrane

trafficking process References

Alzheimer’s

disease

Rabs 4, 5 B C Upregulation of Rab4

and enlarged Rab5-

positive endosomes in

preclinical SAD

Early and recycling

endosomal trafficking

[114]

Rabs 4, 5, 7, 27 B C Upregulated levels in

SAD postmortem brains

Early, late and recycling

endosomal trafficking

[32,116]

Rab4 B C Increased protein level

in PSEN1 mutant cells

Recycling endosomal

trafficking

[125]

Rab6 B Membrane association

of Rab6 in fibroblast cells

is PSEN1 dependent

Intra-Golgi trafficking [33]

Rab6 B C Upregulation of Rab6 in

AD patient brains and

PSEN1 mutant cells

Intra-Golgi trafficking [124,125]

Rab8 B C Downregulation of Rab8

in mPSEN1-treated PC12

cells

Post-Golgi trafficking [34]

Parkinson’s

disease

Rab39B A Loss of function

mutations in Rab39B

lead to intellectual

disability and PD

Synaptic activity;

ER–Golgi trafficking

[25–27]

Rab11 B x Direct interaction with

a-syn; colocalization with

a-syn in intracellular

inclusions; expression of

Rab11 WT or Rab11DN

decreases the number of

cells with intracellular

a-syn inclusions and

decreases a-syn toxicity

Recycling endosomal

trafficking

[137]

Rab11 x Overexpression restores

synaptic vesicle size and

rescues impaired

locomotor behavior

induced by a-syn

expression in Drosophila

larvae and adults,

normalizes synaptic

activity in Drosophila

larval NMJ, and reverses

loss of dopaminergic

neurons in adultDrosophila

flies

Recycling endosomal

trafficking

[139]

Rabs 1, 3a, 8a C x a-Syn accumulation

inhibits ER to Golgi

traffic; overexpression

of Rab1, 3a or 8a

rescues a-syn-induced

toxicity in dopaminergic

neurons

ER–Golgi trafficking [136]

Rab3a B Direct interaction with

a-syn; Rab3a recycling

machinery regulates

a-syn membrane binding

Synaptic activity [138]

Rabs 5a, 7, 11a B C Colocalization with a-syn [134]

(Continued on next page)
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Table 1. Continued

Disease

Rab GTPases

implicated Categories Rescue Key findings

Implicated membrane

trafficking process References

Early, late and recycling

endosomal trafficking

Rabs 3a/b/c/d,

8a/b, 10, 12,

35, 43

B Phosphorylated by LRRK2 (not discussed) [151]

Rab1 C x a-syn accumulation

impairs ER to Golgi

traffic, resulting in ER

stress and cell death;

overexpression of Rab1

rescues dopaminergic

neuron loss in PD animal

models (D. melanogaster,

C. elegans)

ER–Golgi trafficking [135]

Rab8a B C x Interaction with a-syn in

rat hippocampus and

mouse cortical

synaptosomes; expression

of Rab8a decreases a-syn

aggregation

Post-Golgi trafficking [142]

Rab35 B C Elevated protein level in

PD patients’ serum and

in the substantia nigra of

PD mouse models;

overexpression of Rab35

promotes the aggregation

and secretion of a-syn in

SH-SY5Y cells

Recycling endosomal

trafficking

[140]

Rabs 8a, 8b, 13 B Phosphorylated by PINK1 (not discussed) [35]

Rabs 8b, 11a, 13 x Overexpression of

wild-type or constitutively

active Rab8b, 11a or

13 reduces a-syn

oligomerization

Post-Golgi and

recycling endosomal

trafficking

[141]

Rab7 B Interaction with Lrrk;

Lrrk LOF mutants disrupt

Rab7-dependent

lysosomal positioning

Endolysosomal

degradation

[147]

Rab7L1 B x Interaction with LRRK2;

overexpression of

Rab7L1 rescues mutant

phenotypes (lethality,

dopaminergic neuron

loss)

Endolysosomal

sorting/degradation

[149]

Rabs 32, 38 B Interaction with LRRK2 Late endosomal

trafficking

[150]

