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Abstract: Neurotrophins are a family of proteins that are important for neuronal
development, neuronal survival and neuronal functions. Neurotrophins exert their role by
binding to their receptors, the Trk family of receptor tyrosine kinases (TrkA, TrkB, and
TrkC) and p75NTR, a member of the tumor necrosis factor (TNF) receptor superfamily.
Binding of neurotrophins to receptors triggers a complex series of signal transduction
events, which are able to induce neuronal differentiation but are also responsible for
neuronal maintenance and neuronal functions. Rab proteins are small GTPases localized to
the cytosolic surface of specific intracellular compartments and are involved in controlling
vesicular transport. Rab proteins, acting as master regulators of the membrane trafficking
network, play a central role in both trafficking and signaling pathways of neurotrophin
receptors. Axonal transport represents the Achilles' heel of neurons, due to the long-range
distance that molecules, organelles and, in particular, neurotrophin-receptor complexes
have to cover. Indeed, alterations of axonal transport and, specifically, of axonal trafficking
of neurotrophin receptors are responsible for several human neurodegenerative diseases, such
as Huntington’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis and some forms
of Charcot-Marie-Tooth disease. In this review, we will discuss the link between Rab proteins
and neurotrophin receptor trafficking and their influence on downstream signaling pathways.
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1. Introduction

Neurotrophins constitute a small family of growth factors that play a key role in several different
aspects of the development and maintenance of the nervous system. The first factor that was
discovered in 1951 and subsequently purified was the nerve growth factor (NGF), which was initially
identified as a secreted factor able to stimulate growth of the sensory and sympathetic neurons of
chicken embryos [1,2]. Approximately 30 years later, brain-derived neurotrophic factor (BDNF) was
identified, followed by neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) in the 1990s [3-6].
Importantly, all neurotrophins are crucial not only for the development of the nervous system, as was
initially believed, but also for the adult brain, as they have roles in plasticity, neurodegeneration and
neuroprotection, thus reinforcing their relevance for the nervous system [7].

Secreted neurotrophins bind to their receptors and initiate signaling cascades that serve to
communicate with the nucleus in order to regulate neuronal growth, differentiation, survival and
maintenance [8]. Signaling does not take place exclusively at the plasma membrane but also in
signaling compartments along the endocytic route, leading to spatial compartmentalization and specific
processing of the signal [9]. Thus, the regulation of trafficking of neurotrophins and of neurotrophin
receptors is important to control neuronal functions, and key regulatory factors of trafficking are the
Rab proteins [9,10].

Rab proteins are a large family small GTPases that direct intracellular vesicular trafficking.
Approximately 70 different Rab proteins are present in mammalian cells. Rab proteins are localized on
specific intracellular compartments and are thus often used as markers for organelles (e.g., Rabl1 for
recycling endosomes, Rab5 for early endosomes, and Rab7 for late endosomes) [10,11]. Rab proteins
act as molecular switches, cycling from an inactive GDP-bound state to an active GTP-bound state,
and vice versa. In the active state, which is induced by GEFs (guanine nucleotide exchange factors),
Rab proteins are able to bind to a number of effector proteins that regulate a wide range of membrane
transport processes and cell signaling transduction pathways [12]. After GTP-hydrolysis is stimulated
by GAPs (GTPase activating proteins), Rab proteins return to their GDP-bound form [12]. Rab
proteins are involved in virtually all steps of vesicular trafficking, such as vesicle formation, vesicle
transport along cytoskeletal elements, vesicle tethering and fusion to the target compartments [10,11].
Importantly, Rab GTPases also determine compartment identity and function by ordering membrane
trafficking events [13,14]. In addition, a number of Rab proteins directly interact with cargoes, such as
signaling receptors, integrins and ion channels, thus directly regulating their fate [15,16].

In this review, we will focus on the role of Rab proteins in the regulation of neurotrophin receptors
trafficking, highlighting their role in modulating neurotrophin signaling and functions. Furthermore,
we will consider neuropathological conditions caused by defective neurotrophin signaling, possibly
due to alterations of neurotrophin axonal transport.
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2. Neurotrophins and Their Receptors

Growth factors play crucial roles in development and maintenance of the mammalian nervous
system. Most of these factors, including fibroblast growth factors (FGF) 1 and 2, insulin-like growth
factors (IGF) I and II, gliostatin/platelet-derived endothelial cell growth factor (gliostatin/PD-ECGF),
neurturin, netrin, epidermal growth factor (EGF), transforming growth factor-f (TGF-f), and tumor
necrosis factor-o (TNF-a), have pleiotropic effects on different systems [17,18]. Other factors exhibit
more restricted activity on the nervous system and are therefore classified as “neurotrophic factors.”
The most intensively studied neurotrophic factors include ciliary neurotrophic factor (CNTF), glial-derived
neurotrophic factor (GDNF), and the neurotrophic factors belonging to the nerve growth factor (NGF)
family, known as “neurotrophins” [19,20]. Although this term is sometimes used as a synonym for
neurotrophic factor, it is more properly reserved for this small family of structurally related factors that
secrete into the nervous system and have a coherent signaling mechanism involving two types of
receptors [21].

2.1. Neurotrophins

Neurotrophins, comprising mammalian nerve growth factor (NGF), brain derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5), are a small, well-characterized
family of secreted growth factors [21]. They share approximately 50% amino acid homology and play
critical roles in different aspects of the development and maintenance of the nervous system, such as
neuronal migration and differentiation, myelination, neurite outgrowth, axonal elongation, synaptic
modulation and apoptosis [21]. They are generated in the rough endoplasmic reticulum as pro-neurotrophin
precursors of approximately 240-260 amino acids and are further processed by proteases to be
secreted as homodimeric proteins in the extracellular space (monomer length: 118—129 aa) [22]. Once
synthesized, neurotrophins can be sorted into the constitutive or regulated secretory pathway, and
sorting seems to be regulated by the efficiency of protease processing [22]. Interestingly, pro-neurotrophins
as well as other peptides are biologically active and liberated by the cleavage of pro-neurotrophins,
indicating that a tight regulation of cleavage is important for neuronal functions and survival [23-25].
Importantly, in the nervous system, neurotrophin secretion increases after injury, thus indicating a key
role of neurotrophins in axonal regeneration [26].

2.2. Neurotrophin Receptors

To accomplish their role in the nervous system, neurotrophins recognize and activate two different
classes of transmembrane receptor proteins: tropomyosin-receptor kinases (Trks) and the neurotrophin
receptor p75 (p7SNTR) (Figure 1).

Trks are transmembrane glycoproteins of approximately 140 kDa. Trk proteins have four
domains: an intracellular tyrosine kinase domain, a single transmembrane region, an extracellular
neurotrophin-binding domain consisting of two cysteine-rich regions separated by a leucine-rich repeat,
and two IgG-like domains near the plasma membrane. Neurotrophins bind to the second IgG-like domain,
induce receptor dimerization and trigger tyrosine kinase activity by phosphorylation [26]. The three
most studied Trks are TrkA, TrkB and TrkC. Each neurotrophin preferentially binds to a specific Trk:
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NGF activates TrkA, BDNF and NT-4/5 activate TrkB while NT-3 binds preferentially to TrkC [27]. In
addition, the interaction of neurotrophins with their receptors might be influenced by the splicing
variants of Trk receptors. In fact, receptor molecules with deletions in the extracellular domains or in
the intracellular kinase domain have been identified [26,28,29]. Specifically, a TrkA splice variant
with an 18 bp deletion in the extracellular domain shows decreased activation by NT-3, and a TrkB
molecule lacking exon 9 (comprising 33 bp, which encodes the juxtamembrane domain) interacts
poorly with NT-4/5 and NT-3, while NGF binding is unaffected compared to full-length receptor [28,29].
Furthermore, truncated forms of the TrkB and TrkC receptors, which lack the tyrosine kinase domain,
are unable to dimerize and are thus considered to be dominant negative modulators of Trk signaling, in
contrast with their full-length counterparts [30].

p75NTR, a transmembrane glycoprotein receptor of approximately 75 kDa, is a member of the
tumor necrosis factor (TNF) receptor superfamily. Unlike the Trk receptors, p7SNTR binds to all
neurotrophins with approximately similar low affinity and to all pro-neurotrophins with high
affinity [25,27]. In the extracellular domain of p75NTR, the four cysteine repeats participate in binding
to NGF, while in the intracellular domain, there is a type II death domain similar to those present in
other members of the TNF family [25-27]. In addition to neurotrophins, several other ligands bind to
p75NTR, thus influencing neuronal functions and survival. For example, the soluble B-amyloid
precursor protein alpha promotes neurite outgrowth through binding to p75NTR, while B-amyloid
peptide and prion peptide 106—-126 bind to p7SNTR and induce neuronal death [31-33]. Notably, B-
amyloid peptide also binds to TrkA, and it has been demonstrated that it regulates endocytosis of
p75NTR and Trk receptors, thus influencing neuronal survival and differentiation [34]. p75NTR also
interacts with a number of other receptors, and these interactions often modulate ligand binding as well
as signaling and trafficking. For example, the affinity of p7SNTR for pro-neurotrophins increases in
the presence of the neuronal type I receptor sortilin [35]. p7SNTR is also frequently co-expressed and
associated with Trk receptors and increases Trk’s affinity for neurotrophins while reducing ligand-
induced Trk receptor ubiquitination, thus delaying Trk receptor internalization and degradation [36,37].
Furthermore, it has been demonstrated that the intracellular domain of p75NTR, generated by
neurotrophin-induced receptor cleavage, increases Trk signaling and that activation of p7SNTR by pro-
NGEF is able to suppress TRK-mediated signaling for neuronal survival [38,39]. The role of p7SNTR is
dual, as it is able to trigger both cellular survival and pro-apoptotic signaling. In physiological
conditions, binding of neurotrophin to Trk and p75NTR receptors leads to neuronal survival because
the survival signal mediated by Trk suppresses the pro-apoptotic signal from p75NTR [40]. In
pathological conditions, this pro-apoptotic signal prevails due to up-regulation of p75SNTR or to an
increase in pro-neurotrophin concentration [25]. Moreover, an alternative cell survival pathway is
promoted by activation of NFkB, which is induced by binding of neurotrophin to p75SNTR. In contrast,
when pro-neurotrophins bind to the p75-sortilin complex, JNK and NRIF trigger cell death signaling
through apoptosis [41].
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Figure 1. Signal transduction pathways activated by neurotrophins. Mature neurotrophins
bind to their preferred Trk receptors (TrkA for NGF, TrkB for BDNF and NT4/5 and TrkC
for NT3) and induce receptor dimerization and phosphorylation at specific tyrosine
residues. The phosphorylation of Trk receptors activates three major signaling pathways:
the PI3K, Ras and PLC-yl pathways. PI3K, via AKT kinase, promotes neuronal survival;
Ras activates PI3K and MAPK and induces neuronal differentiation; PLC-yl leads to
production of IP3 and DAG, the first promoting calcium release from internal stores, which
is important for synaptic plasticity, and the second carrying out PKC activation, thus
inducing synaptic and neuronal structural plasticity. All of these pathways are also
activated by binding of neurotrophins to heterodimers formed by Trk and p75NTR. Cell
survival is also promoted by the activation of NFkB induced by the binding of
neurotrophin to p75NTR, while apoptosis is induced by neurotrophins binding to the
p75NTR-sortilin complex, which activate JNK and NRIF.
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3. Neurotrophin Signaling
3.1. Neurotrophin Receptor Signaling

When neurotrophins bind to Trk receptors, they lead to Trk dimerization and phosphorylation of
specific tyrosine residues in the cytoplasmic domain, initiating signaling cascades. These
phosphorylated tyrosine residues act as docking sites for adaptor proteins that propagate neurotrophin
signals [42,43]. The Trk receptors can activate three major pathways: Ras, phosphatidylinositol 3-
kinase (PI3K) and phospholipase C-yl (PLC-yl) signal transduction pathways [27,44] (Figure 1).
These three signal transduction pathways are also activated by the binding of mature neurotrophins to
heterodimers formed by one monomer of Trk and one of p75NTR [41,45-47] (Figure 1).

Ras activation is required for neuronal and PC12 cell differentiation [48,49]. Phosphorylation on the
Y490 tyrosine residue, located in the Trk juxtamembrane domain, causes the recruitment and
phosphorylation of the adapter protein Shc. Phospho-She binds to the Grb2-SOS complex, which
mediates Ras activation by inducing GDP to GTP exchange, causing many downstream effects, such
as the transient stimulation of the PI3K and MAPK pathways [27]. MAPK translocates to the nucleus,
where it phosphorylates CREB (cAMP Responsive Element Binding protein), a transcription factor
that promotes neuronal cell differentiation [50].

PI3K is activated by an adaptor protein complex, Shc-Gr2-Gabl [51], or by Ras. In both cases,
PI3K produces 3-phosphoinositides that trigger the activation of Akt, a serine-threonine kinase [52].
Akt phosphorylates various proteins that are important in the control of cell survival [53]. For example,
Akt phosphorylates and inactivates BAD, a pro-apoptotic Bcl-2 family member [54], preventing the
activation of several genes whose products promote apoptosis [55]. Thus, activation of PI3K promotes
the survival and growth of neurons [56].

Activation of PLC-yl through Trk-mediated phosphorylation causes phosphatidylinositol
4,5-biphosphate hydrolysis in diacylglycerol (DAG) and inositol trisphosphate (IP3). The formation of
DAG triggers the activity of DAG-regulated isoforms of protein kinase C, whereas IP3 leads to the
release of Ca?" from cytoplasmic stores, activating Ca®’-calmodulin-dependent protein kinases. Both
pathways are important for synaptic plasticity [57]. Moreover, it has been demonstrated that the
PLC-y1 pathway modulates transcription and thus protein expression. For example, PLC-y1 influences
expression of peripherin, a 57 KDa type III intermediate filament protein, found primarily in peripheral
neurons [58]. Because modulation of peripherin expression has been observed in neuronal degeneration
and axonal regeneration [59,60], the PLC-y1 pathway is believed to have a key role in these processes.
Interestingly, we have recently identified peripherin as a Rab7-interacting protein [61], thus suggesting
that Rab7 can be directly or indirectly involved in the PLC-y1 signaling pathway. Importantly, post-
translational modification of these receptors is believed to be important for receptor localization and
activity. For example, TrkA glycosylation prevents ligand independent activation and it is fundamental
for plasma membrane localization of TrkA, for activation of the Ras/MAPK pathway and subsequent
induction of neuronal differentiation in PC12 cells [62].
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3.2. Neurotrophin Receptor Trafficking and the “Signaling Endosome” Hypothesis

Ligand-receptor complexes are internalized by different endocytic pathways and, after
internalization, these complexes are mainly delivered to early sorting endosomes. From the sorting
endosomes, some receptors (such as transferrin receptors, TfR) are recycled back to the plasma
membrane directly or via recycling endosomes, while others (such as epidermal growth factor
receptors, EGFR) are sorted, together with their ligands, along the endocytic pathway for degradation
in late endosomes and lysosomes. Internalization of ligand/receptor signaling complexes by
endocytosis was considered for a long time to be important solely to terminate signaling, which was
generally believed to occur only at the plasma membrane. However, it is now clear that there is a high
degree of compartmentalization of signaling in order to control and modulate the cell response. Indeed,
spatial compartmentalization of signaling is a general mechanism to ensure specific signal
processing [63,64]. Furthermore, the “signaling endosome” hypothesis was formulated for
neurotrophin signal transduction, which states that after internalization into endosomes, neurotrophins
remain attached to their activated receptors and, from the endosomal network, these complexes
continue to transmit signals to control essential responses [9]. This hypothesis was formulated on the
finding that NGF causes accumulation of activated TrkA receptor bound to NGF, PLC-yl and
components of MAPK and PI3K signaling pathways in endosomes of PC12 cells and nociceptive
neurons [65,66]. For example, it was initially demonstrated that, after endocytosis, NGF/TrkA
complexes keep signaling in uncoated endocytic vesicles [65,67]. Furthermore, after NGF binds to
TrkA and p75NTR, both receptors are internalized in early sorting endosomes. However, while
p75NTR is recycled to the plasma membrane, TrkA moves to late endosomes and lysosomes [68].
Interestingly, activated TrkA receptors are found not only in early endosomes but also in late
endosomes, suggesting that these organelles could also represent signaling platforms for neurotrophin
receptors [68]. Notably, Trk and p75NTR receptors regulate each other, thus influencing signaling and
cell responses. Indeed, disruption of p75NTR recycling results in reduced activation of TrkA,
indicating a role of p75NTR recycling for TrkA activation and displaying the importance of trafficking
in the signaling of neurotrophin receptors [68]. Additionally, upon NGF stimulation, TrkA regulates
the intracellular localization of p75NTR, affecting localization of signaling molecules and
consequently driving the activation of specific signal transduction pathways [69]. Moreover, pro-
neurotrophins do not directly activate Trk receptors, but their endocytosis and cleavage are able to
induce Trk activation [70].

