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Abstract
Neurons are polarized cells that have a complex and unique morphology: long processes (axons
and dendrites) extending far from the cell body. In addition, the somatodendritic and axonal
domains are further divided into specific subdomains, such as synapses (pre- and postsynaptic
specializations), proximal and distal dendrites, axon initial segments, nodes of Ranvier, and axon
growth cones. The striking asymmetry and complexity of neuronal cells is necessary for their
function in receiving, processing and transferring electrical signals, with each domain playing a
precise function in these processes. In order to establish and maintain distinct neuronal domains,
mechanisms must exist for protein delivery to specific neuronal compartments, such that each
compartment has the correct functional molecular composition. How polarized membrane
domains are established and maintained is a long-standing question. Transmembrane proteins,
such as receptors and adhesion molecules, can be transported to their proper membrane domains
by several pathways. The biosynthetic secretory system delivers newly synthesized
transmembrane proteins from the ER-Golgi via the trans-Golgi network (TGN) to the plasma
membrane. In addition, the endosomal system is critically involved in many instances in ensuring
proper (re)targeting of membrane components because it can internalize and degrade mislocalized
proteins, or recycle proteins from one domain to another. The endosomal system is thus crucial for
establishing and maintaining neuronal polarity. In this review, we focus mainly on the intracellular
compartments that serve as sorting stations for polarized transport, with particular emphasis on the
emerging roles of endosomes.
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Polarized membrane trafficking in neurons
In neurons, the main polarized sorting decision is between axonal and somatodendritic
domains. Membrane proteins could be sorted to axon vs. dendrites principally by at least
three pathways (Figure 1):

Pathway 1) Membrane proteins are directly delivered in a polarized manner from the
trans-Golgi network (TGN). This pathway is independent of endocytosis, but might
involve transit through endosomes.

Pathway 2) Membrane proteins are delivered in a non-polarized fashion, followed by
selective retrieval by endocytosis from the incorrect domain and degradation. Receptors
present on the incorrect surface would therefore be removed whereas correctly localized
receptors would be retained. Retention in the correct domain could entail not just lack
of endocytosis, but also stabilization by cytoskeletal anchoring.

Pathway 3) Membrane proteins are initially sorted in the TGN and trafficked to one
domain (axon or dendrite). Subsequently, the protein is endocytosed and resorted in
endosomes. Polarized delivery to the final destination would then occur from
endosomes. This pathway is called transcytosis (reviewed in Winckler and Mellman,
2010).

In polarized epithelial cells, all three pathways have been demonstrated for different proteins
in different cell types. For instance, most apical and basolateral proteins are sorted in the
TGN to their respective domains in Madin-Darby canine kidney cell (MDCK) (pathway 1),
whereas in hepatocytes, most apical proteins reach the apical surface by transcytosis after
initial delivery to the basolateral surface and subsequent resorting to the apical domain in
endosomes (pathway 3). Some proteins (such as NaK-ATPase in MDCK cells) are enriched
in their respective domain via a selective retention mechanism (pathway 2) (reviewed in
Folsch, 2008). Interestingly, evidence is accumulating in epithelial cells, that even the TGN-
sorting pathway (pathway 1) does not always traffic cargos directly to the apical or
basolateral plasma membrane, but frequently proceeds via different endosomal
subpopulations (Folsch et al., 2009). In these cases, though, cargo travels from the TGN to
the endosome without prior appearance on the plasma membrane, whereas in transcytosis
(pathway 3) cargo is delivered first to one plasma membrane domain (basolateral or
somatodendritic), then retrieved into endosomes, and trafficked to the opposite domain
(apical or axonal). The endosomal system therefore might also be involved in the secretory
pathway from the TGN, although the extent of the interplay between secretory and
endosomal pathways is not fully understood, especially in neurons. Since the steady-state
distribution of a particular protein does not reveal its targeting pathway, more detailed
experiments need to be carried out to determine which of the three pathways is followed by
any given cargo protein. In order to distinguish between the different pathways, one needs to
observe the trafficking kinetics and interfere with mechanisms that are known to be involved
in specific trafficking routes, such as endocytosis. It then requires additional
experimentation to distinguish the two endocytosis-dependent pathways (selective retrieval/
retention (pathway 2) and transcytosis (pathway 3)) from each other.