Huntington’s

disease

Rab5 C Interaction with Htt-HAP40

complex; disrupted

interaction leads to

reduced endosome

motility in HD cell lines

Early endosomal

trafficking

[156]

Rab5 x Overexpression of

Rab5WT or Rab5CA

reduces mHtt aggregation

and toxicity

Early endosomal

trafficking

[30]

(Continued on next page)
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Table 1. Continued

Disease

Rab GTPases

implicated Categories Rescue Key findings

Implicated membrane

trafficking process References

Rab8 B Interaction with Htt-FIP2

complex

Post-Golgi

trafficking

[154]

Rab11 B x Reduced activity (impaired

GDP/GTP exchange) in

Htt-null cells; elevated

Rab11 activity (Rab11CA)

decreases sensitivity of

HD neurons to glutamate-

induced cell death

Recycling endosomal

trafficking

[157]

Rab11 x Overexpression of Rab11

rescues synaptic

dysfunction and behavioral

deficits in Drosophila

model of HD

Recycling endosomal

trafficking

[31]

Amyotrophic

lateral

sclerosis

Rab1 C x Colocalization with

mSOD1, mFUS and

mTDP-43; inhibited

ER-Golgi transport by

mSOD1, mFUS and

mTDP-43; overexpression

of Rab1 rescues the

inhibited ER-Golgi

transport

ER–Golgi trafficking [29]

Rab1a B Interaction of C9orf72

with Rab1a and ULK1

autophagy initiation

complex; C9orf72 is

an effector of Rab1a

Autophagic flux [166]

Rabs 1, 5, 7, 11 B C Colocalization with

C9orf72; increased

colocalization of Rab7

and Rab11 with C9orf72

in patient postmortem

brains; C9orf72 associates

with autophagosome-like

structures

Endolysosomal

trafficking and

autophagic flux

[162]

Rabs 8a, 39b B Regulated by C9orf72-

SMCR8-WDR41 complex

(RabGEF)

Autophagic flux [164]

Rab11 x Expression of Rab11DN

rescues TDP-43-induced

disruption of BMP

signaling, synaptic growth

and larval crawling defects

Recycling endosomal

trafficking

[167]

Charcot-Marie-

Tooth

Rab7 A Mutations in Rab7 cause

CMT2B

Endolysosomal

degradation

[16,22,28,170–173]

Rab28 A B MTMR13 and MTMR5 are

putative RabGEFs for

Rab28 and mutations in

MTMR13 and MTMR5

cause CMT4B2 and

CMT4B3, respectively

(not discussed) [177]

Rab11 A B SH3TC2 is a Rab11

effector and mutations in

SH3TC2 cause CMT4C

Recycling endosomal

trafficking

[178]
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Figure 2. Classifications of causal and
correlative relationships between Rab
GTPases, Rab-mediated membrane
trafficking and pathology in
neurodegeneration.
Class A: The primary cause of neurodegeneration
is a mutation in a Rab GTPase that causes
impaired Rab function, membrane trafficking de-
fects, and pathology. Class B: The primary cause
is unrelated to Rab GTPases, but leads either
directly to a defect in Rab function or indirectly
through membrane trafficking defects. These
secondary defects cause pathology. Class C:
Neither a Rab GTPase nor membrane trafficking
defects have been established as a cause for pa-
thology; however, defects in Rabs or membrane
trafficking defects may be observed and could be
upstream or downstream of pathology. Rescue:
Overexpression of Rab GTPases has a protective
effect.
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relevance of these associations, we classified them as follows

(Figure 2): Class A: The primary cause of degeneration is a dis-

ease mutation in a Rab GTPase; Class B: The primary cause of

degeneration is non-Rab-related, but a secondary effect on

Rab GTPases, or the membrane trafficking these regulate,

causes pathology; Class C: The primary cause of degeneration

is non-Rab-related and causes pathology independent of a sec-

ondary effect on RabGTPases or themembrane trafficking these

regulate.

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia.

It is characterized by progressive loss of neurons, resulting in

decline in memory, thinking skills and eventually the ability to

carry out simple daily tasks [110,111]. More than 90–95% of

AD cases are sporadic (SAD) and are not associated with known

disease mutations. Around 5–10% of cases are categorized as

familial AD (FAD) and are linked to mutations in amyloid precur-

sor protein (APP), Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2).