Interestingly, different biological responses to NGF are controlled by signaling from different
intracellular locations. For example, neuronal differentiation is promoted by active Trks localized to
endosomes, whereas survival is accomplished by Trk signaling at the cell surface [71]. Furthermore,
NGF and NT-3 bind and signal through TrkA, but only NGF supports survival because it induces
internalization and retrograde axonal transport of TrkA [72].

Neurotrophin-TrkA receptor complexes enter the cell by clathrin-mediated endocytosis, as
internalization is blocked by monodansylcadaverine, a drug that inhibits the clustering and
internalization of ligand-receptor complexes into clathrin-coated vesicles [73]. Moreover, the activated
TrkA receptor is located along with components of the ERKI1/2 signaling pathway [74] and is
connected with PI3-K pathway [73]. In contrast, neurotrophin-p75SNTR receptor complexes also use
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lipid raft mediated internalization [75]. Interestingly, NGF binding induces TrkA to translocate and
concentrate in cholesterol-rich microdomains, or lipid rafts, a step that is fundamental for efficient
activation of ERK signaling before internalization into endosomes [76]. Trk receptors are also
internalized by macropinocytosis, which requires Rac and Pincher (PINocytic CHapERon), a
trafficking protein [77]. Macropinocytosis, which is triggered by clathrin-mediated endocytosis, is able
to generate long-lived TrkA-signaling endosomes, also known as NGF signalosomes, which are
connected to the downstream activation of ERKS but not ERK1/2, [78,79], eliciting long-term
activation that promotes neuronal differentiation and survival [78,79]. It has been questioned why Trk
receptors are able to promote neuronal differentiation and survival whereas other tyrosine-kinase
receptors, such as EGFR, exert poor neuromodulatory functions. Comparison of Trk- and EGFR-
containing endosomes revealed that they are formed and processed by distinct mechanisms. Indeed,
both TrkA and EGF are retrogradely transported from the axon to the soma via multivesicular bodies,
but the TrkA multivesicular bodies are resistant to signal termination [80]. Notably, NGF induces
TrkA ubiquitination, and ubiquitinated receptors interact with the proteasome to become
deubiquitinated before delivery to lysosomes for degradation [81]. Regulation of TrkA stability by the
ubiquitin-proteasome potentiates neurite outgrowth [82,83].

It is interesting to note that neurotrophins are able to regulate endocytosis. Indeed, NGF signaling
through TrkA increases clathrin—mediated endocytosis, thus contributing to trophic actions [84], while
activated TrkA in a vesicle is able to facilitate intracellular transport of that vesicle by increasing
movement and velocity [85]. Furthermore, the cell distribution of Trk receptors is controlled by
transcytosis, as receptors on cellular soma and dendrites are endocytosed and transported via recycling
endosomes into axons [86].

4. Neurotrophin Receptor Trafficking: The Role of Rab Proteins
4.1. Neuronal Trafficking and Axonal Transport

The intracellular transport of molecules and vesicles is of vital importance for the life of a cell.
Neurons are highly polarized cells with long axons and dendrites. Therefore, perhaps their most
difficult task is to maintain an efficient transport of molecules over long distances, as transport from
and to the cell periphery has to cover much greater distances than in other cell types. While the
majority of cells are approximately tens of micrometers long, neurons have long dendrites and much
longer axons that can reach the length of 1 meter in the peripheral nervous system. Communication
between dendrites and axons and the cellular soma is important not only for neuronal functions, but,
even more importantly, for neuronal survival. Axonal transport allows synapses to send signals to the
soma and vice versa. Additionally, proteins synthesized in the cell soma require an efficient transport
mechanism in order to reach the axon and dendrites. Furthermore, there are some mRNAs that have to
be transported to dendrites and/or axons in order to be translated locally [87]. For example, axonal
injury activates local protein synthesis, thus indicating that axonal regeneration is dependent on RNA
axonal transport [87]. In addition, signals from the tips of the axons have to reach the cytoplasm and/or
the nucleus in order to elicit cell responses. Thus, the considerable distance between the tip of the axon,
where neurotrophins bind to their receptors, and the soma, where the signaling molecules have to
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arrive in order to initiate a specific gene expression response, requires an efficient and active axonal
transport of molecules and organelles, leading to multiple cycles of phosphorylation/dephosphorylation
on endosomes, thus regenerating signals [8,9]. Anterograde axonal transport is required to transfer
molecules and newly formed organelles towards the synapses, while retrograde axonal transport is
important for delivery of molecules and organelles to the soma [88,89].

Experiments on axonal transport kinetics allowed for the identification of slow and fast axonal
transport. Cytosolic and cytoskeletal proteins are transported by slow axonal transport with kinetics of
approximately 0.2-5 mm/day (0.01-0.001 micron/Sec), whereas fast axonal transport moves
membranous organelles at a rate of 100400 mm/day (1-5 microns/Sec) [90].

The axonal transport machinery consists mainly of two components: molecular motors and
cytoskeletal elements, on which the motors move. Long-range axonal transport requires an intact
tubulin cytoskeleton with kinesins being mainly anterograde motors while dynein is responsible for
retrograde axonal transport towards minus-ends of microtubules. The most important kinesin for
axonal transport is kinesin-1, a heterotetramer consisting of two catalytic kinesin heavy chains and two
accessory kinesin light chains [91]. Kinesin-1 is important to transport trophic factor, receptors, ionic
channels, organelles, precursors of synaptic vesicles and even dynein towards axonal terminals [92].
The active retrograde transport of cargoes from synaptic terminals to the cell soma is mediated by the
dynein-dynactin
system [89]. Dynein is a complex of two heavy chains, two intermediate chains, three intermediate
light chains and six light chains, while dynactin is a dynein activator that binds to microtubules,
enhancing dynein motor efficiency and mediating the interaction with transporter molecules [93-95].

The actin cytoskeleton and its myosin motors also have an important role in axonal transport. First,
myosin V proteins are highly expressed in the brain and are important for targeting synaptic vesicles,
mitochondria, neurofilaments and RNAs to the axon [96]. For example, neurofilament transport is
dependent on actin and myosin [97], and a lack of myosin Va causes an increased duration of transport
pauses, leading to a reduction in the efficiency of slow anterograde axonal transport of neurofilaments [98].
In Drosophila melanogaster neurons, myosin V and myosin VI depletion causes an increase of
mitochondrial mean velocity, suggesting that, by opposing to protracted microtubule-based movements,
they possibly facilitate organelle docking [99]. Furthermore, myosin VI is important for the
localization of axonal proteins, as disruption of myosin VI leads to dendritic localization of axonal
proteins, possibly by an increase of endocytosis at dendrites that stimulates transcytosis [100].
Importantly, absence of myosin Va in humans causes Griscelli syndrome, a neurological disease [101].
Fast retrograde transport in motor neurons also requires actin microfilaments [102,103]. Indeed,
expression of a dominant negative form of myosin Va causes a general reduction of movement in
dendrites and axon [103]. In axons, in particular, retrograde speed of large dense core vesicles is
significantly reduced, suggesting that myosin Va facilitates retrograde axonal transport [103].
Importantly, tetanus toxin-containing retrograde carriers colocalize with myosin Va and depletion of
myosin Va causes slower retrograde axonal transport, suggesting a requirement for a coordination
between myosin and microtubule-dependent motors [102].
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4.2. Rab Proteins and Neuronal Trafficking

Rab proteins coordinate vesicular trafficking, regulating the different aspects of vesicle formation,
movement, targeting and fusion [10,11,13,14]. They are recruited on the forming vesicles and control
formation of the vesicle from a donor compartment, selection of the cargo of the vesicle, transport of
the vesicle on cytoskeletal tracks to reach the target compartment and tethering and fusion of
the vesicle with the target compartment [10,13,15]. Each Rab protein, in order to accomplish all of
these functions, interacts with several molecular partners and recruits them on the vesicle
membrane [10-13,15,16]. There are approximately 70 different Rab proteins in mammalian cells, and
this complexity is required to regulate all different transport steps [10—13,15,16]. In specialized cells,
either specific Rab proteins are present in order to control particular transport routes or a given Rab
protein is able to accomplish additional specific functions by, for example, interacting with
cell-specific effector proteins. A number of Rab proteins are specifically and/or predominantly
expressed in the brain. Here we will analyze Rab proteins that regulate specific transport pathways
present in neurons or specific neuronal functions and then, specifically, we will focus on Rab proteins
that control neurotrophin trafficking and signaling.

The Rab3 subfamily, composed of Rab3A, Rab3B, Rab3C and Rab3D, is the first group of Rab
proteins that has been associated with neuronal-specific trafficking. Indeed, the Rab3 subfamily is
responsible for the docking, fusion and recycling of synaptic vesicles and, thus, for regulated secretion
and neurotransmitter release [104,105]. Rab3A, in particular, is required for the assembly and transport
of vesicles in fast anterograde axonal transport [106,107]. The ligation of the sciatic nerve causes
accumulation of Rab3A-positive vesicles proximal of the ligation site, but no retrograde accumulation
is observed [107]. Furthermore, presynaptic vesicles containing APP are Rab3a-positive, and in
Rab3aGAP knock-down brains, a reduction of kinesin-1 and two Rab3a-interacting proteins is
observed, indicating that Rab3a GTPase activity is required for correct assembly of APP-containing
vesicles [106].

Rab8 regulates trafficking of TGN to the plasma membrane, which is important in neurons, as
depletion of Rab8 prevents neurite outgrowth and inhibits anterograde formation and transport of
vesicles [108]. Indeed, it has been demonstrated that Rab8 antisense oligonucleotides inhibit
movement of anterograde vesicles and growth cone activity [108]. Furthermore, in neuronal cells
treated with Rab8 antisense oligonucleotides and labeled with Bodipy-ceramide, fluorescence was
restricted to the Golgi and no labeled post-Golgi vesicles were detected, indicating that Rab8 is
fundamental for the formation and/or budding of vesicles from the Golgi [108]. Furthermore, Rab8
also localizes to recycling tubules that fuse with the plasma membrane, delivering membranes for
protrusion formation, thus explaining its role in neurite outgrowth [109].

Another Rab protein with a specific role in neurons is Rab13. Although Rab13 regulates transport
of TGN to recycling endosomes, it is also important for the regulation of neurite outgrowth, possibly
because of the importance of supplying membranes to recycling endosomes in order to deliver
membranes to the cell surface in order to support neurite outgrowth [110].
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4.3. Rab Proteins and Anterograde Axonal Transport

Anterograde transport of molecules released into the axonal termini is either a mechanism of
neurotrophic support or a quick way to respond to the physiological demand of molecules or
membranes. For example, the anterograde transport of plasmalemmal precursor vesicles, which are
found in growing neurites and involved in plasma membrane expansion, is mediated by a complex
formed of three elements, c-Jun N-terminal kinase-interacting protein 1 (JIP1), kinesin-1 light chain
(KLC) and GTP-bound Rabl10 [111-113]. The biogenesis of Rab10-positive vesicles, necessary for
axonal outgrowth, is also controlled by Myosin Vb, indicating cooperation between actin cytoskeleton,
tubulin cytoskeleton and motor elements, in order to achieve efficient axonal transport [114]. Rab10
regulates trafficking of TGN to the plasma membrane, and it has been demonstrated that expression of
wildtype or constitutively active Rab10 induces axonal arborization, while expression of a dominant
negative form of Rab10 inhibits it [115,116]. Indeed, activation of Rab10 stimulates trafficking and fusion
of membrane precursor vesicles with the plasma membrane, thus supporting axonal growth [116].

4.4. Rab Proteins and Anterograde Trafficking of Neurotrophin Receptors

After synthesis in the endoplasmic reticulum (ER) and maturation in the ER and the Golgi, vesicles
containing Trk receptors are either delivered to the plasma membrane of the soma and dendrites or
move towards axon terminals using kinesin motors along microtubule rails [89,117,118]. In particular,
it has been demonstrated that TrkB-containing vesicles are anterogradely transported in axons through
direct interaction of TrkB with the Slp1-Rab27 complex [119]. Two Rab27 isoforms are expressed in
mammalian neurons: Rab27A, which is weakly expressed, and Rab27B, which is strongly expressed [120].
Both of these isoforms are able to associate with the TrkB receptor and regulate the anterograde
transport of TrkB-containing vesicles [119]. Notably, sortilin enhances anterograde transport of Trk
receptors [118] and, as Rab7b regulates sortilin trafficking in HeLa cells, it would be interesting to test
if this GTPase has a role in trafficking Trks in neurons through its interaction with sortilin [121,122].
Direct axonal anterograde transport, however, is not the only route for delivery of Trk receptors to
axons. In fact, in sympathetic neurons, an alternative transport route based on transcytosis has been
demonstrated. In this endocytosis-dependent pathway, Trk receptors are delivered to somatodendritic
surfaces and then endocytosed and transported anterogradely via recycling endosomes into the axon
terminal [86]. Transport of neurotrophin receptors into axons by transcytosis occurs via Rab11-positive
recycling endosomes and represent a rapid way to mobilize ready-synthesized receptors present on the
soma and/or dendritic membranes, thus enhancing neuronal sensitivity [86] (Figure 2). Rabll
regulates recycling endosomes towards the plasma membrane and several studies have shown that
Rabl1 promotes neuritogenesis through its effector protrudin in hippocampal neurons in culture, in
PC12 cells and in dorsal root ganglia [123—125]. In addition, the BDNF-TrkB complex is transported
to dendrites in Rab11-positive vesicles, which induces dendritic branching [126].

A recent interesting work demonstrated that Rabl1-dependent recycling is important to modulate
TrkB-regulated synaptic plasticity [127]. In fact, chemical long-term potentiation stimuli increases
endocytic recycling of BDNF/TrkB by promoting Rab11 nucleotide exchange [127]. As a result, an
increase of BDNF-induced kinase activation is detected and leads to enhanced rat hippocampal neuron
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survival, thus indicating that recycling endosomes could represent a reserve pool of TrkB functional
for long-term potentiation maintenance [127].