Multiple classes of proteins are responsible for ensuring the specificity of the sorting,
budding, transport, and fusion events during membrane transport, such as vesicle coat
proteins, SNAREs, rab and Arf proteins, BAR domain proteins, motor proteins, etc. The
exact identities and roles that these various proteins play in neuronal membrane trafficking
are being investigated by many laboratories. Even though a large literature exists (too large
to cover in this review), most of the specificity control in polarized targeting to axons and
dendrites is still poorly understood. Furthermore, targeted protein delivery is supplemented
by stabilization of membrane components in the membrane and creation of diffusion barriers
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between domains for prevention of mixing of components. These other processes have been
reviewed elsewhere, and we refer the reader to these excellent reviews (Arnold, 2009;
Cognet et al., 2006; Kapitein and Hoogenraad, 2011; Newpher and Ehlers, 2008; Rasband,
2009; Salinas et al., 2008; Sann et al., 2009). Local protein synthesis also has the potential to
ensure differential protein localization. However, this process is beyond the scope of this
review. For recent reviews please see Andreassi and Riccio, 2009; Bassell and Warren,
2008; Lasiecka et al., 2009; Willis and Twiss, 2010. In this review, we will focus on the
intracellular compartments that serve as sorting stations for polarized transport, with
particular emphasis on the emerging roles of endosomes.

Axonal trafficking via transcytosis
Polarized MDCK cells use the TGN as a major sorting station for apical and basolateral
cargos. In analogy with MDCK cells, it was assumed that neurons also use TGN-based
sorting (pathway 1) for direct delivery of axonal and somatodendritic cargos to their
respective domains. A different picture, though, emerged when the axonal trafficking of
some proteins was investigated (reviewed in Lasiecka et al., 2009). The axonal cell adhesion
molecule L1/NgCAM, for example, was dependent on endocytosis for axonal polarity, and
additional evidence including study of transport kinetics to the surface and live imaging of
endocytosed L1/NgCAM led to a model that L1/NgCAM used the indirect transcytosis route
to reach the axon (pathway 3) (Wisco et al., 2003). The transcytotic pathway consists of
initial delivery along the secretory pathway to the somatodendritic domain, subsequent
endocytosis into somatodendritic endosomes, and transport through the endosomal pathway
to the axonal domain. Both trafficking steps are signal-mediated and potentially regulated
(see below). Transcytosis provides an axonal delivery pathway for other axonal membrane
proteins, besides L1/NgCAM (Wisco et al., 2003), such as TrkA (Ascano et al., 2009). Both
cannabinoid receptor CB1R (Leterrier et al., 2006), and Caspr2 (Bel et al., 2009) use
endocytosis-dependent pathways to the axon, but the details of the pathway used (either
pathway 2 or 3) have not been fully worked out.

The reasons why NgCAM transcytoses to the axon are not immediately apparent, and many
questions remain regarding a possible biological function of this circuitous targeting route.
For both CB1R (Leterrier et al., 2006) and TrkA (Ascano et al., 2009), ligand binding drives
the transcytotic pathway. This observation raises the possibility that routing of axonal
proteins can be subject to ligand-mediated signaling. It is thus possible that the transient
appearance of L1/NgCAM on the somatodendritic surface serves a purpose, such as
signaling in dendrites, binding of a ligand, or a guidance or feedback function that
coordinates dendrite and axonal growth. It is also conceivable that transcytotic routing is
regulated (Anderson et al., 2005; Schaefer et al., 2002) and can be turned on and off by the
cell in a signal cascade-dependent manner. How changes in trafficking route would affect
neuronal function is currently unknown.

Even though the signals for transcytotic targeting of L1/NgCAM have been mapped (see
below), little is known about either the cellular machinery recognizing the signals in neurons
or the endosomal compartments from which polarized sorting to axons takes place. Given
the emerging role of endosomes in polarized sorting to the axon, we will introduce the
reader in the following section to the insights gained from non-neuronal cells, and then
discuss commonalities and differences between the endosomal system in neuronal and non-
neuronal cells.