Mutations in these three genes are directly linked to the altered

production of amyloid-b (Ab), which is the cardinal component

of the disease’s hallmark: Ab plaques [112,113]. Although SAD

constitutes the majority of cases, it is still unclear to what extent

Ab deposition is a cause or an effect of pathology progression.

Similarly, to what extent membrane trafficking defects constitute

a cause or effect in AD has been difficult to ascertain.

Evidence for causality often focuses on the timing. For

example, endolysosomal abnormalities precede clinically

detectable Ab deposition in SAD. Enlarged Rab5-positive early

endosomes and accumulation of lysosomes have been

observed as an early sign of SAD [114,115]. In support of these

studies, upregulation of Rab4, Rab5, Rab7 and Rab27 tran-

scripts and protein levels were reported in post mortem cholin-

ergic basal forebrain neurons and CA1 pyramidal neurons in

SAD [32,116]. These findings are interpreted as overactivation

of endocyticmechanisms through upregulation of RabGTPases,

which might lead to imbalanced endosomal signaling and pro-

tein turnover. Autophagic vacuoles (autophagosomes, amphi-

somes and autolysosomes) are especially accumulated

in dystrophic neurite swellings in diseased brains [117].

This accumulation could be caused by impaired fusion of

autophagosomes with late endosomes and lysosomes, and/or
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a degradation defect in dysfunctional lysosomes [111]. A major

genetic risk factor for AD is allelic variation in the apolipoprotein

E (APOE) gene, which has been reported to promote Ab degra-

dation through the endolysosomal pathway [118–121]. Expres-

sion of human APOE causes increased colocalization of Ab

with Rab7 and Ab degradation in primary microglial culture

[118] and consistently, the expression of the ‘toxic’ variant

APOE4 impairs Ab degradation [119]. Clinical and epidemiolog-

ical data indicate that 40–80% of AD patients are carriers of the

APOE4 allele [122]. These studies leave open whether altered

levels of RabGTPases drive pathology (class B) or are a correlate

of pathology (class C, Figure 2; Table 1).

Presenilins are proteases that function in various cellular pro-

cesses (e.g. processing of APP, protein trafficking and turnover,

calcium homeostasis and autophagosome-lysosome function)

via interaction with substrates, including Rab GTPases [123].

PSEN1 has been suggested to be a membrane receptor for a

RabGDI in the ER/Golgi network to regulate the amount of active

Rab6 associated with the network. Loss-of-function of PSEN1

results in a two-fold decrease in the amount of RabGDI, causing

decreased levels of membrane-associated, active Rab6 and

consequently defective recycling of vesicles from Golgi to ER,

suggesting a class B defect causative for pathology (Figure 2;

Table 1) [33]. Additionally, the expression level of Rab6 is signif-

icantly increased by five-fold in brains of AD patients, and overall

protein levels of Rab6 and Rab4 are increased in PSEN1 mutant

cells, suggesting a compensatory response (class B or C)

[124,125]. Similarly, a significant reduction of Rab8 associated

with membranes has been previously observed in PC12D cells

transfected with the FAD mutant PSEN1 [34], but it remains un-

clear whether this reduction drives pathology (class B) or is a

non-disease causing secondary effect of the PSEN1 mutation

(class C). PSEN1 has also been implicated in autolysosome acid-

ification and cathepsin activation. Effective autophagic clear-

ance of dysfunctional proteins is of prime importance in neurons

to prevent degeneration [58,59]. Collectively, these results

suggest membrane trafficking defects as a cause of pathology

(class B), albeit only indirectly linked to Rab GTPases. PSEN2,

unlike broadly distributed PSEN1, is restrictively located to

late endosomes/lysosomes and it cleaves substrates localized

to these compartments. FAD-associated mutations in PSEN2
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increase the level of aggregation-prone Aß42 in late endosomes

and lysosomes, which may result in lysosomal dysfunction and

cell death [126–128]. Interestingly, a subset of FAD-associated

mutations in PSEN1 phenocopies PSEN2 and localizes Aß42

to late endosomes and lysosomes, suggesting that mislocaliza-

tion of APP processing enzymes to late endosomal compart-

ments contributes to the pathogenesis in AD [129].