4.5. Rab Proteins and Retrograde Axonal Transport of Neurotrophin Receptors

Several studies indicate that administration of neurotrophins to the axon terminal causes the
formation of a ligand-activated receptor that is endocytosed and enclosed in vesicles that are actively
transported along microtubules [128,129]. Thus, neurotrophins, produced and secreted by the target
tissue, bind to their specific receptors at the axon terminals and, subsequently, activated
neurotrophin/receptor complexes have to be retrogradely transported towards the soma by the
microtubule-dependent motor protein dynein in order to modulate gene expression to promote survival
of target neurons [130,131]. Key players of retrograde axonal transport of neurotrophin receptors are
the Rab5 and Rab7 GTPases and dynein. Rab5 regulates early endosome (EE) formation and fusion
along the endocytic pathway while Rab7 regulates transport to late endocytic compartments [132—134]. It
was demonstrated that the amount of TrkA increases in Rab5- and EEA1-positive vesicles in PC12
cells treated with NGF and that NGF-TrkA complexes are present in early endosomes positive for
Rab5 in DRG neurons [66,135]. Therefore, after internalization by clathrin-mediated endocytosis or
macropinocytosis, neurotrophin receptor complexes move into Rab5-positive early endosomes [8]
(Figure 2). These endosomes then undergo a Rab5-to-Rab7 transition that, in the case of neurotrophin
receptor-containing endosomes, is not accompanied by acidification [130,136]. Indeed, it has been
demonstrated that p7SNTR, TrkB and BDNF share the same retrograde transport pathway that is
controlled by the Rab5 and Rab7 GTPases [130]. Docking and fusion of early endosomes require Rab5
and PI3K activity [132]. Rab5 interacts with and transiently recruits the PI3K hVPS34 onto the
endosomal membrane in order to obtain, in a confined region of the endosomal membrane, a
production of PtdIns(3)P [137]. EEAL1, a tethering and fusion factor that interacts with Rab5, binds
PtdIns(3)P through a FYVE finger motif and, therefore, Rab5 is able to recruit EEA1 on endosomal
membranes by direct interaction but also, more efficiently, on endosomal membrane microdomains
enriched with PtdIns(3)P [137].

Rab5-positive endosomes fuse with each other as part of the early endosomal network in order to
concentrate cargoes and subsequently progress to late endosomes [138]. TrkA-containing endosomes
have lower Rab5 activity in order to divert from the early endosomal network and to become
specialized signaling endosomes [139,140]. In fact, in PC12 cells, NGF-activated TrkA decreases
Rab5 activity via RabGAPS, a protein that stimulates GTP hydrolysis, and promotes neurite outgrowth,
dendritic branching and differentiation [139,140]. In contrast, expression of a constitutively active
Rab5 mutant or of Rabex-5 (a specific Rab5 GEF that activates Rab5) inhibits neurite outgrowth,
while expression of a dominant-negative Rab5 mutant induces outgrowth [139]. Rabex-5 acts not only
on Rab5 but also on Rab21 and Rab22, two Rab proteins localized on early endosomes that regulate
endosomal trafficking [141,142]. Rab22 in particular has also been demonstrated to control the sorting
of transferrin to recycling endosome ligands [143,144]. Similarly to Rab5, expression of a
constitutively active mutant of Rab21 inhibits neurite outgrowth [145,146]. Unlike Rab5 and Rab21,
whose expression blocks NGF-signaling endosomes and reduces neurite outgrowth [139,147,148],
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Rab22 acts as a positive modulator. In fact, its expression promotes the formation of pTrkA-containing

signaling endosomes and NGF-induced neurite outgrowth [148].

Figure 2. Regulation of neurotrophin receptor trafficking by Rab GTPases. Neurotrophins
bind to their receptors at the axonal terminal. After binding, receptors are activated and the
activated complexes are internalized into Rab5-, Rab21- and Rab22-positive early endosomes
(EEs), which are also called signaling endosomes because, in these vesicles, signaling
continues and is able to activate cascade pathways that promote neurite outgrowth and
dendritic branching. Signaling endosomes undergo a Rab conversion mechanism (Rab5 is
replaced by Rab7) and are retrogradely transported along the axon toward the cell body to
Rab7-positive late endosomes (LEs). This retrograde transport on microtubules is mediated
by the dynein-dynactin motor complex. LEs are also signaling organelles that promote
modulation of gene expression in the nucleus. Neurotrophin receptors after synthesis are
inserted into the plasma membrane of dendrites and the cell body, where they can bind the
ligand and induce dendritic branching. In the absence of neurotrophins, receptors are
transcytosed via Rabl1-positive recycling endosomes (REs) and reach the axonal termini
via anterograde transport mediated by kinesin-1 on microtubule rails.
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During endosome maturation from early to late endosome, there is a Rab conversion mechanism in
which Rab5 is replaced by Rab7 [138]. Rab7 is a ubiquitous small GTPase that controls transport to
late endocytic compartments and regulates the maturation of autophagic vacuoles and of

phagolysosomes [133,134,149-151]. Endosomes containing Trk receptors also undergo

Rab

conversion (Figure 2). Interestingly, in NGF-stimulated PC12 cells, expression of a dominant-negative
Rab7 mutant causes TrkA storage in endosomes [152]. In addition, inhibition of Rab7 increases TrkA

phosphorylation and consequently results in potentiated ERK1/2 phosphorylation, potentiated neurite
outgrowth and upregulation of the neuronal differentiation marker GAP-43 (growth-associated protein
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43) [152,153]. Therefore, it was hypothesized that Rab7 is able to control the residence time of TrkA
in signaling endosomes, holding neurotrophin receptors in endosomes and building a signaling
platforms [152,154].

Retrograde axonal transport of signaling endosomes is also controlled by activated kinases. In rat
embryonic neurons and PC12 cells, Trk activation of the ERKI1/ERK2 kinase pathway causes
phosphorylation of the dynein intermediate chain and induces recruitment of cytoplasmic dynein to
signaling endosomes, thus stimulating their retrograde transport from axonal periphery to the cell
center [155]. Indeed, inhibition of ERK1/ERK2 reduces phosphorylation of the intermediate chain of
dynein and, consequently, the amount of dynein present on Trk- and Rab7-containing endosomes [155]. As
a consequence, a reduction of motility of Trk- and Rab7-containing vesicles is observed upon
inhibition of ERK1/ERK2 [155].

Another important factor for the success of axonal retrograde transport of endosomes is the actin
cytoskeleton [156]. In particular, actin depolymerization is fundamental for the initiation of retrograde
transport of NGF-TrkA endosomes along the axon. After the formation of Rab5-positive early
endosomes, actin depolymerization, mediated by cofilin (an actin filament severing protein) and Racl
(a regulator of actin cytoskeleton), takes place on NGF-TrkA endosomes, allowing them to start their
journey to the soma. These actin-regulatory endosomal components are not recruited on NT3-TrkA
endosomes, resulting in an inability of NT3 to elicit TrkA signaling endosomes, which is most likely
due to the instability of NT3-TrkA complexes in the acidic endosomal environment [156]. Indeed,
axonal retrograde transport of NT3-TrkA-containing endosomes occurs only upon treatment with
bafilomycin, a drug that blocks vacuolar ATPase and inhibits endosomal acidification [156].

In neurons, autophagosomes also undergo retrograde axonal transport. Autophagosomes are
continuously formed at the axon tip while they are rarely formed in dendrites or in the soma [157].
Nascent autophagosomes do not incorporate membranes from the plasma membrane or mitochondria,
but rather are formed from specialized ER membrane domains [157]. Proteins are then recruited on
autophagosomes in an ordered way, and distal biogenesis possibly facilitates degradation of
mitochondria and proteins that reach the tip of the axon by anterograde axonal transport [157].
Constitutive autophagy in neurons is fundamental for neuronal survival, and autophagy dysfunctions
have been detected in several neurodegenerative and age-related diseases [158]. Autophagy, as well as
other membrane trafficking processes, is regulated by Rab proteins [159]. There are some indications
that neurotrophins and, in particular, neurotrophin receptors are involved in autophagy [160,161].
Indeed, it has been demonstrated that p75NTR is required for Purkinje neuron survival in the presence
of trophic support, while trophic factor withdrawal induces autophagy [161]. Furthermore, TrkA
activation in human glioblastoma cells can induce autophagy [160]. It will be interesting to investigate
the possible relationship between Rab proteins and neurotrophin receptors with respect to autophagy.

4.6. Rab Proteins and Microtubule Motors

A number of Rab proteins are able to interact directly or through their effector proteins with
microtubule motors and are thus good candidates for having a role in axonal transport, whose key
players are indeed molecular motors.
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For example, Rab6A and Rab6A’ promote microtubule-dependent recycling of Golgi enzymes to
the ER starting from the TGN [162]. Constitutively active Rab6A and Rab6A’ mutants are localized to
the ER compartment, in contrast to the wildtype proteins, which are mainly present at the Golgi, and
reduced levels of Rab6A and Rab6A’ perturb the Golgi apparatus, resulting in aberrant morphology of
this compartment and an impairment in Golgi-to ER recycling [162]. Importantly, Rab6A and Rab6A’
interact with dynactin, a complex important for dynein activity, and overexpression of a dynactin
subunit efficiently inhibits Golgi-to-ER recycling, strongly suggesting that the function of Rab6A and
Rab6A’ is mediated by dynactin [162].

Alternatively, GTP-bound Rab14 directly binds kinesin 16B, and expression of a dominant negative
form of Rabl4 impairs biosynthetic transport of FGFR from the Golgi to endosomes, thus altering
signaling and leading to defects in early development [163]. These data link defects in microtubule-based
membrane trafficking to development and could be of great relevance for neurons [163].

Examples of Rab effectors directly interacting with microtubule molecular motors are Rip11/FIP5
and Rabl1/FIP3. Ripl11/FIP5, a Rabll effector protein present on peripheral endosomes and
fundamental for the slow recycling pathway, interacts with kinesin 2 [164]. Rab11-FIP3, another
Rabl1 interactor, interacts with dynein light intermediate chain 1 and recruits it on Rabl1-positive
membranes [165]. This interaction is needed in order to accumulate endosomal-recycling compartment
proteins pericentrosomally [165]. Thus, Rab11-FIP3 is important to link Rab11 to dynein in order to
transport material to the pericentrosomal recycling endosomal compartment [165].

Investigating the role of Rab proteins interacting with microtubule and actin filament molecular
motors either directly or through their effector proteins in neuronal cells will surely lead to the
identification of new regulators of axonal transport.

5. Neurodegenerative and Age-Related Diseases: Consequences of Alterations of
Neurotrophin Trafficking

The axonal transport machinery is essential for neuronal differentiation, survival and plasticity;
thus, defects in trafficking and vesicular transport are implicated in many neurodegenerative and
age-related diseases [166,167]. Given the important role of neurotrophin signaling, alterations in
neurotrophin receptor trafficking are highly detrimental for neurons, which is a key factor for several
human diseases.

5.1. Alzheimer’s Disease (AD)

AD, a neurodegenerative disorder that is commonly observed in people over 65 years, is
characterized by memory loss and cognitive decline. It is also known as senile dementia and is caused
by the formation of B-amyloid peptide (senile plaques) in the brain and neurofibrillary tangles
containing microtubule-associated Tau protein in the neuronal cell body. B-amyloid peptide is
generated by sequential proteolysis by B- and y-secretase of amyloid precursor protein (APP), a
transmembrane protein that is highly expressed in the brain [168]. Alzheimer’s disease is characterized
by abnormal accumulation of B-secretase and increased production of B-amyloid peptide, with
B-secretase-containing vesicles moving retrogradely in dendrites and in both directions in axons [169,170].
There is a strong link between AD and changes in neurotrophin axonal transport. f-amyloid oligomers
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impair retrograde trafficking of BDNF/TrkB activated complexes, thus altering synaptic plasticity,
which is important for memory and cognition [171,172]. NGF is important to determine Tau protein
levels. Indeed, NGF stimulation of PC12 cells causes an increase in Tau protein levels and induces Tau
dephosphorylation, while in the absence of NGF, hyperphosphorylation of Tau is observed [173,174].
Furthermore, in the cortex and hippocampus of AD brains, mRNA and protein levels of BDNF and
TrkB are significantly reduced [175-177]. Anterograde axonal transport of APP is trigged by direct
binding of APP to kinesin-1 [178] and it is regulated by Rab3A [106]. In addition, several different Rab
proteins are involved in the regulation of APP activity and, therefore, of B-amyloid peptide levels [169].
Rabl1 controls endosomal recycling of B-secretase to the plasma membrane and B-amyloid peptide
production, which decreases when Rabll is silenced [179]. Epsl5-homology-domain-containing
(EHD) 1 and 3 proteins coordinate Rab-mediated endocytic trafficking and are present together with
Rab11 on B-secretase-containing vesicles [170]. Expression of dominant negative mutants of EHDI or
of EHD3 drastically reduces retrograde transport of -secretase-containing vesicles, indicating that
Rabl1, forming a complex with EHD protein via Rab11FIP2, is a main regulator of trafficking of
B-secretase-containing vesicles [170]. In hippocampal neurons and in cholinergic basal forebrain
neurons of AD patients, microarray analysis revealed that rab4, rab5 and rab7 gene expression
levels were up-regulated during disease progression, whereas expression of #rk genes was
down-regulated [180,181]. Thus, an increased endocytic flux could be responsible for the decrease in
neurotrophin receptor signaling due to premature degradation of signaling complexes, contributing to
neurodegenerative progression [180,181]. Anterograde axonal transport of APP is also regulated by
presenilins (PS) [182], which are transmembrane proteins that regulate the proteolytic event
ofy-secretase [183]. Moreover, PS interact with a number of Rab proteins, such as Rabll and
Rab6 [184,185], thus probably acting as a regulator of vesicular trafficking [186]. Indeed, in cells
overexpressing PS or in PS-silenced cells, there are abnormal Trk signaling and trafficking, thus
reinforcing the idea that PS regulate neurotrophin axonal transport and signaling by acting in concert
with a number of Rab proteins [187].

5.2. Amyotrophic Lateral Sclerosis (ALS)

Also known as a motor neuron disease (MND), ALS is a fatal progressive neurodegenerative
disease caused by loss of motor neurons in the brain and in the spinal cord. In ALS patients, the ability
for the brain to initiate and control muscle movement is progressively lost, leading to total paralysis
and eventually death. There are several different types of ALS. The main form (90%-95% of ALS
cases) is sporadic and it is not due to genetic inheritance. Mutations in at least 15 several genetic loci,
including C9orf72, SODI, and ALS2, cause approximately 30% of familial ALS cases [188]. A
transgenic mouse model with human superoxide dismutase 1 (SOD1) mutations shows altered axonal
transport [189]. Unlike control mice, SOD1 mutants interact with the dynain-dynactin complex [190].
Additionally, the flavonoid 7,8-dihydroxyflavone (7,8-DHF), a TrkB agonist that induces the same
effects of BDNF, has a neuroprotective effect, improving differentiation and survival of motor neurons
in a SOD1 mutant mouse model [191]. p75NTR is highly expressed in a mouse model of ALS carrying
a SODI mutation, indicating a potential role of p75NTR in disease progression and axonal
degeneration, and its extracellular domain is cleaved following pro-apoptotic ligand binding [192,193].
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In SOD1 mutant mice, there is an accumulation of intracellular APP in abnormally enlarged APP- and
Rab7-positive endosomal compartments, indicating an impairment in retrograde vesicle trafficking
[194,195]. The correlation between alterations in vesicle trafficking and ALS is corroborated by another
mutation found in familial ALS, Alsin2 protein (ALS2), a putative guanine-nucleotide exchange factor
for Rab5 and Racl [196,197]. The interaction between ALS2 and Rab5 can modulate the signaling of
neurotrophins [198]. In fact, ALS2-defective mutant mice showed a strong decrease in endosome
trafficking via Rab5 and abnormalities in BDNF endosomal transport [199].