Endosomal trafficking in non-neuronal cells
Endocytosis is the process by which membrane proteins are removed from the cell surface
by internalization (Jovic et al., 2010; Maxfield and McGraw, 2004b; Traub, 2009). It is
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crucial for rapid and localized regulation of levels of proteins at the plasma membrane. After
being endocytosed, transmembrane proteins can be either degraded or recycled back to the
cell surface. Furthermore, the endosomal system is also important for intracellular signaling
since internalized receptors continue to transmit signals from endosomes that can be distinct
from those that immediately arise at the plasma membrane (Maxfield and McGraw, 2004a;
Murphy et al., 2009). The endosomal system is most thoroughly studied in non-polarized
cells. “Classical” endosomal system contains three major types of compartments: early
endosomes (EE), recycling endosomes (RE) [also frequently referred to as ERC =
endosomal recycling compartment], and late endosomes (LE)/lysosomes (Lys). Membrane
proteins are first endocytosed into EEs. From there, they can either follow the degradative
pathway to LE/Lys or recycle back to the plasma membrane either directly from EE or
through the recycling endosome RE (Figure 2). Owing to the advancement in imaging
techniques, especially high-resolution live cell imaging, it is now clear that the endosomal
system is very dynamic and more complex than previously anticipated. In contrast to the
long-held view that EEs are the initial cargo sorting station, live cell imaging demonstrated
that various membrane receptors can be sorted prior to entering EEs. Cargo sorting starts
already at the plasma membrane, at the level of clathrin-coated pit (CCP) formation, such
that different cargo is accumulated in different CCPs. Endocytosed G protein-coupled
receptors (GPCRs) accumulate in CCPs with prolonged surface residence time in
comparison to transferrin receptors (TfR) which are internalized by short-lived CCPs
(Puthenveedu and von Zastrow, 2006). As a consequence, distinct cargos are sorted into
different types of early endosomes. Several cargos en route to degradation are preferentially
targeted to dynamic EEs, whereas the recycling cargo transferrin is enriched in a larger,
static population of EEs (Lakadamyali et al., 2006). The exact mechanisms and machinery
responsible for these sorting events is not well understood.

Another layer of complexity was recently observed in sorting within EEs. It was previously
shown that recycling cargo sorts to the tubular subdomain of early endosome and later to
tubular REs, whereas degradative cargo remains in the vacuolar portion of EEs (Mayor et
al., 1993). It was also shown that within REs different cargos are transported in distinct
carriers with different transport kinetics (Lampson et al., 2001). Now, live cell imaging
demonstrated that tubular microdomains on endosomes are heterogeneous, with dynamic
tubules sorting constitutively recycling transferrin and more stable tubules sorting sequence-
dependent recycling β2 adrenergic receptor (Puthenveedu et al., 2010). Generally, there are
more flavors to each type of endosomal compartment than we anticipated. Furthermore,
certain cargos also traffic retrogradely from REs to the TGN (Ghosh et al., 1998; Mallard et
al., 1998), and REs are on the anterograde, biosynthetic route from the TGN to the plasma
membrane of some cargos in epithelial cells (Ang et al., 2004; Folsch et al., 2009). There is
clearly a close and dynamic relationship between REs and the TGN (Schmidt and Haucke,
2007), making the distinction between secretory and endosomal pathways more difficult.
This complexity is presumably crucial for precise sorting of various receptors depending on
their destinations.

Along with the segregation of cargos to different endosomal compartments, there is also
segregation of endosomal regulators (Miaczynska and Zerial, 2002; Stenmark, 2009), which
are crucial for cargo trafficking and the maintenance of specific endosomal compartments.
These regulators belong to multiple different families of proteins such as: 1) small GFP-ases
(rabs) and their interactors such as EEA1 and APPL, 2) adaptor proteins (AP-1, -2, -3, -4),
that recognize cargo sorting motifs and recruit coat proteins important for vesicle formation
3) SNARE proteins involved in vesicle fusion, 4) exocyst complex involved in exocytosis,
5) EHD proteins proposed to be involved in tubulation and fission processes, 6) BAR
domain-containing proteins which cause membrane bending, 7) sorting nexins containing a
PX domain for membrane binding, among others. Some of these regulators are
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transmembrane proteins (such as most of the SNAREs), but others like rabs, EHDs, EEA1
and APPL, can be recruited in a dynamic and regulated fashion to the endosomal membrane
from the cytosol. EEs are defined by the presence of a subset of endosomal regulators, in
particular EEA1 and rab5. REs associate with rab11, and LEs with rab7.