Parkinson’s Disease

Parkinson’s disease (PD) is the most prevalent movement disor-

der. It is characterized by accumulation of Lewy bodies consist-

ing of a-synuclein and selective degeneration of dopaminergic

neurons in the substantia nigra pars compacta. During the course

of the disease, patients develop movement disabilities including

resting tremor and muscle rigidity [130]. About 95% of PD cases

are sporadic and the rest is familial. To date, mutations in at least

18 genes have been ‘associated’ with the etiology of PD, and a

few of these mutations have been implicated in Rab function

and membrane trafficking: Rab39B, a-synuclein (SNCA),

PTEN-induced putative kinase 1 (PINK1) and leucine-rich repeat

kinase 2 (LRRK2) [131,132].

Several loss-of-function mutations in rab39B, including

missense and nonsense mutations as well as the complete dele-

tion, have been identified in inherited early-onset PD with Lewy

body pathology, and are also linked to symptoms atypical to

PD cases such as intellectual disability [25–27]. Rab39B is exclu-

sively expressed in neurons, localizes to the Golgi, and functions

in trafficking of AMPA receptor subunit GluA2 to postsynaptic

membrane in hippocampal neurons (Figure 1). Rab39B mutant

neurons show increased levels of immature GluA2, which leads

to the formation of AMPA receptors lacking this subunit and

has been associated with immature synapses and intellectual

disability [74,132]. This is a direct demonstration of how a defec-

tive Rab GTPase can underlie neurodegeneration (class A,

Figure 2; Table 1), although the exact mechanism of how

Rab39B loss-of-function leads to selective neurodegeneration

in dopaminergic neurons remains elusive [25,132].

The small neuronal protein a-synuclein is highly enriched at

presynaptic terminals [133] and has been shown to colocalize

and interact with several Rab GTPases (Rab1, Rab3a, Rab5,

Rab7, Rab8a, Rab11, Rab13 and Rab35) in the regulation

of membrane trafficking processes (Table 1) [131,134–140].

Overexpression of specific Rab GTPases restores membrane

trafficking defects ensuing from mutant a-synuclein. Rab11DN

expression reduces a-synuclein secretion in HEK cells

(class B) [134], and expression of wild-type or dominant-nega-

tive Rab11 decreases the number of cells with intracellular inclu-

sions in H4 human neuroglioma cells [137]. Overexpression of

Rab11 rescues several phenotypes caused by PD mutations

in a-synuclein in Drosophila, including decreased locomotor

activity, shortened lifespan and degeneration of dopaminergic

neurons (Figures 2 and 3) [139]. Accumulation of a-synuclein

disrupts ER/Golgi trafficking in a dose-dependent manner

and results in dopaminergic neuron loss (class C), which can

be rescued by overexpression of Rab1, Rab3a or Rab8a (Fig-

ures 2 and 3) [135,136]. Rab8b, Rab11a and Rab13 were identi-

fied from a shRNA-based screen as modulators of a-synuclein,

and overexpression of the wild-type or a constitutively active

form of these Rabs significantly reduces a-synuclein oligomeri-

zation [141]. Rab8, a regulator of post-Golgi trafficking, directly
binds the carboxy-terminal of a-synuclein and Rab8 overexpres-

sion reduces toxicity caused by mutant or overexpression of

wild-type a-synuclein [136,142]. Recently, increased level of

Rab35 in serum was reported to correlate with the age of onset

and disease duration of PD patients. Moreover, overexpression

of Rab35 increases the aggregation of mutant a-synuclein in

dopaminergic neurons [140]. Collectively, these results suggest

that a-synuclein-related PD pathology may be, at least partially,

attributed to the dysregulation of Rab GTPases and membrane

trafficking.