Another cause of familial ALS is a hexanucleotide (GGGGCC) repeat expansion in the intronic
region of chromosome 9 open reading frame 72 (C9orf72). C9orf72 is structurally related to DENN
(differentially expressed in normal and neoplasia) Rab exchange factor [200]. In neuronal cell lines
and primary cortical neurons, C9orf72 colocalizes with Rabl, Rab5, Rab7 and Rabl1, and regulates
endocytosis and autophagy [201]. Interestingly, depletion of C9orf72 inhibits internalization of TrkB [201].
In motor neurons of ALS patients bearing the C9orf72 mutation, there is an increase in association
between C9orf72 and Rab7 and Rabl1, suggesting that there is an impairment of endosomal trafficking in
these patients [201].

5.3. Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth disease (CMT) is the most common inherited neuromuscular disorder, with a
prevalence of 1 per 2500 individuals, and more than 40 genetic loci associated with different forms of
the disorders have been identified. It is a degenerative nerve disorder that causes muscle weakness and
atrophy in the feet, legs, hands and forearms. Muscles fail to receive stimulation from the nerves, and
then begin to waste away, leading to atrophy. There are several forms of CMT. Charcot-Marie-Tooth
hereditary neuropathy type 2B (CMT2B) is an axonal (non-demyelinating) peripheral neuropathy,
clinically characterized by mild sensory loss, normal or near-normal nerve conduction velocities and
distal muscle atrophy. This form of the disease is also characterized by a high frequency of foot ulcers
and infections that often result in amputations of the toes and of the feet and, thus, is also called
ulcero-mutilating neuropathy [202-204]. CMT2B is caused by five missense point mutations in the
Rab7 protein: L129F, K157N, N1611, N161T and V162M [205-208]. As retrograde transport of
neurotrophin-TrkA and -TrkB receptor-active complexes in signaling endosomes along the axon is
under the control of Rab5 and Rab7 proteins [68,130], CMT2B-causing Rab7 mutant proteins could
alter neurotrophin trafficking and signaling. In fact, expression of CMT2B-causing Rab7 mutant
proteins impairs neurite outgrowth and neuronal differentiation in several different cell lines [153,209].
Furthermore, expression of CMT2B-causing Rab7 mutant proteins alters axonal transport,
destabilizing the equilibrium between the rates of anterograde and retrograde transport [210]. Indeed,
in rat dorsal root ganglion (DRG) neurons expressing the CMT2B Rab7 mutant proteins, anterograde
transport was increased, with vesicles bearing CMT2B Rab7 mutants being faster in the anterograde
direction compared to vesicles bearing wildtype Rab7 [210]. Furthermore, expression of CMT2B-causing
Rab7 mutant proteins decreased binding of neurotrophins at the cell surface and decreased
ERKI1/ERK2 activation, thus suggesting premature degradation of TrkA and premature termination of
signaling [210].
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5.4. Huntington’s Disease (HD)

HD is an inherited autosomal-dominant neurodegenerative disorder, characterized by impairment of
movement, cognitive decline and emotional problems, with onset in the middle age. HD is
characterized by the loss of striatal and cortical neurons and it is caused by a polyglutamine expansion
in the Huntingtin (Htt) protein. Htt is a 350 kDa ubiquitously expressed vesicle-associated protein
localized in different cellular compartments: the Golgi [211], early endosomes [212] and recycling
endosomes [213]. The polyglutamine repeats cause misfolding and aggregation of the Huntingtin
protein [214].

There is strong evidence that HD is associated with alterations in axonal transport. In striatal
neurons, expression of Htt mutants disrupts fast axonal transport [215]. Htt interacts with microtubule
motors via HAP-1 (Htt-associated protein 1), as well as with dynein intermediate chain [216] and
kinesin-1[217], thus driving anterograde and retrograde transport. Htt, associated with HAP-1 and the
p150©!ued subunit of dynactin, increases BDNF vesicular transport, which is decreased in HD [218].
Moreover, phosphorylation of Htt at serine 421 by Akt controls both anterograde and retrograde
transport of BDNF in neurons. Phosphorylation induces anterograde transport, recruiting kinesin-1,
while dephosphorylation of Htt removes kinesin-1 and favors dynein-mediated retrograde transport [219].
Htt is also a regulator of BDNF-TrkB dendritic retrograde transport in the striatum. In HD, this
transport is altered, resulting in neurodegeneration. Indeed, signaling through ERK activation and c-fos
induction is decreased [220]. A similar situation is observed upon either silencing of Htt or expression
of a mutant form of Htt [220].

Importantly, Rab proteins have a key role in HD. Htt interacts with the optineurin-Rab8 complex,
which is involved in post-Golgi trafficking [221]. The Rab8 GTPase regulates trafficking of TGN to
the plasma membrane and optineurin is one of its effectors [211]. A mutant form of Htt exhibits
reduced interaction with the optineurin-Rab8 complex, causing altered post-Golgi trafficking to
lysosomal compartments [211]. In addition, the Htt and HAP40 (Htt-associated protein 40) complex is
a Rab5 effector that controls early endosomes motility [212]. In HD, HAP40 is up-regulated, causing a
decrease in motility of Rab5-positive endosomes [212]. As Rab5-positive endosomes are involved in
retrograde transport of activated neurotrophin/receptor complexes, it is possible that altered Rab5-
mediated trafficking of neurotrophins has a relevant role in the development of HD. Moreover, Rab5
overexpression reduces toxicity of the Htt mutant protein, while inhibition of Rab5 increases toxicity
via macroautophagy regulation [222].

Rabl11, a Rab proteins involved in endosomal recycling, has a prominent role in HD. Indeed, Htt is
present in a complex with Rabll and stimulates Rabll activation by inducing nucleotide
exchange [213,223-225]. Consistently, in cell and animal models of HD, Rabl1 is less active, thus
causing delayed recycling of cargoes from recycling endosomes to the plasma membrane [213,223-225].
Furthermore, Rabl1-positive vesicles exhibited alterations of transport upon reduction of Htt, of
dynein or of kinesin, demonstrating that Htt as well as both motors are required for correct transport of
Rab11-positive vesicles [226]. In addition, Rab11, which controls trafficking of the glutamate/cysteine
transporter EAAC1 from the recycling endosomes to the plasma membrane, has also a role in
oxidative stress, one of the causes of neurodegeneration in HD [227]. Indeed, Rabl1 dysfunction
caused by mutant Htt impairs EAACI delivery to the plasma membrane, resulting in reduced cystein
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uptake and deficient glutathione synthesis [227]. Furthermore, Rabl1 dysfunction impairs glucose
uptake in HD, possibly because of altered recycling of glucose transporters to the plasma membrane [228].
Importantly, expression of a constitutively active Rab11 mutant is able to restore endosomal recycling,
thus reducing oxidative stress and normalizing glucose uptake [224,227,228]. Moreover, in a
Drosophila model of HD, overexpression of Rabl11 is able to revert early synaptic dysfunctions, such
as the decrease in presynaptic vesicle size, the reduced quantal amplitudes and evoked synaptic
transmission, and the alterations of larval crawling [229]. All of these data indicate a central role for
Rabl1 in HD and suggest that restoring Rab11 activity could be a targeted therapy for HD, as it could
revert several dysfunctions.

Alterations of autophagy, a process important to maintain cellular homeostasis in neurons, have
been associated with a number of neurodegenerative diseases, including HD [230]. Recently, it has
been demonstrated that two distinct populations of Rab7-positive vesicles move retrogradely, and one
population is labeled with the LC3 autophagy marker, thus representing autophagosomes [230].
Knockdown of JIP1, a protein that binds to dynein and kinesin-1, does not alter the biogenesis of
autophagosomes at the axonal tip, but alters their axonal retrograde motility [230]. Thus, JIPI is a
motor adaptor protein important for retrograde axonal transport of Rab7-positive autophagosomes [230].

5.5. Aging

Age-related functional defects such as cognitive decline, sensory perception and motor impairment
are characterized by degenerative changes in the central and peripheral nervous systems due to a
significant reduction in neuronal plasticity [231,232]. Indeed, while a significant loss of sensory and
motor neurons is not detected, with age, neurons show changes in gene expression, morphology and
connectivity, leading to degeneration [233]. Degeneration is due, at least in part, to changes in
expression of neurotrophin and/or neurotrophin receptors [231,232]. For example, in aged rats, a
decrease in all Trk receptors was observed and an attenuation of neurotrophic signals with advancing
age has been suggested [231]. Reduced transcription, impaired protein synthesis and processing of
BDNF, accompanied by decreased activation of the TrkB receptors, has been detected in aged rats,
suggesting that therapeutic strategies could be based on restoring neurotrophin levels and functions [232].
Furthermore, disruption of axonal retrograde transport of neurotrophin might contribute to age-related
diseases such as Alzheimer’s disease and Down syndrome, suggesting the involvement of Rab
proteins [234]. In fact, the expression profile of cells committed to senescence has been studied in
various systems and alterations in Rab protein expression have been detected [235-237]. For instance,
Rab3a expression decreases during aging and in Alzheimer’s disease [237]. However, an increase in
membrane-associated Rab3a has been detected in aging mice [238,239]. Notably, altered lysosomal
functionality has been related to aging and age-related diseases, indicating that positive lysosomal
modulation, obtained also by increasing Rab function and thus trafficking, could be a strategy to treat
age-related protein accumulation disorders [240]. Moreover, a study in C. elegans showed that Rab5
and its interacting protein Rabx-5 are responsible for disorganization of the endosomal compartment
that occurs during aging, as Rabx-5 mutants age faster [241]. Furthermore, loss of Rab Escort protein 1
(REP-1) function, which is important for prenylation of Rab proteins, causes age related changes [242].
Interestingly, deficiency of the pro-neurotrophin receptor sortilin prevents age-dependent degeneration
of sympathetic neurons in mice and protects mice with lesioned corticospinal neurons from death [243].
Notably, as Rab7b interacts with sortilin and regulates sortilin trafficking, it will be interesting to test
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the role of Rab7b in neurons, looking in particular at aging [122].

Thus, the data obtained on aged animals indicate that an important factor in aging is represented by
decreased neurotrophin and neurotrophin receptor expression levels, accompanied by alterations of
Rab protein expression that could modify neurotrophin receptor trafficking.

6. Conclusions

The discovery of neurotrophins has opened the doors to a new and unexplored world that is slowly
revealing all its complexity, unraveling a complex network of interactions. Neurotrophins and their
receptors, through different signaling pathways, participate in many processes leading to neuronal
development and functions, such as axonal growth, dendritic branching, synaptic plasticity, cell
survival or cell death. Each of these processes consists of several steps, which are not completely
known or characterized. Small alterations of neurotrophin trafficking and signaling have devastating
consequences on neuronal functionality. The hot spot for excellence is represented by altered axonal
transport. Indeed, alterations of axonal transport lead to several neurodegenerative diseases, such as AD,
ALS, CMT and HD.

In this review, we have analyzed the involvement of a number of Rab proteins in trafficking and
signaling of neurotrophin receptors. Rab proteins have a predominant role in the regulation of vesicular
cellular trafficking, through which a great number of processes, such as cell proliferation, cell nutrition,
innate immune response, mitosis and apoptosis, are settled. In the case of neurotrophin receptor
trafficking and signaling, Rab proteins could represent the “Ariadne’s thread” for a better
understanding of the physiological and pathological mechanisms because the neurotrophin-receptor
complexes take advantage of vesicular transport regulated by Rab proteins (such as Rab5 and Rab7 in
the case of “signaling endosomes” and Rabl1 in the case of recycling endosomes) in order for their
signaling to reach the target sites.

There is still much to be explored to unravel this tangle of interactions involved in neurotrophin
receptor trafficking and signaling where Rab proteins are key players. Clearly, motor and sensory
neurons are more vulnerable to small impairment in the vesicular transport than other cell types
because they are characterized by very long axons. Moreover, the bottleneck in the study of
neurodegenerative disease is represented by the lack of suitable experimental models, due to the large
amount of time for the onset of the disease. In fact, these disorders usually show the first signs in the
early or, more frequently, late adulthood. The understanding of the precise role of Rab proteins in the
regulation of neurotrophin-dependent processes will lead to the discovery of some of the underlying
mechanisms of neurodegeneration and will open the way to effective treatments.

Acknowledgments

Work performed in the authors’ laboratories was supported by AIRC (Associazione Italiana
per la Ricerca sul Cancro, Investigator Grant No. 14709 to Cecilia Bucci), Telethon-Italy (Grant
No. GGP09045 to Cecilia Bucci) and MIUR (PRIN2010-2011 to Cecilia Bucci).



Membranes 2014, 4 662

Author Contributions

Cecilia Bucci designed the work, did literature search, wrote the manuscript, revised the manuscript
and proofread it. Pietro Alifano wrote the manuscript and revised it. Laura Cogli did literature search,
made the figures and wrote the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Levi-Montalcini, R.; Hamburger, V. Selective growth stimulating effects of mouse sarcoma on
the sensory and sympathetic nervous system of the chick embryo. J. Exp. Zool. 1951, 116, 321-361.

2. Cohen, S.; Levi-Montalcini, R.; Hamburger, V. A nerve growth-stimulating factor isolated from
sarcom as 37 and 180. Proc. Natl. Acad. Sci. USA 1954, 40, 1014—-1018.

3. Barde, Y.A.; Edgar, D.; Thoenen, H. Purification of a new neurotrophic factor from mammalian
brain. EMBO J. 1982, 1, 549-553.

4.  Maisonpierre, P.C.; Belluscio, L.; Squinto, S.; Ip, N.Y.; Furth, M.E.; Lindsay, R.M,;
Yancopoulos, G.D. Neurotrophin-3: A neurotrophic factor related to NGF and BDNF. Science
1990, 247, 1446—-1451.

5.  Hallbook, F.; Ibafiez, C.F.; Persson, H. Evolutionary studies of the nerve growth factor family
reveal a novel member abundantly expressed in xenopus ovary. Neuron 1991, 6, 845—-858.

6. Ip, N.Y.; Ibaiiez, C.F.; Nye, S.H.; McClain, J.; Jones, P.F.; Gies, D.R.; Belluscio, L.; Le Beau,
M.M.; Espinosa, R.R.; Squinto, S.P.; et al. Mammalian neurotrophin-4: Structure, chromosomal
localization, tissue distribution, and receptor specificity. Proc. Natl. Acad. Sci. USA 1992, 89,
3060-3064.

7.  Hennigan, A.; O’Callaghan, R.M.; Kelly, A.M. Neurotrophins and their receptors: Roles in
plasticity, neurodegeneration and neuroprotection. Biochem. Soc. Trans. 2007, 35, 424-427.

8.  Howe, C.L.; Mobley, W.C. Long-distance retrograde neurotrophic signaling. Curr. Opin.
Neurobiol. 2005, 15, 40-48.

9. Howe, C.L.; Mobley, W.C. Signaling endosome hypothesis: A cellular mechanism for long
distance communication. J. Neurobiol. 2004, 58, 207-216.

10. Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10,
513-525.

11. Hutagalung, A.H.; Novick, P. Role of Rab GTPases in membrane traffic and cell physiology.
Physiol. Rev. 2011, 91, 119-149.

12. Barr, F.; Lambright, D.G. Rab GEFs and GAPs. Curr. Opin. Cell Biol. 2010, 22, 461-470.

13. Pfeffer, S.R. Rab GTPase regulation of membrane identity. Curr. Opin. Cell Biol. 2013, 25, 414-419.

14. Barr, F.A. Review series: Rab GTPases and membrane identity: Causal or inconsequential?
J. Cell Biol. 2013, 202, 191-199.

15. Buceci, C.; Chiariello, M. Signal transduction gRabs attention. Cell Signal 2006, 18, 1-8.



Membranes 2014, 4 663

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Aloisi, A.L.; Bucci, C. Rab GTPases-cargo direct interactions: Fine modulators of intracellular
trafficking. Histol. Histopathol. 2013, 28, 839-849.

Poon, V.Y.; Choi, S.; Park, M. Growth factors in synaptic function. Front Synaptic Neurosci.
2013, 5, doi:10.3389/fnsyn.2013.00006.

Weisenhorn, D.M.; Roback, J.; Young, A.N.; Wainer, B.H. Cellular aspects of trophic actions in
the nervous system. Int. Rev. Cytol. 1999, 189, 177-265.

Park, H.; Poo, M.M. Neurotrophin regulation of neural circuit development and function.
Nat. Rev. Neurosci. 2013, 14, 7-23.

Butte, M.J. Neurotrophic factor structures reveal clues to evolution, binding, specificity, and
receptor activation. Cell Mol. Life Sci. 2001, 58, 1003—1013.

Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function.
Annu. Rev. Neurosci. 2001, 24, 677-736.

Mowla, S.J.; Pareek, S.; Farhadi, H.F.; Petrecca, K.; Fawcett, J.P.; Seidah, N.G.; Morris, S.J.;
Sossin, W.S.; Murphy, R.A. Differential sorting of nerve growth factor and brain-derived
neurotrophic factor in hippocampal neurons. J. Neurosci. 1999, 19, 2069-2080.

Dicou, E. Multiple biological activities for two peptides derived from the nerve growth factor
precursor. Biochem. Biophys. Res. Commun. 2006, 347, 833—-837.

Dicou, E. Peptides other than the neurotrophins that can be cleaved from proneurotrophins: A
neglected story. Arch. Physiol. Biochem. 2007, 113, 228-233.

Lee, R.; Kermani, P.; Teng, K.K.; Hempstead, B.L. Regulation of cell survival by secreted
proneurotrophins. Science 2001, 294, 1945-1948.

Roux, P.P.; Barker, P.A. Neurotrophin signaling through the p75 neurotrophin receptor.
Prog. Neurobiol. 2002, 67, 203-233.

Kaplan, D.R.; Miller, F.D. Neurotrophin signal transduction in the nervous system. Curr. Opin.
Neurobiol. 2000, 10, 381-391.

Clary, D.O.; Reichardt, L.F. An alternatively spliced form of the nerve growth factor receptor
TrkA confers an enhanced response to neurotrophin 3. Proc. Natl. Acad. Sci. USA 1994, 91,
11133-11137.

Strohmaier, C.; Carter, B.D.; Urfer, R.; Barde, Y.A.; Dechant, G. A splice variant of the
neurotrophin receptor TrkB with increased specificity for brain-derived neurotrophic factor.
EMBO J. 1996, 15, 3332-3337.

Eide, F.F.; Vining, E.R.; Eide, B.L.; Zang, K.; Wang, X.Y.; Reichardt, L.F. Naturally occurring
truncated TrkB receptors have dominant inhibitory effects on brain-derived neurotrophic factor
signaling. J. Neurosci. 1996, 16, 3123-3129.

Sotthibundhu, A.; Sykes, A.M.; Fox, B.; Underwood, C.K.; Thangnipon, W.; Coulson, E.J.
Beta-amyloid(1-42) induces neuronal death through the p75 neurotrophin receptor. J. Neurosci.
2008, 28, 3941-3946.

Hasebe, N.; Fujita, Y.; Ueno, M.; Yoshimura, K.; Fujino, Y.; Yamashita, T. Soluble f-amyloid
precursor protein alpha binds to p75 neurotrophin receptor to promote neurite outgrowth.
PLoS One 2013, 8, doi:10.1371/journal.pone.0082321.



Membranes 2014, 4 664

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Della-Bianca, V.; Rossi, F.; Armato, U.; Dal-Pra, 1.; Costantini, C.; Perini, G.; Politi, V.;
Della Valle, G. Neurotrophin p75 receptor is involved in neuronal damage by prion
peptide-(106—-126). J. Biol. Chem. 2001, 276, 38929—38933.

Zhang, Y.W.; Chen, Y.; Liu, Y.; Zhao, Y.; Liao, F.F.; Xu, H. App regulates NGF receptor
trafficking and NGF-mediated neuronal differentiation and survival. PLoS One 2013, 8, e80571.
Skeldal, S.; Sykes, A.M.; Glerup, S.; Matusica, D.; Palstra, N.; Autio, H.; Boskovic, Z.; Madsen, P.;
Castrén, E.; Nykjaer, A.; et al. Mapping of the interaction site between sortilin and the p75
neurotrophin receptor reveals a regulatory role for the sortilin intracellular domain in p75
neurotrophin receptor shedding and apoptosis. J. Biol. Chem. 2012, 287, 43798-43809.

Bibel, M.; Hoppe, E.; Barde, Y.A. Biochemical and functional interactions between the
neurotrophin receptors Trk and p7SNTR. EMBO J. 1999, 18, 616—622.

Makkerh, J.P.; Ceni, C.; Auld, D.S.; Vaillancourt, F.; Dorval, G.; Barker, P.A. P75 neurotrophin
receptor reduces ligand-induced Trk receptor ubiquitination and delays Trk receptor internalization
and degradation. EMBO Rep. 2005, 6, 936-941.

Ceni, C.; Kommaddi, R.P.; Thomas, R.; Vereker, E.; Liu, X.; McPherson, P.S.; Ritter, B.;
Barker, P.A. The p75NTR intracellular domain generated by neurotrophin-induced receptor
cleavage potentiates Trk signaling. J. Cell Sci. 2010, 123, 2299-2307.

Song, W.; Volosin, M.; Cragnolini, A.B.; Hempstead, B.L.; Friedman, W.J. ProNGF induces
PTEN via p75NTR to suppress Trk-mediated survival signaling in brain neurons. J. Neurosci.
2010, 30, 15608-15615.

Hamanoue, M.; Middleton, G.; Wyatt, S.; Jaffray, E.; Hay, R.T.; Davies, A.M. P75-mediated
NF-kappaB activation enhances the survival response of developing sensory neurons to nerve
growth factor. Mol. Cell Neurosci. 1999, 14, 28—40.

Willnow, T.E.; Petersen, C.M.; Nykjaer, A. VpslOp-domain receptors regulators of neuronal
viability and function. Nat. Rev. Neurosci. 2008, 9, 899-909.

Huang, E.J.; Reichardt, L.F. Trk receptors: Roles in neuronal signal transduction. Annu. Rev.
Biochem. 2003, 72, 609—-642.

Segal, R.A.; Greenberg, M.E. Intracellular signaling pathways activated by neurotrophic factors.
Annu. Rev. Neurosci. 1996, 19, 483—489.

Pawson, T.; Nash, P. Protein-protein interactions define specificity in signal transduction.
Genes Dev. 2000, 14, 1027-1047.

Sciarretta, C.; Fritzsch, B.; Beisel, K.; Rocha-Sanchez, S.M.; Buniello, A.; Horn, JM.;
Minichiello, L. Plcy-activated signaling is essential for TrkB mediated sensory neuron structural
plasticity. BMC Dev. Biol. 2010, 10, doi:10.1186/1471-213X-10-103.

lacaruso, M.F.; Galli, S.; Marti, M.; Villalta, J.I.; Estrin, D.A.; Jares-Erijman, E.A.; Pietrasanta, L.I.
Structural model for p75(NTR)-TrkA intracellular domain interaction: A combined FRET and
bioinformatics study. J. Mol. Biol. 2011, 414, 681-698.

Uren, R.T.; Turnley, A.M. Regulation of neurotrophin receptor (Trk) signaling: Suppressor
of cytokine signaling 2 (SOCS2) is a new player. Front Mol. Neurosci. 2014, 7,
doi:10.3389/fnmol.2014.00039.

Sassone-Corsi, P.; Der, C.J.; Verma, .M. Ras-induced neuronal differentiation of PC12 cells:
Possible involvement of fos and jun. Mol. Cell Biol. 1989, 9, 3174-3183.



Membranes 2014, 4 665

49.

50.

51.

52.

53.
54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

Li, S.; Mattar, P.; Dixit, R.; Lawn, S.O.; Wilkinson, G.; Kinch, C.; Eisenstat, D.; Kurrasch, D.M.;
Chan, J.A.; Schuurmans, C. Ras/ERK signaling controls proneural genetic programs in cortical
development and gliomagenesis. J. Neurosci. 2014, 34, 2169-2190.

Riccio, A.; Ahn, S.; Davenport, C.M.; Blendy, J.A.; Ginty, D.D. Mediation by a CREB family
transcription factor of NGF-dependent survival of sympathetic neurons. Science 1999, 286,
2358-2361.

Holgado-Madruga, M.; Moscatello, D.K.; Emlet, D.R.; Dieterich, R.; Wong, A.J. Grb2-associated
binder-1 mediates phosphatidylinositol 3-kinase activation and the promotion of cell survival by
nerve growth factor. Proc. Natl. Acad. Sci. USA 1997, 94, 12419-12424.

Marte, B.M.; Downward, J. Pkb/akt: Connecting phosphoinositide 3-kinase to cell survival and
beyond. Trends Biochem. Sci. 1997, 22, 355-358.

Yuan, J.; Yankner, B.A. Apoptosis in the nervous system. Nature 2000, 407, 802—809.

Yuan, J.; Lipinski, M.; Degterev, A. Diversity in the mechanisms of neuronal cell death. Neuron
2003, 40, 401-413.

Brunet, A.; Datta, S.R.; Greenberg, M.E. Transcription-dependent and -independent control of
neuronal survival by the PI3K-AKT signaling pathway. Curr. Opin. Neurobiol. 2001, 11, 297-305.
Kauffmann-Zeh, A.; Rodriguez-Viciana, P.; Ulrich, E.; Gilbert, C.; Coffer, P.; Downward, J.;
Evan, G. Suppression of c-Myc-induced apoptosis by Ras signaling through PI(3)K and PKB.
Nature 1997, 385, 544-548.

Canossa, M.; Griesbeck, O.; Berninger, B.; Campana, G.; Kolbeck, R.; Thoenen, H.
Neurotrophin release by neurotrophins: Implications for activity-dependent neuronal plasticity.
Proc. Natl. Acad. Sci. USA 1997, 94, 13279-13286.

Loeb, D.M.; Stephens, R.M.; Copeland, T.; Kaplan, D.R.; Greene, L.A. A trk nerve growth
factor (NGF) receptor point mutation affecting interaction with phospholipase c-gamma 1
abolishes NGF-promoted peripherin induction but not neurite outgrowth. J. Biol. Chem. 1994,
269, 8901-8910.

Wong, J.; Oblinger, M.M. Differential regulation of peripherin and neurofilament gene
expression in regenerating rat DRG neurons. J. Neurosci. Res. 1990, 27, 332-341.

Beaulieu, J.M.; Julien, J.P. Peripherin-mediated death of motor neurons rescued by
overexpression of neurofilament NF-H proteins. J. Neurochem. 2003, 85, 248-256.

Cogli, L.; Progida, C.; Thomas, C.L.; Spencer-Dene, B.; Donno, C.; Schiavo, G.; Bucci, C.
Charcot-Marie-Tooth type 2b disease-causing rab7a mutant proteins show altered interaction
with the neuronal intermediate filament peripherin. Acta Neuropathol. 2013, 25, 257-272.
Watson, F.L.; Porcionatto, M.A.; Bhattacharyya, A.; Stiles, C.D.; Segal, R.A. TrkA glycosylation
regulates receptor localization and activity. J. Neurobiol. 1999, 39, 323-336.

Di Fiore, P.P.; de Camilli, P. Endocytosis and signaling: An inseparable partnership. Cell 2001,
106, 1-4.

Miaczynska, M.; Pelkmans, L.; Zerial, M. Not just a sink: Endosomes in control of signal
transduction. Curr. Opin. Cell Biol. 2004, 16, 400—406.

Grimes, M.L.; Zhou, J.; Beattie, E.C.; Yuen, E.C.; Hall, D.E.; Valletta, J.S.; Topp, K.S.; LaVail, J.H.;
Bunnett, N.W.; Mobley, W.C. Endocytosis of activated TrkA: Evidence that nerve growth factor
induces formation of signaling endosomes. J. Neurosci. 1996, 16, 7950-7964.



Membranes 2014, 4 666

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Delcroix, J.D.; Valletta, J.S.; Wu, C.; Hunt, S.J.; Kowal, A.S.; Mobley, W.C. NGF signaling in
sensory neurons: Evidence that early endosomes carry NGF retrograde signals. Neuron 2003, 39,
69-84.

Grimes, M.L.; Beattie, E.; Mobley, W.C. A signaling organelle containing the nerve growth
factor-activated receptor tyrosine kinase, trka. Proc. Natl. Acad. Sci. USA 1997, 94, 9909-9914.
Saxena, S.; Howe, C.L.; Cosgaya, J.M.; Steiner, P.; Hirling, H.; Chan, J.R.; Weis, J.; Kruttgen, A.
Differential endocytic sorting of p75SNTR and TrkA in response to NGF: A role for late
endosomes in TrkA trafficking. Mol. Cell Neurosci. 2005, 28, 571-587.

Perrone, L.; Paladino, S.; Mazzone, M.; Nitsch, L.; Gulisano, M.; Zurzolo, C. Functional
interaction between p75NTR and TrkA: The endocytic trafficking of p75SNTR is driven by TrkA
and regulates TrkA-mediated signaling. Biochem. J. 2005, 385, 233-241.

Boutilier, J.; Ceni, C.; Pagdala, P.C.; Forgie, A.; Neet, K.E.; Barker, P.A. Proneurotrophins
require endocytosis and intracellular proteolysis to induce TrkA activation. J. Biol. Chem. 2008,
283, 12709-12716.

Zhang, Y.; Moheban, D.B.; Conway, B.R.; Bhattacharyya, A.; Segal, R.A. Cell surface trk
receptors mediate NGF-induced survival while internalized receptors regulate NGF-induced
differentiation. J. Neurosci. 2000, 20, 5671-5678.

Kuruvilla, R.; Zweifel, L.S.; Glebova, N.O.; Lonze, B.E.; Valdez, G.; Ye, H.; Ginty, D.D.
A neurotrophin signaling cascade coordinates sympathetic neuron development through
differential control of TrkA trafficking and retrograde signaling. Cell 2004, 118, 243-255.

York, R.D.; Molliver, D.C.; Grewal, S.S.; Stenberg, P.E.; McCleskey, E.W.; Stork, P.J. Role of
phosphoinositide 3-kinase and endocytosis in nerve growth factor-induced extracellular
signal-regulated kinase activation via Ras and Rap. Mol. Cell Biol. 2000, 20, 8069—8083.

Howe, C.L.; Valletta, J.S.; Rusnak, A.S.; Mobley, W.C. NGF signaling from clathrin-coated
vesicles: Evidence that signaling endosomes serve as a platform for the Ras-MAPK pathway.
Neuron 2001, 32, 801-814.

Hibbert, A.P.; Kramer, B.M.; Miller, F.D.; Kaplan, D. The localization, trafficking and
retrograde transport of BDNF bound to p75NTR in sympathetic neurons. Mol. Cell Neurosci.
2000, 32,
387-402.

Limpert, A.S.; Karlo, J.C.; Landreth, G.E. Nerve growth factor stimulates the concentration of
TrkA within lipid rafts and extracellular signal-regulated kinase activation through c-Cbl-associated
protein. Mol. Cell Biol. 2007, 27, 5686—-5698.

Valdez, G.; Philippidou, P.; Rosenbaum, J.; Akmentin, W.; Shao, Y.; Halegoua, S. Trk-signaling
endosomes are generated by Rac-dependent macroendocytosis. Proc. Natl. Acad. Sci. USA 2007,
104, 12270-12275.

Shao, Y.; Akmentin, W.; Toledo-Aral, J.J.; Rosenbaum, J.; Valdez, G.; Cabot, J.B.; Hilbush, B.S.;
Halegoua, S. Pincher, a pinocytic chaperone for nerve growth factor/TrkA signaling endosomes.
J. Cell Biol. 2002, 157, 679—-691.

Valdez, G.; Akmentin, W.; Philippidou, P.; Kuruvilla, R.; Ginty, D.D.; Halegoua, S. Pincher-
mediated macroendocytosis underlies retrograde signaling by neurotrophin receptors. J. Neurosci.
2005, 25, 5236-5247.



Membranes 2014, 4 667

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Philippidou, P.; Valdez, G.; Akmentin, W.; Bowers, W.J.; Federoff, H.J.; Halegoua, S. Trk
retrograde signaling requires persistent, Pincher-directed endosomes. Proc. Natl. Acad. Sci. USA
2011, 108, 852-857.

Geetha, T.; Wooten, M.W. TrkA receptor endolysosomal degradation is both ubiquitin and
proteasome dependent. Traffic 2008, 9, 1146—1156.

Song, E.J.; Yoo, Y.S. Nerve growth factor-induced neurite outgrowth is potentiated by
stabilization of TrkA receptors. BMB Rep. 2011, 44, 182—-186.

Takahashi, Y.; Shimokawa, N.; Esmaeili-Mahani, S.; Morita, A.; Masuda, H.; Iwasaki, T.; Tamura, J.;
Haglund, K.; Koibuchi, N. Ligand-induced downregulation of TrkA is partly regulated through
ubiquitination by CBL. FEBS Lett. 2011, 585, 1741-1747.

Beattie, E.C.; Howe, C.L.; Wilde, A.; Brodsky, F.M.; Mobley, W.C. NGF signals through TrkA
to increase clathrin at the plasma membrane and enhance clathrin-mediated membrane trafficking.
J. Neurosci. 2000, 20, 7325-7333.

Nomura, M.; Nagai, T.; Harada, Y.; Tani, T. Facilitated intracellular transport of TrkA by an
interaction with Nerve Growth Factor. Dev. Neurobiol. 2011, 71, 634-649.

Ascafio, M.; Richmond, A.; Borden, P.; Kuruvilla, R. Axonal targeting of Trk receptors via
transcytosis regulates sensitivity to neurotrophin responses. J. Neurosci. 2009, 29, 11674—11685.
Wang, W.; van Niekerk, E.; Willis, D.E.; Twiss, J.L. RNA transport and localized protein
synthesis in neurological disorders and neural repair. Dev. Neurobiol. 2007, 67, 1166—1182.
Goldstein, L.S. Molecular motors: From one motor many tails to one motor many tales. Trends
Cell Biol. 2001, 11, 477-482.

Hirokawa, N.; Takemura, R. Molecular motors and mechanisms of directional transport in
neurons. Nat. Rev. Neurosci. 2005, 6, 201-214.

Brown, A. Axonal transport of membranous and nonmembranous cargoes: A unified perspective.
J. Cell. Biol. 2003, 160, 817-821.

Verhey, K.J.; Hammond, J.W. Traffic control: Regulation of kinesin motors. Nat. Rev. Mol. Cell
Biol. 2009, 10, 765-7717.

Hirokawa, N.; Niwa, S.; Tanaka, Y. Molecular motors in neurons: Transport mechanisms and
roles in brain function, development, and disease. Neuron 2010, 68, 610—638.

King, S.J.; Schroer, T.A. Dynactin increases the processivity of the cytoplasmic dynein motor.
Nat. Cell Biol. 2000, 2, 20-24.

Zhang, J.; Yao, X.; Fischer, L.; Abenza, J.F.; Pefialva, M.A.; Xiang, X. The p25 subunit of the
dynactin complex is required for dynein-early endosome interaction. J. Cell Biol. 2011, 193,
1245-1255.

Schiavo, G.; Greensmith, L.; Hafezparast, M.; Fisher, E.M. Cytoplasmic dynein heavy chain:
The servant of many masters. Trends Neurosci. 2013, 36, 641-651.

Hammer, J.A., III; Wagner, W. Functions of class V myosins in neurons. J. Biol. Chem. 2013,
288, 28428-28434.

Jung, C.; Chylinski, T.M.; Pimenta, A.; Ortiz, D.; Shea, T.B. Neurofilament transport is
dependent on actin and myosin. J. Neurosci. 2004, 24, 9486-9496.

Alami, N.H.; Jung, P.; Brown, A. Myosin Va increases the efficiency of neurofilament transport
by decreasing the duration of long-term pauses. J. Neurosci. 2009, 29, 6625-6634.



Membranes 2014, 4 668

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Pathak, D.; Sepp, K.J.; Hollenbeck, P.J. Evidence that myosin activity opposes microtubule-based
axonal transport of mitochondria. J. Neurosci. 2010, 30, 8984—8992.

Lewis, T.L., Jr.; Mao, T.; Arnold, D.B. A role for myosin VI in the localization of axonal
proteins. PLoS Biol. 2011, 9, doi:10.1371/journal.pbio.1001021.

Rudolf, R.; Bittins, C.M.; Gerdes, H.H. The role of myosin V in exocytosis and synaptic
plasticity. J. Neurochem. 2011, 116, 177-191.

Lalli, G.; Gschmeissner, S.; Schiavo, G. Myosin Va and microtubule-based motors are required
for fast axonal retrograde transport of tetanus toxin in motor neurons. J. Cell Sci. 2003, 116,
4639-4650.

Bittins, C.M.; Eichler, T.W.; Hammer, J.A., III; Gerdes, H.H. Dominant-negative myosin Va
impairs retrograde but not anterograde axonal transport of large dense core vesicles. Cell Mol.
Neurobiol. 2010, 30, 369-379.

Ng, E.L.; Tang, B.L. Rab GTPases and their roles in brain neurons and glia. Brain Res. Rev.
2008, 58, 236-246.

Star, E.N.; Newton, A.J.; Murthy, V.N. Real-time imaging of Rab3a and Rab5a reveals
differential roles in presynaptic function. J. Physiol. 2005, 569, 103—-117.

Szodorai, A.; Kuan, Y.H.; Hunzelmann, S.; Engel, U.; Sakane, A.; Sasaki, T.; Takai, Y.; Kirsch, J.;
Miiller, U.; Beyreuther, K.; et al. App anterograde transport requires Rab3a GTPase activity for
assembly of the transport vesicle. J. Neurosci. 2009, 29, 14534-14544.

Li, J.Y.; Jahn, R.; Dahlstrom, A. Rab3a, a small GTP-binding protein, undergoes fast anterograde
transport but not retrograde transport in neurons. Eur. J. Cell Biol. 1995, 67, 297-307.

Huber, L.A.; Dupree, P.; Dotti, C.G. A deficiency of the small GTPase Rab8 inhibits membrane
traffic in developing neurons. Mol. Cell Biol. 1995, 15, 918-924.

Hattula, K.; Furuhjelm, J.; Tikkanen, J.; Tanhuanpaé, K.; Laakkonen, P.; Perdnen, J. Characterization
of the Rab8-specific membrane traffic route linked to protrusion formation. J. Cell Sci. 2006, 119,
4866—48717.

Sakane, A.; Honda, K.; Sasaki, T. Rab13 regulates neurite outgrowth in PC12 cells through its
effector protein, jrab/mical-12. Mol. Cell Biol. 2010, 30, 1077-1087.

Pfenninger, K.H. Plasma membrane expansion: A neuron’s herculean task. Nat. Rev. Neurosci.
2009, 70,251-261.

Deng, C.Y.; Lei, W.L.; Xu, X.H.; Ju, X.C.; Liu, Y.; Luo, Z.G. Jipl mediates anterograde
transport of Rab10 cargos during neuronal polarization. J. Neurosci. 2014, 34, 1710-1723.

Xu, X.H.; Deng, C.Y.; Liu, Y.; He, M.; Peng, J.; Wang, T.; Yuan, L.; Zheng, Z.S.; Blackshear, P.J.;
Luo, Z.G. MARCKS regulates membrane targeting of Rab10 vesicles to promote axon development.
Cell Res. 2014, 24, 576-594.

Liu, Y.; Xu, X.H.; Chen, Q.; Wang, T.; Deng, C.Y.; Song, B.L.; Du, J.L.; Luo, Z.G. Myosin Vb
controls biogenesis of post-golgi Rab10 carriers during axon development. Nat. Commun. 2013,
4, doi:10.1038/ncomms3005.

Schuck, S.; Gerl, M.J.; Ang, A.; Manninen, A.; Keller, P.; Mellman, 1.; Simons, K. Rab10 is
involved in basolateral transport in polarized madin-darby canine kidney cells. Traffic 2007, §,
47-60.



Membranes 2014, 4 669

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Wang, T.; Liu, Y.; Xu, X.H.; Deng, C.Y.; Wu, K.Y.; Zhu, J.; Fu, X.Q.; He, M.; Luo, Z.G.
Lgll activation of Rabl0 promotes axonal membrane trafficking underlying neuronal
polarization. Dev. Cell 2011, 21, 431-444.

Huang, S.H.; Duan, S.; Sun, T.; Wang, J.; Zhao, L.; Geng, Z.; Yan, J.; Sun, H.J.; Chen, Z.Y. JIP3
mediates TrkB axonal anterograde transport and enhances BDNF signaling by directly bridging
TrkB with kinesin-1. J. Neurosci. 2011, 31, 10602—10614.

Vaegter, C.B.; Jansen, P.; Fjorback, A.W.; Glerup, S.; Skeldal, S.; Kjolby, M.; Richner, M.;
Erdmann, B.; Nyengaard, J.R.; Tessarollo, L.; et al. Sortilin associates with Trk receptors to
enhance anterograde transport and neurotrophin signaling. Nat. Neurosci. 2011, 14, 54-61.
Arimura, N.; Kimura, T.; Nakamuta, S.; Taya, S.; Funahashi, Y.; Hattori, A.; Shimada, A.;
Ménager, C.; Kawabata, S.; Fujii, K.; ef al. Anterograde transport of TrkB in axons is mediated
by direct interaction with SLP1 and Rab27. Dev. Cell 2009, 16, 675—686.

Zhao, S.; Torii, S.; Yokota-Hashimoto, H.; Takeuchi, T.; Izumi, T. Involvement of Rab27b in the
regulated secretion of pituitary hormones. Endocrinology 2002, 143, 1817—-1824.

Progida, C.; Cogli, L.; Piro, F.; de Luca, A.; Bakke, O.; Bucci, C. Rab7b controls trafficking
from endosomes to the TGN. J. Cell Sci. 2010, 123, 1480-1491.

Progida, C.; Nielsen, M.S.; Koster, G.; Bucci, C.; Bakke, O. Dynamics of Rab7b-dependent
transport of sorting receptors. Traffic 2012, 13, 1273—1285.

Ullrich, O.; Reinsch, S.; Urbé¢, S.; Zerial, M.; Parton, R.G. Rab11 regulates recycling through the
pericentriolar recycling endosome. J. Cell Biol. 1996, 135, 913-924.

Shirane, M.; Nakayama, K.I. Protrudin induces neurite formation by directional membrane
trafficking. Science 2006, 314, 818-821.

Eva, R.; Dassie, E.; Caswell, P.T.; Dick, G.; ffrench-Constant, C.; Norman, J.C.; Fawcett, JW.
Rabl1 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. 2010, 30,
11654—-11669.

Lazo, O.M.; Gonzalez, A.; Ascano, M.; Kuruvilla, R.; Couve, A.; Bronfman, F.C. BDNF
regulates Rabll-mediated recycling endosome dynamics to induce dendritic branching. J.
Neurosci. 2013, 33, 6112-6122.

Huang, S.H.; Wang, J.; Sui, W.H.; Chen, B.; Zhang, X.Y.; Yan, J.; Geng, Z.; Chen, Z.Y.
BDNF-dependent recycling facilitates TrkB translocation to postsynaptic density during LTP via
a Rab11-dependent pathway. J. Neurosci. 2013, 33, 9214-9230.

Ehlers, M.D.; Kaplan, D.R.; Price, D.L.; Koliatsos, V.E. NGF-stimulated retrograde transport of
TrkA in the mammalian nervous system. J. Cell Biol. 1995, 130, 149—-156.

Watson, F.L.; Heerssen, H.M.; Moheban, D.B.; Lin, M.Z.; Sauvageot, C.M.; Bhattacharyya, A.;
Pomeroy, S.L.; Segal, R.A. Rapid nuclear responses to target-derived neurotrophins require
retrograde transport of ligand-receptor complex. J. Neurosci. 1999, 19, 7889-7900.

Deinhardt, K.; Salinas, S.; Verastegui, C.; Watson, R.; Worth, D.; Hanrahan, S.; Bucci, C.;
Schiavo, G. Rab5 and Rab7 control endocytic sorting along the axonal retrograde transport
pathway. Neuron 2006, 52, 293-305.



Membranes 2014, 4 670

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Gomes, R.A.; Hampton, C.; El-Sabeawy, F.; Sabo, S.L.; McAllister, A.K. The dynamic
distribution of TrkB receptors before, during, and after synapse formation between cortical
neurons. J. Neurosci. 2006, 26, 11487-11500.

Bucci, C.; Parton, R.G.; Mather, I.H.; Stunnenberg, H.; Simons, K.; Hoflack, B.; Zerial, M. The
small GTPase Rab5 functions as a regulatory factor in the early endocytic pathway. Cell 1992, 70,
715-728.

Vitelli, R.; Santillo, M.; Lattero, D.; Chiariello, M.; Bifulco, M.; Bruni, C.; Bucci, C. Role of the
small GTPase Rab7 in the late endocytic pathway. J. Biol. Chem. 1997, 272, 4391-4397.

Bucci, C.; Thomsen, P.; Nicoziani, P.; McCarthy, J.; van Deurs, B. Rab7: A key to lysosome
biogenesis. Mol. Biol. Cell. 2000, 11, 467-480.

Wu, C.; Lai, C.; Mobley, W.C. Nerve growth factor activates persistent Rapl signaling in
endosomes. J. Neurosci. 2001, 21, 5406-5416.