PINK1 (kinase) and Parkin (E3 ubiquitin ligase) regulate mito-

chondrial quality control. Upon phosphorylation of Parkin’s

Ser65 residue by PINK1, Parkin is activated and recruited to

damaged mitochondria to ubiquitinate outer mitochondrial

membrane proteins to trigger selective autophagy [143]. A

SILAC-based phosphoproteomic screening of PINK1 substrates

revealed that Rab8a, Rab8b and Rab13 are also phosphorylated

by PINK1. PINK1 knockdown or mutated PINK1 abolish

phosphorylation of Rab8a in HEK cells and patient-derived fibro-

blasts, respectively, suggesting that post-Golgi trafficking regu-

lated by Rab8 may be impaired by PINK1 mutation (class B,

Table 1) [35].

LRRK2 is involved in synaptic vesicle recycling, autophagy

and mitochondrial function [144–146]. Lrrk, the Drosophila ho-

molog of LRRK2, directly interacts with late endosomal/

lysosomal Rab GTPase Rab7 and mediates the subcellular

localization of lysosomes. LrrkGS, the Drosophila analogue of

PD-associated LRRK2 mutant (LRRK2G2019S) impairs the

Lrrk–Rab7 interaction and subsequently the lysosomal posi-

tioning (class B, Table 1) [147]. Consistently, overexpression

of Rab7-like protein 1 (Rab7L1) rescues neurodegeneration

induced by LRRK2G2019S in Drosophila dopaminergic and rat

primary cortical neurons (Figure 3; Table 1) [148,149]. These find-

ings suggest that degeneration in LRRK2 mutant neurons is

linked to Rab7 function. LRRK2 also interacts with Rab32 and

its homologue Rab38, both of which are closely related to

Rab7L1. Rab32 regulates LRRK2-related late endosomal traffic,

and both Rab32 and Rab38 are involved in trans-Golgi network

organization and transport of key enzymes during melanogen-

esis [150]. However, their roles in neurons remain elusive.

Furthermore, LRRK2 directly interacts with Rab5 to regulate syn-

aptic vesicle endocytosis [144], and phosphorylates Rab3a/b/

c/d, Rab8a/b, Rab10, Rab12, Rab 35 and Rab43 [151]. Collec-

tively, these results suggest that PD-causing mutant LRRK2

causes pathology by dysregulated Rab GTPase functions and

hence membrane trafficking (class B, Table 1).

Huntington’s Disease/PolyQ

Huntington’s disease (HD) is the most common and well-studied

form of polyglutamine (PolyQ) diseases, which is a group

of progressive neurodegenerative disorders characterized by

the expansion of a trinucleotide repeat cytosine-adenine-gua-

nine (CAG). HD is caused by mutant variants of the huntingtin

(htt) gene that contain at least 36–40 residues of elongated

glutamine repeats [152]. Htt is a large, membrane-associated

protein located on the Golgi as well as endocytic and exocytic

vesicles [153]. The wild-type function of Htt remains to be fully

characterized.

Mutations in Htt have been directly or indirectly linked to Rab5,

Rab8 and Rab11 (Figure 3; Table 1). Htt interacts with Rab8 via
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the coiled-coil protein FIP2 [154] and also with Rab8/optineurin

complex to function in the post-Golgi trafficking [155] (class B,

Figure 2). Htt loss of function causes mislocalization of this

Rab8/optineurin complex, impairing the vesicle trafficking be-

tween Golgi and lysosomes [155]. Htt also forms a complex

with HAP40 (Htt-associated protein 40) to function as a Rab5

effector that regulates the motility of early endosomes. In HD,

Htt-HAP40 complex formation is disrupted, resulting in an upre-

gulation of HAP40 and a decline in early endosomemotility [156].

Htt activates Rab11 by interaction with a Rab11 GDP-containing

complex (class B). In a mouse model of HD, primary cortical
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neurons show reduced recycling of transferrin receptors back

to the plasma membrane, suggesting that HD pathogenesis is

at least partially linked to decreased Rab11 activity in recycling

endosomes [157]. Furthermore, increase of Rab11 activity by

expression of the constitutively active form decreases the sensi-

tivity of HD neurons to glutamate-induced cell death [157]. Simi-

larly, overexpression of Rab11 rescues synaptic dysfunction and

behavioral deficits in a Drosophila model of HD (Figure 3) [31].