Deinhardt, K.; Reversi, A.; Berninghausen, O.; Hopkins, C.R.; Schiavo, G. Neurotrophins
redirect p7SNTR from a clathrin-independent to a clathrin-dependent endocytic pathway coupled
to axonal transport. Traffic 2007, 8, 1736—1749.

Christoforidis, S.; Miaczynska, M.; Ashman, K.; Wilm, M.; Zhao, L.; Yip, S.C.; Waterfield, M.D.;
Backer, J.M.; Zerial, M. Phosphatidylinositol-3-OH kinases are Rab5 effectors. Nat. Cell Biol.
1999, 7, 249-252.

Rink, J.; Ghigo, E.; Kalaidzidis, Y.; Zerial, M. Rab conversion as a mechanism of progression
from early to late endosomes. Cell 2005, 122, 735-749.

Liu, J.; Lamb, D.; Chou, M.M.; Liu, Y.J.; Li, G. Nerve growth factor-mediated neurite outgrowth
via regulation of Rab5. Mol. Biol. Cell 2007, 18, 1375-13854.

Haas, A.K.; Fuchs, E.; Kopajtich, R.; Barr, F.A. A GTPase-activating protein controls Rab5
function in endocytic trafficking. Nat. Cell Biol. 2005, 7, 887—893.

Horiuchi, H.; Lippé, R.; McBride, H.M.; Rubino, M.; Woodman, P.; Stenmark, H.; Rybin, V.;
Wilm, M.; Ashman, K.; Mann, M.; et al. A novel Rab5 GDP/GTP exchange factor complexed to
Rabaptin-5 links nucleotide exchange to effector recruitment and function. Cell 1997, 90,
1149-1159.

Delprato, A.; Merithew, E.; Lambright, D.G. Structure, exchange determinants, and family-wide
Rab specificity of the tandem helical bundle and VPS9 domains of RABEX-5. Cell 2004, 118,
607-617.

Kauppi, M.; Simonsen, A.; Bremnes, B.; Vieira, A.; Callaghan, J.; Stenmark, H.; Olkkonen, V.M.
The small GTPase Rab22 interacts with EEA1 and controls endosomal membrane trafficking.
J. Cell Sci. 2002, 115, 899-911.

Magadan, J.G.; Barbieri, M.A.; Mesa, R.; Stahl, P.D.; Mayorga, L.S. Rab22a regulates the
sorting of transferrin to recycling endosomes. Mol. Cell Biol. 2006, 26, 2595-2614.

Burgo, A.; Sotirakis, E.; Simmler, M.C.; Verraes, A.; Chamot, C.; Simpson, J.C.; Lanzetti, L.;
Proux-Gillardeaux, V.; Galli, T. Role of VARP, a Rab21 exchange factor and TI-VAMP/VAMP7
partner, in neurite growth. EMBO Rep. 2009, 10, 1117-1124.

Mori, Y.; Fukuda, M. Rabex-5 determines the neurite localization of its downstream rab proteins
in hippocampal neurons. Commun. Integr. Biol. 2013, 6, doi:10.4161/cib.25433.



Membranes 2014, 4 671

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Simpson, J.C.; Griffiths, G.; Wessling-Resnick, M.; Fransen, J.A.; Bennett, H.; Jones, A.T. A
role for the small GTPase Rab21 in the early endocytic pathway. J. Cell Sci. 2004, 117, 6297-6311.
Wang, L.; Liang, Z.; Li, G. Rab22 controls NGF signaling and neurite outgrowth in PC12 cells.
Mol. Biol. Cell 2011, 22, 3853-3860.

Jager, S.; Bucci, C.; Tanida, I.; Ueno, T.; Kominami, E.; Saftig, P.; Eskelinen, E.L. Role for
Rab7 in maturation of late autophagic vacuoles. J. Cell Sci. 2004, 117, 4837—-4848.

Harrison, R.; Bucci, C.; Vieira, O.; Schroer, T.; Grinstein, S. Phagosomes fuse with late
endosomes and/or lysosomes by extension of membrane protrusions along microtubules: Role of
Rab7 and RILP. Mol. Cell Biol. 2003, 23, 6494—6506.

Vieira, O.V.; Bucci, C.; Harrison, R.E.; Trimble, W.S.; Lanzetti, L.; Gruenberg, J.; Schreiber, A.D.;
Stahl, P.D.; Grinstein, S. Modulation of Rab5 and Rab7 recruitment to phagosomes by
phosphatidylinositol 3-kinase. Mol. Cell Biol. 2003, 23, 2501-2514.

Saxena, S.; Bucci, C.; Weis, J.; Kruttgen, A. The small GTPase Rab7 controls the endosomal
trafficking and neuritogenic signaling of the nerve growth factor receptor TrkA. J. Neurosci.
2005, 25, 10930-10940.

Cogli, L.; Progida, C.; Lecci, R.; Bramato, R.; Kriittgen, A.; Bucci, C. CMT2b-associated Rab7
mutants inhibit neurite outgrowth. Acta Neuropathol. 2010, 120, 491-501.

Bronfman, F.C.; Escudero, C.A.; Weis, J.; Kruttgen, A. Endosomal transport of neurotrophins:
Roles in signaling and neurodegenerative diseases. Dev. Neurobiol. 2007, 67, 1183—1203.
Mitchell, D.J.; Blasier, K.R.; Jeffery, E.D.; Ross, M.W.; Pullikuth, A.K.; Suo, D.; Park, J.;
Smiley, W.R.; Lo, K.W.; Shabanowitz, J.; et al. Trk activation of the ERK1/2 kinase pathway
stimulates intermediate chain phosphorylation and recruits cytoplasmic dynein to signaling
endosomes for retrograde axonal transport. J. Neurosci. 2012, 32, 15495-15510.

Harrington, A.W.; St Hillaire, C.; Zweifel, L.S.; Glebova, N.O.; Philippidou, P.; Halegoua, S.;
Ginty, D.D. Recruitment of actin modifiers to TrkA endosomes governs retrograde NGF
signaling and survival. Cell 2011, 146, 421-434.

Maday, S.; Holzbaur, E.L. Autophagosome biogenesis in primary neurons follows an ordered
and spatially regulated pathway. Dev. Cell 2014, 30, 71-85.

Garcia-Arencibia, M.; Hochfeld, W.E.; Toh, P.P.; Rubinsztein, D.C. Autophagy, a guardian
against neurodegeneration. Semin. Cell Dev. Biol. 2010, 21, 691-698.

Hansen, T.E.; Johansen, T. Following autophagy step by step. BMC Biol 2011, 9,
doi:10.1186/1741-7007-9-39.

Hansen, K.; Wagner, B.; Hamel, W.; Schweizer, M.; Haag, F.; Westphal, M.; Lamszus, K.
Autophagic cell death induced by TrkA receptor activation in human glioblastoma cells.
J. Neurochem. 2007, 103, 259-275.

Florez-McClure, M.L.; Linseman, D.A.; Chu, C.T.; Barker, P.A.; Bouchard, R.J.; Le, S.S.;
Laessig, T.A.; Heidenreich, K. The p75 neurotrophin receptor can induce autophagy and death of
cerebellar Purkinje neurons. J. Neurosci. 2004, 24, 4498-4509.

Young, J.; Stauber, T.; del Nery, E.; Vernos, I.; Pepperkok, R.; Nilsson, T. Regulation of
microtubule-dependent recycling at the trans-Golgi network by Rab6a and Rab6a’. Mol. Biol.
Cell 2005, 16, 162—-177.



Membranes 2014, 4 672

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Ueno, H.; Huang, X.; Tanaka, Y.; Hirokawa, N. KIF16b/Rab14 molecular motor complex is
critical for early embryonic development by transporting FGF receptor. Dev. Cell 2011, 20, 60-71.
Schonteich, E.; Wilson, G.M.; Burden, J.; Hopkins, C.R.; Anderson, K.; Goldenring, J.R.;
Prekeris, R. The RIP11/Rab11-FIP5 and kinesin ii complex regulates endocytic protein recycling.
J. Cell Sci. 2008, 121, 3824-3833.

Horgan, C.P.; Hanscom, S.R.; Jolly, R.S.; Futter, C.E.; McCaffrey, M.W. Rab11-FIP3 links the
Rabll GTPase and cytoplasmic dynein to mediate transport to the endosomal-recycling
compartment. J. Cell Sci. 2010, 123, 181-191.

Perlson, E.; Maday, S.; Fu, M.M.; Moughamian, A.J.; Holzbaur, E.L. Retrograde axonal
transport: Pathways to cell death? Trends Neurosci. 2010, 33, 335-344.

Wang, D.; Chan, C.C.; Cherry, S.; Hiesinger, P.R. Membrane trafficking in neuronal maintenance
and degeneration. Cell Mol. Life Sci. 2013, 70, 2919-2934.

Schindowski, K.; Belarbi, K.; Bu¢e, L. Neurotrophic factors in Alzheimer's disease: Role of
axonal transport. Genes Brain Behav. 2008, 7, 43-56.

Rajendran, L.; Annaert, W. Membrane trafficking pathways in Alzheimer’s disease. Traffic 2012,
13,759-770.

Buggia-Prévot, V.; Fernandez, C.G.; Riordan, S.; Vetrivel, K.S.; Roseman, J.; Waters, J.;
Bindokas, V.P.; Vassar, R.; Thinakaran, G. Axonal BACEl dynamics and targeting in
hippocampal neurons: A role for Rabll gtpase. Mol. Neurodegener. 2014, 9, 1,
doi:10.1186/1750-1326-9-1.

Poon, W.W.; Blurton-Jones, M.; Tu, C.H.; Feinberg, L.M.; Chabrier, M.A.; Harris, J.W.; Jeon, N.L.;
Cotman, C.W. B-amyloid impairs axonal BDNF retrograde trafficking. Neurobiol. Aging 2011,
32, 821-833.

Poon, W.W.; Carlos, A.J.; Aguilar, B.L.; Berchtold, N.C.; Kawano, C.K.; Zograbyan, V.;
Yaopruke, T.; Shelanski, M.; Cotman, C.W. B-amyloid (a ) oligomers impair brain-derived
neurotrophic factor retrograde trafficking by down-regulating ubiquitin c-terminal hydrolase, uch-11.
J. Biol. Chem. 2013, 288, 16937-16948.

Shelton, S.B.; Johnson, G.V. Tau and HMW tau phosphorylation and compartmentalization in
apoptotic neuronal PC12 cells. J. Neurosci. Res. 2001, 66, 203-213.

Fisher, A.; Heldman, E.; Gurwitz, D.; Haring, R.; Karton, Y.; Meshulam, H.; Pittel, Z.; Marciano,
D.; Brandeis, R.; Sadot, E.; et al. Review M1 agonists for the treatment of Alzheimer’s disease.
Novel properties and clinical update. Ann. N.Y. Acad. Sci. 1996, 777, 189—196.

Holsinger, R.M.; Schnarr, J.; Henry, P.; Castelo, V.T.; Fahnestock, M. Quantitation of BDNF
mRNA in human parietal cortex by competitive reverse transcription-polymerase chain reaction:
Decreased levels in alzheimer’s disease. Brain Res. Mol. Brain Res. 2000, 76, 347-354.

Peng, S.; Wuu, J.; Mufson, E.J.; Fahnestock, M. Precursor form of brain-derived neurotrophic
factor and mature brain-derived neurotrophic factor are decreased in the pre-clinical stages of
Alzheimer’s disease. J. Neurochem. 2005, 93, 1412—-1421.

Ginsberg, S.D. Down regulation of Trk but not p75SNTR gene expression in single cholinergic
basal forebrain neurons mark the progression of Alzheimer’s disease. J. Neurochem. 2006, 97,
475-487.



Membranes 2014, 4 673

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Kamal, A.; Almenar-Queralt, A.; LeBlanc, J.F.; Roberts, E.A.; Goldstein, L.S. Kinesin-mediated
axonal transport of a membrane compartment containing beta-secretase and presenilin-1 requires
APP. Nature 2001, 414, 643—648.

Udayar, V.; Buggia-Prévot, V.; Guerreiro, R.L.; Siegel, G.; Rambabu, N.; Soohoo, A.L.;
Ponnusamy, M.; Siegenthaler, B.; Bali, J.; Simons, M.; et al. A paired RNAi1 and RabGAP
overexpression screen identifies Rab11 as a regulator of B-amyloid production. Cell Rep. 2013, 5,
1536-1551.

Ginsberg, S.D.; Mufson, E.J.; Alldred, M.J.; Counts, S.E.; Wuu, J.; Nixon, R.A.; Che, S.
Upregulation of select Rab GTPases in cholinergic basal forebrain neurons in mild cognitive
impairment and Alzheimer’s disease. J. Chem. Neuroanat. 2011, 42, 102—110.

Ginsberg, S.D.; Mufson, E.J.; Counts, S.E.; Wuu, J.; Alldred, M.J.; Nixon, R.A.; Che, S.
Regional selectivity of Rab5 and Rab7 protein upregulation in mild cognitive impairment and
Alzheimer’s disease. J. Alzheimers Dis. 2010, 22, 631-639.

Gunawardena, S.; Yang, G.; Goldstein, L.S. Presenilin controls kinesin-1 and dynein function
during APP-vesicle transport in vivo. Hum. Mol. Genet 2013, 22, 3828-3843.

Kimberly, W.T.; LaVoie, M.J.; Ostaszewski, B.L.; Ye, W.; Wolfe, M.S.; Selkoe, D.J.
Gamma-secretase is a membrane protein complex comprised of Presenilin, Nicastrin, APH-1,
and PEN-2. Proc. Natl. Acad. Sci. USA 2003, 100, 6382—6387.

Dumanchin, C.; Czech, C.; Campion, D.; Cuif, M.H.; Poyot, T.; Martin, C.; Charbonnier, F.;
Goud, B.; Pradier, L.; Frebourg, T. Presenilins interact with Rab11, a small GTPase involved in
the regulation of vesicular transport. Hum. Mol. Genet 1999, 8, 1263—1269.

Scheper, W.; Zwart, R.; Baas, F. Rab6 membrane association is dependent of presenilin 1 and
cellular phosphorylation events. Brain Res. Mol. Brain Res. 2004, 122, 17-23.

Funk, K.E.; Kuret, J. Lysosomal fusion dysfunction as a unifying hypothesis for Alzheimer’s
disease pathology. Int. J. Alzheimers Dis. 2012, 2012, 752894:1-752894:10.

Hamano, T.; Mutoh, T.; Tabira, T.; Araki, W.; Kuriyama, M.; Mihara, T.; Yano, S.; Yamamoto, H.
Abnormal intracellular trafficking of high affinity nerve growth factor receptor, Trk, in stable
transfectants expressing presenilin 1 protein. Brain Res. Mol. Brain Res. 2005, 137, 70-76.
Ferraiuolo, L.; Kirby, J.; Grierson, A.J.; Sendtner, M.; Shaw, P.J. Molecular pathways of motor
neuron injury in amyotrophic lateral sclerosis. Nat. Rev. Neurol. 2011, 7, 616—-630.

Millecamps, S.; Julien, J.P. Axonal transport deficits and neurodegenerative diseases. Nat. Rev.
Neurosci. 2013, 14, 161-176.

Zhang, F.; Strom, A.L.; Fukada, K.; Lee, S.; Hayward, L.J.; Zhu, H. Interaction between familial
amyotrophic lateral sclerosis (ALS)-linked SOD1 mutants and the dynein complex. J. Biol. Chem.
2007, 282, 16691-16699.