Additionally, overexpression of wild-type or constitutively active

Rab5 significantly decreases the toxicity and aggregation of

mutant Huntingtin (Table 1) [30].
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Finally, HD is also associated with alterations in both antero-

grade and retrograde axonal transport through disrupted inter-

action of mutant Htt with the dynein/dynactin complex and

Kinesin-1 [158,159]. HD-associated alterations in axonal trans-

port particularly affect the transport of neurotrophin receptors,

and hence impaired neurotrophin signaling might also contribute

to pathogenesis (class C, Figure 2) [160].

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegen-

erative disease that specifically affects motor neurons in the

brain and spinal cord [161]. Similar to AD and PD, 90% of all

ALS cases are sporadic; 10% of ALS cases are of familial origin,

caused by mutations in genes encoding a variety of proteins,

such as SOD1 (superoxide dismutase 1), TDP-43 (transactive

response DNA-binding protein 43), FUS (fused in sarcoma),

C9orf72 (Chromosome 9 open reading frame 72) and VAPB

(VAMP (synaptobrevin)-associated protein B) [29,162,163].

Many cellular defects are associated with ALS, including ER

stress, autophagy defects, protein aggregation and inhibition

of axonal transport. Intracellular membrane trafficking is funda-

mental to all these cellular processes, and several Rab GTPases

have been associated with ALS (Figure 3; Table 1).

The intronic expansion of a hexanucleotide GGGGCC repeat

in c9orf72 gene is the major cause of familial ALS (�33%) and

frontotemporal dementia (�25%), the second most prevalent

form of presenile dementia after AD [162,164]. C9ORF72 has

been reported to colocalize with Rab1, Rab5, Rab7 and Rab11

in the endolysosomal system in cortical neurons [162,165].

C9ORF72 was recently shown to form a stable complex with

SMCR8 and WDR41 to function as a RabGEF for Rab8a and

Rab39b and regulate autophagic flux (class B and C, Table 1)

[164]. C9ORF72 was also identified as a Rab1a effector that reg-

ulates the recruitment of Unc-51-like kinase 1 (ULK1) to the

phagophore assembly site to initiate autophagy (Table 1) [166].

Consistently, reduction of C9orf72 expression in neurons leads

to accumulation of p62-positive aggregates, similar to the p62

pathology observed in ALS as well as frontotemporal dementia

patients, indicating autophagic defects [164,166]. Compared to

the healthy control group, motor neurons of patients’ postmor-

tem brains showed increased colocalization of C9ORF72 with

Rab7 and Rab11, but not Rab5 [162], further suggesting dysre-

gulated endosomal traffic (class B, Figure 2).

ALS-causing mutations in SOD1, TDP-43 or FUS cause mis-

localization of Rab1, impaired protein transport in the ER-Golgi

network, increased ER stress and formation of inclusions in

neurons. It remains unclear to what extent these contribute to

pathology (class B or C). Overexpression of Rab1 exerts a pro-

tective function against the ER stress induced by mSOD1,

mTDP-43 and mFUS (Figures 2 and 3; Table 1) [29]. Recently,

both gain- and loss-of-function of TDP-43 was reported to

decrease bone morphogenic protein (BMP) signaling in

Drosophila NMJ. BMP signaling controls growth and function

of synapses, and misregulation of TDP-43 function disrupts en-

docytic transport of BMP receptors, resulting in mislocalization

to recycling endosomes [167]. Expression of Rab11DN partially

rescues the TDP-43-induced disruption of BMP signaling and

synaptic growth as well as larval crawling defects (Table 1) [167].

Finally, a point mutation in the major sperm protein (MSP)

domain of VAPB has been established as a cause for ALS. The
MSP domain is cleaved, secreted and functions as a ligand for

Eph receptors. The Drosophila homolog of VAPB, DVAP-33A,

with the corresponding point mutation fails to be secreted, is

ubiquitinated and forms inclusions in the ER, similar to those

observed in ALS patients [163]. In addition, DVAP-33A plays a

role in the organization of the microtubule cytoskeleton in pre-

synaptic terminals [168]. The membrane trafficking defects in

VAPB mutant neurons have not been directly linked to Rab

GTPase function (class C).

Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth disease (CMT) is a hereditary motor and

sensory neuropathy characterized by progressive muscle atro-

phy that starts from feet and hands [169]. CMT is classified by

abnormalities in either myelin formation and maintenance

(demyelinating CMT) or distal axon degeneration of motor and

sensory neurons (axonal CMT). Numerous mutations have

been identified for both types, which are listed and discussed

in detail elsewhere [169]. Here, we highlight only two directly

Rab-related CMT disorders.

Charcot-Marie-Tooth type 2B (CMT2B) is a rare peripheral

neuropathy that is caused independently by five different

missense mutations in Rab7 (class A, Figure 2) [170,171].

CMT2B mutant variants of Rab7 were originally characterized

to cause the disease by dominant gain of function, based on

the initial observation of reduced intrinsic GTP hydrolysis activity

similar to the constitutively active form Rab7Q67L [28,172,173].

However, in Drosophila photoreceptors and motor neurons,

overexpression of the mutant variants of Rab7 did not display

neuron-specific dominant gain-of-function phenotype but

reduced wild-type function. These findings led to the hypothesis

that CMT2B may result from a reduced endolysosomal capacity

to which neurons are sensitive [22]. In contrast, other studies

found that overexpression of CMT2B-mutant rab7 in cultured

cells and neurons led to functional defects [170,174,175]. More-

over, CMT2B-associated mutations lead to reduced localization

of Rab7 to autophagic compartments and decreased autopha-

gic flux [176]. It remains unclear whether pathology in humans

is a consequence of a partial reduction in autophagic/endolyso-

somal degradation due to partial rab7 loss of function, or an extra

function of Rab7 that was not seen in the Drosophila studies. In

either case, CMT2B is a direct consequence of Rab7 dysfunction

(class A). Since Rab7 is a ubiquitous Rab GTPase, this rare dis-

ease also suggests that neurons are particularly sensitive to

alterations in membrane trafficking.

CMT type 4 (CMT4) is an autosomal recessive demyelinating

motor and sensory neuropathy for which associations with

several Rabs have been reported [169]. CMT4B2 and CMT4B3

are caused by mutations in myotubularin-related (MTMR) phos-

pholipid phosphatases MTMR13 and MTMR5, respectively.

BothMTMR13 andMTMR5 are reported to function as RabGEFs

that may activate Rab28 [177]. CMT4C is caused bymutations in

SH3TC2, a Rab11 effector [178]. Dysregulation of Rab11 may

therefore contribute to CMT4C pathology. In all these cases, dis-

ease causing mutations lead to pathology via altered Rab

GTPase function (class B, Table 1).

Conclusions
Associations of Rab GTPase-mediated membrane trafficking

with different neurodegenerative diseases are diverse, but reveal
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a few common themes. In particular, early endosomal trafficking

and endolysosomal degradation are commonly described as

‘drivers of pathology’ in AD, PD and CMT. A second group of

associations encompass defects of the secretory pathway

where post-Golgi trafficking defects have been described as

causative for pathology in AD, PD and HD. These causative

associations are further supported by the protective roles of

increased Rab1, Rab5, Rab8 or Rab11 function in several

models for PD, HD and ALS. Causative links for Rab-mediated

membrane trafficking defects are clearer in PD and CMT than

in AD, HD and ALS. We did not find ‘class A’ or ‘Rescue’ associ-

ations of Rab GTPases with AD (Table 1). Rare diseases, such

as CMT2B, offer important insights into roles of membrane

trafficking critical to neuronal maintenance. However, most

associations of specific Rab GTPases with neurodegenerative

diseases remain correlative and ‘class B’ and ‘class C’ categori-

zations were often difficult to distinguish. Ultimately, associa-

tions with diseases will make most sense when wild-type

functions of Rabs, and the membrane trafficking these regulate,

are understood. This is the flip-side of neurodegeneration

research: understanding what keeps neurons alive in the first

place remains a formidable challenge, and Rab-mediated mem-

brane trafficking is sure to play a key role.
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