Korkmaz, O.T.; Aytan, N.; Carreras, I.; Choi, J.K.; Kowall, N.W.; Jenkins, B.G.; Dedeoglu, A.
7,8-dihydroxyflavone improves motor performance and enhances lower motor neuronal survival
in a mouse model of amyotrophic lateral sclerosis. Neurosci. Lett. 2014, 566, 286—291.

Lowry, K.S.; Murray, S.S.; McLean, C.A.; Talman, P.; Mathers, S.; Lopes, E.C.; Cheema, S.S.
A potential role for the p75 low-affinity neurotrophin receptor in spinal motor neuron
degeneration in murine and human amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. 2001,
2, 127-134.



Membranes 2014, 4 674

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Ibafiez, C.F.; Simi, A. P75 neurotrophin receptor signaling in nervous system injury and
degeneration: Paradox and opportunity. Trends Neurosci. 2012, 35, 431-440.

Palmisano, R.; Golfi, P.; Heimann, P.; Shaw, C.; Troakes, C.; Schmitt-John, T.; Bartsch, J.W.
Endosomal accumulation of APP in wobbler motor neurons reflects impaired vesicle
trafficking: Implications for human motor neuron disease. BMC Neurosci. 2011, 12,
doi:10.1186/1471-2202-12-24.

Koistinen, H.; Prinjha, R.; Soden, P.; Harper, A.; Banner, S.J.; Pradat, P.F.; Loeftler, J.P.;
Dingwall, C. Elevated levels of amyloid precursor protein in muscle of patients with amyotrophic
lateral sclerosis and a mouse model of the disease. Muscle Nerve 2006, 34, 444-450.

Cai, H.; Shim, H.; Lai, C.; Xie, C.; Lin, X.; Yang, W.J.; Chandran, J. ALS2/alsin knockout mice
and motor neuron diseases. Neurodegener. Dis. 2008, 5, 359-366.

Otomo, A.; Hadano, S.; Okada, T.; Mizumura, H.; Kunita, R.; Nishijima, H.; Showguchi-Miyata, J.;
Yanagisawa, Y.; Kohiki, E.; Suga, E.; ef al. ALS2, a novel guanine nucleotide exchange factor
for the small GTPase Rab5, is implicated in endosomal dynamics. Hum. Mol. Genet 2003, 12,
1671-1687.

Topp, J.D.; Gray, N.W.; Gerard, R.D.; Horazdovsky, B.F. Alsin is a Rab5 and Racl guanine
nucleotide exchange factor. J. Biol. Chem. 2004, 279, 24612-24623.

Devon, R.S.; Orban, P.C.; Gerrow, K.; Barbieri, M.A.; Schwab, C.; Cao, L.P.; Helm, J.R.;
Bissada, N.; Cruz-Aguado, R.; Davidson, T.L.; et al. ALS2-deficient mice exhibit disturbances in
endosome trafficking associated with motor behavioral abnormalities. Proc. Natl. Acad. Sci. USA
2006, 103, 9595-9600.

Levine, T.P.; Daniels, R.D.; Gatta, A.T.; Wong, L.H.; Hayes, M.J. The product of c9orf72, a
gene strongly implicated in neurodegeneration, is structurally related to DENN Rab-GEFs.
Bioinformatics 2013, 29, 499-503.

Farg, M.A.; Sundaramoorthy, V.; Sultana, J.M.; Yang, S.; Atkinson, R.A.; Levina, V.
Halloran, M.A.; Gleeson, P.A.; Blair, [.LP.; Soo, K.Y.; et al. C9orf72, implicated in amytrophic
lateral sclerosis and frontotemporal dementia, regulates endosomal trafficking. Hum. Mol. Genet.
2014, 23, 3579-3595.

Cogli, L.; Piro, F.; Bucci, C. Rab7 and the CMT2b disease. Biochem. Soc. Trans. 2009, 37,
1027-1031.

Bucci, C.; de Luca, M. Molecular basis of Charcot-Marie-Tooth type 2b disease. Biochem. Soc.
Trans. 2012, 40, 1368—-1372.

Gentil, B.J.; Cooper, L. Molecular basis of axonal dysfunction and traffic impairments in CMT.
Brain Res. Bull. 2012, 88, 444-453.

Meggouh, F.; Bienfait, H.M.; Weterman, M.A.; de Visser, M.; Baas, F. Charcot-Marie-Tooth
disease due to a de novo mutation of the rab7 gene. Neurology 2006, 67, 1476-1478.

Verhoeven, K.; de Jonghe, P.; Coen, K.; Verpoorten, N.; Auer-Grumbach, M.; Kwon, J.M.;
FitzPatrick, D.; Schmedding, E.; de Vriendt, E.; Jacobs, A.; et al. Mutations in the small GTP-ase
late endosomal protein Rab7 cause Charcot-Marie-Tooth type 2b neuropathy. Am. J. Hum. Genet.
2003, 72, 722-7217.



Membranes 2014, 4 675

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Houlden, H.; King, R.H.; Muddle, J.R.; Warner, T.T.; Reilly, M.M.; Orrell, R.W.; Ginsberg, L. A
novel Rab7 mutation associated with ulcero-mutilating neuropathy. Ann. Neurol. 2004, 56,
586—590.

Wang, X.; Han, C.; Liu, W.; Wang, P.; Zhang, X. A novel Rab7 mutation in a chinese family
with Charcot-Marie-Tooth type 2b disease. Gene 2014, 534, 431-434.

Yamauchi, J.; Torii, T.; Kusakawa, S.; Sanbe, A.; Nakamura, K.; Takashima, S.; Hamasaki, H.;
Kawaguchi, S.; Miyamoto, Y.; Tanoue, A. The mood stabilizer valproic acid improves defective
neurite formation caused by Charcot-Marie-Tooth disease-associated mutant Rab7 through the
JNK signaling pathway. J. Neurosci. Res. 2010, 88, 3189-3197.

Zhang, K.; Fishel Ben Kenan, R.; Osakada, Y.; Xu, W.; Sinit, R.S.; Chen, L.; Zhao, X.; Chen, J.Y;
Cui, B.; Wu, C. Defective axonal transport of Rab7 GTPase results in dysregulated trophic
signaling. J. Neurosci. 2013, 33, 7451-7462.

del Toro, D.; Alberch, J.; Lazaro-Diéguez, F.; Martin-Ibafiez, R.; Xifrd, X.; Egea, G.; Canals, J.M.
Mutant Huntingtin impairs post-Golgi trafficking to lysosomes by delocalizing Optineurin/Rab8
complex from the Golgi apparatus. Mol. Biol. Cell 2009, 20, 1478-1492.

Pal, A.; Severin, F.; Lommer, B.; Shevchenko, A.; Zerial, M. Huntingtin-hap40 complex is a
novel Rab5 effector that regulates early endosome motility and is up-regulated in Huntington’s
disease. J. Cell Biol. 2006, 172, 605-618.

Li, X.; Sapp, E.; Chase, K.; Comer-Tierney, L.A.; Masso, N.; Alexander, J.; Reeves, P.; Kegel, K.B.;
Valencia, A.; Esteves, M.; et al. Disruption of Rabl1 activity in a knock-in mouse model of
Huntington’s disease. Neurobiol. Dis. 2009, 36, 374-383.

Sepers, M.D.; Raymond, L.A. Mechanisms of synaptic dysfunction and excitotoxicity in
Huntington’s disease. Drug Discov. Today 2014, 19, 990-996.

Her, L.S.; Goldstein, L.S. Enhanced sensitivity of striatal neurons to axonal transport defects
induced by mutant Huntingtin. J. Neurosci. 2008, 28, 13662—-13672.

Caviston, J.P.; Ross, J.L.; Antony, S.M.; Tokito, M.; Holzbaur, E.L. Huntingtin facilitates
dynein/dynactin-mediated vesicle transport. Proc. Natl. Acad. Sci. USA 2007, 104, 10045—10050.
McGuire, J.R.; Rong, J.; Li, S.H.; Li, X.J. Interaction of Huntingtin-associated protein-1 with
kinesin light chain: Implications in intracellular trafficking in neurons. J. Biol. Chem. 2006, 281,
3552-3559.

Gauthier, L.R.; Charrin, B.C.; Borrell-Pages, M.; Dompierre, J.P.; Rangone, H.; Cordelieres, F.P.;
de Mey, J.; MacDonald, M.E.; Lessmann, V.; Humbert, S.; et al. Huntingtin controls neurotrophic
support and survival of neurons by enhancing BDNF vesicular transport along microtubules.
Cell 2004, 118, 127-138.

Colin, E.; Zala, D.; Liot, G.; Rangone, H.; Borrell-Pages, M.; Li, X.J.; Saudou, F.; Humbert, S.
Huntingtin phosphorylation acts as a molecular switch for anterograde/retrograde transport in
neurons. EMBO J. 2008, 27, 2124-2134.

Liot, G.; Zala, D.; Pla, P.; Mottet, G.; Piel, M.; Saudou, F. Mutant Huntingtin alters retrograde
transport of TrkB receptors in striatal dendrites. J. Neurosci. 2013, 33, 6298-63009.

Sahlender, D.A.; Roberts, R.C.; Arden, S.D.; Spudich, G.; Taylor, M.J.; Luzio, J.P.;
Kendrick-Jones, J.; Buss, F. Optineurin links myosin VI to the Golgi complex and is involved in
Golgi organization and exocytosis. J. Cell Biol. 2005, 169, 285-295.



Membranes 2014, 4 676

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Ravikumar, B.; Imarisio, S.; Sarkar, S.; O’Kane, C.J.; Rubinsztein, D.C. Rab5 modulates
aggregation and toxicity of mutant Huntingtin through macroautophagy in cell and fly models of
Huntington disease. J. Cell Sci. 2008, 121, 1649—1660.

Li, X.; Sapp, E.; Valencia, A.; Kegel, K.B.; Qin, Z.H.; Alexander, J.; Masso, N.; Reeves, P.;
Ritch, J.J.; Zeitlin, S.; et al. A function of Huntingtin in guanine nucleotide exchange on Rabl1.
Neuroreport 2008, 19, 1643—1647.

Li, X.; Standley, C.; Sapp, E.; Valencia, A.; Qin, Z.H.; Kegel, K.B.; Yoder, J.; Comer-Tierney, L.A.;
Esteves, M.; Chase, K.; et al. Mutant Huntingtin impairs vesicle formation from recycling
endosomes by interfering with Rab11 activity. Mol. Cell Biol. 2009, 29, 6106—6116.

Li, X.; DiFiglia, M. The recycling endosome and its role in neurological disorders. Prog. Neurobiol.
2012, 97, 127-141.

Power, D.; Srinivasan, S.; Gunawardena, S. In-vivo evidence for the disruption of Rab11 vesicle
transport by loss of Huntingtin. Neuroreport 2012, 23, 970-977.

Li, X.; Valencia, A.; Sapp, E.; Masso, N.; Alexander, J.; Reeves, P.; Kegel, K.B.; Aronin, N.;
Difiglia, M. Aberrant Rabl1-dependent trafficking of the neuronal glutamate transporter EAACI
causes oxidative stress and cell death in Huntington’s disease. J. Neurosci. 2010, 30, 4552—-4561.
Li, X.; Valencia, A.; McClory, H.; Sapp, E.; Kegel, K.B.; Difiglia, M. Deficient Rab11 activity
underlies glucose hypometabolism in primary neurons of Huntington’s disease mice. Biochem.
Biophys. Res. Commun. 2012, 421, 727-730.

Steinert, J.R.; Campesan, S.; Richards, P.; Kyriacou, C.P.; Forsythe, 1.D.; Giorgini, F. Rabl1
rescues synaptic dysfunction and behavioral deficits in a Drosophila model of Huntington’s
disease. Hum. Mol. Genet. 2012, 21, 2912-2922.

Fu, M.M.; Nirschl, J.J.; Holzbaur, E.L. LC3 binding to the scaffolding protein JIP1 regulates
processive dynein-driven transport of autophagosomes. Dev. Cell 2014, 29, 577-590.

Bergman, E.; Fundin, B.T.; Ulfhake, B. Effects of aging and axotomy on the expression of
neurotrophin receptors in primary sensory neurons. J. Comp. Neurol. 1999, 410, 368-386.
Calabrese, F.; Guidotti, G.; Racagni, G.; Riva, M.A. Reduced neuroplasticity in aged rats: A role
for the neurotrophin brain-derived neurotrophic factor. Neurobiol. Aging 2013, 34, 2768-2776.
Ulfhake, B.; Bergman, E.; Edstrom, E.; Fundin, B.T.; Johnson, H.; Kullberg, S.; Ming, Y.
Regulation of neurotrophin signaling in aging sensory and motoneurons: Dissipation of target
support? Mol. Neurobiol. 2000, 21, 109—-135.

Wu, C.; Cui, B.; He, L.; Chen, L.; Mobley, W.C. The coming of age of axonal neurotrophin
signaling endosomes. J. Proteomics 2009, 72, 46-55.

Wells, S.I; Aronow, B.J.; Wise, T.M.; Williams, S.S.; Couget, J.A.; Howley, P.M.
Transcriptome signature of irreversible senescence in human papillomavirus-positive cervical
cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 7093—7098.

Fujii, M.; Kawai, Y.; Endoh, M.; Hossain, M.N.; Nakabayashi, K.; Ayusawa, D. Expression of
Rab27b is up-regulated in senescent human cells. Mech. Ageing Dev. 2006, 127, 639-642.

Saetre, P.; Jazin, E.; Emilsson, L. Age-related changes in gene expression are accelerated in
Alzheimer’s disease. Synapse 2011, 65, 971-974.



Membranes 2014, 4 677

238. Afshordel, S.; Wood, W.G.; Igbavboa, U.; Muller, W.E.; Eckert, G.P. Impaired
geranylgeranyltransferase-i regulation reduces membrane-associated Rho protein levels in aged
mouse brain. J. Neurochem. 2014, 129, 732-742.

239. Kimura, N.; Okabayashi, S.; Ono, F. Dynein dysfunction disrupts intracellular vesicle trafficking
bidirectionally and perturbs synaptic vesicle docking via endocytic disturbances a potential
mechanism underlying age-dependent impairment of cognitive function. Am. J. Pathol. 2012,
180, 550-561.

240. Bahr, B.A.; Wisniewski, M.L.; Butler, D. Positive lysosomal modulation as a unique strategy to
treat age-related protein accumulation diseases. Rejuvenation Res. 2012, 15, 189—-197.

241. Sann, S.B.; Crane, M.M.; Lu, H.; Jin, Y. Rabx-5 regulates Rab-5 early endosomal compartments
and synaptic vesicles in c. Elegans. PLoS One 2012, 7, €37930.

242. Wavre-Shapton, S.T.; Tolmachova, T.; Lopes da Silva, M.; Futter, C.E.; Seabra, M.C. Conditional
ablation of the choroideremia gene causes age-related changes in mouse retinal pigment
epithelium. PLoS One 2013, 8, €57769.

243. Jansen, P.; Giehl, K.; Nyengaard, J.R.; Teng, K.; Lioubinski, O.; Sjoegaard, S.S.; Breiderhoft, T.;
Gotthardt, M.; Lin, F.; Eilers, A.; et al. Roles for the pro-neurotrophin receptor sortilin in
neuronal development, aging and brain injury. Nat. Neurosci. 2007, 10, 1449—-1457.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