How endosomal identity is maintained in the face of continuous membrane and cargo flux,
and how transport between specific endosomal populations is regulated is under intense
investigation, particularly in non-neuronal cells. It is now well-established that individual
endosomes frequently consist of heterogeneous subdomains which segregate laterally within
a single endosome. For instance, EEs have distinct rab5- and rab4- subdomains, REs have
rab4- and rab11-subdomains (Miaczynska and Zerial, 2002; Sonnichsen et al., 2000), and
LEs have rab7- and rab9-subdomains (Barbero et al., 2002). These mosaic subdomains
might correspond to regions of cargo fusion into an endosome, subsequent cargo sorting into
distinct domains, and ultimate budding of new endosomal transport carriers containing a
subset of the total membrane cargos contained in the endosome. In addition, there is striking
evidence that early compartments can mature into later compartments by shedding early
regulators and gaining later regulators. This has been beautifully demonstrated by a recent
paper from the De Camilli laboratory. Live cell imaging of endosomal compartments labeled
with different endosomal regulators showed that pre-early endosomal compartments (APPL-
positive) convert to early endosomes (EEA1-positive) (Zoncu et al., 2009), by shedding
APPL and recruiting EEA1 to the same pre-existing endosome. Subsequently, early
endosomes (rab5-positive) can mature into late endosomes (rab7-positive) (Rink et al.,
2005) by shedding rab5 and recruiting rab7. Little is known about how the conversion of
one compartment to another (and its concomitant switch in associated regulators) is
achieved. For the switch from the APPL-positive preEE to the EEA1-positive EE, rab5
activity and accumulation of a different phosphoinositide species, PI-3P, are required
(Zoncu et al., 2009). How rab5 converts to a rab7-positive LE is not known, but rab activity
and phosphoinositides likely play a role here as well.

Neuronal specializations of the secretory and endosomal system
Even in non-polarized cells, many questions as to the regulation of endosomal trafficking
are still unanswered. In polarized cells, even less is known, but it is clear that an additional
level of complexity is added since recycling can occur to different domains of the plasma
membrane, such as apical vs. basolateral domains in epithelial cells or axonal vs.
somatodendritic domains in neurons. Our knowledge of the neuronal endosomal system and
neuronal polarized trafficking is still limited and much remains to be done to unravel the
complexities of polarized membrane traffic in neurons. The neuronal soma is roughly the
size of an epithelial cell, but neurons have also long axons and dendrites that extend far from
the cell body. Bi-directional transport (retrograde and anterograde) of various secretory and
endosomal compartments occurs along both axons and dendrites. For example, syntaxin13-
positive endosomal compartments traffic bidirectionally along both dendrites and axons
(Prekeris et al., 1999). Anterograde transport in axons has been shown for multiple
biosynthetic cargos, including VAMP2, and βAPP. The carriers for these cargos are
presumed to be derived from the TGN (Nakata and Hirokawa, 2003). Trafficking of
endosomes along the axon occurs primarily in the retrograde direction towards the cell
soma. Retrograde axonal transport has received particular attention since it is crucial for
neurotrophic signaling and neuronal survival (reviewed in (Howe and Mobley, 2004; Ibanez,
2007). Endosomal trafficking along the axon in the anterograde direction is less well
established, but was observed for endosomes containing L1/NgCAM axonal adhesion
molecule (Yap et al., 2008b), Trk receptors (Ascano et al., 2009), and integrins (Eva et al.,
2010), as well as endosomal regulators, such as syntaxin13 (Prekeris et al., 1999) and rab 11
(Ascano et al., 2009). Vesicular transport in dendrites is also bi-directional and occurs
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presumably for both TGN-derived as well as endosomally-derived carriers. For instance,
endosomes containing the endosomal regulator EHD1 or rab11 traffic bi-directionally along
dendrites (Lasiecka et al., 2010).

Besides the long-range trafficking of proteins to the correct locations using endosomal
trafficking, there is also constant local recycling and degradation of proteins within specific
domains (such as synapses or axon growth cones). These local endosomal pathways
dynamically regulate the number and availability of plasma membrane receptors and
adhesion molecules. Such local recycling is well understood for adhesion molecules during
growth cone advance in axonal tips where endocytosis occurs in the center portion of the
growth cone and endosomes recycle adhesion receptors back to the advancing edge of the
growth cone (Kamiguchi and Lemmon, 2000; Long and Lemmon, 2000). In dendrites, local
recycling has been demonstrated especially well for pre- and post-synaptic sites (reviewed in
Dittman and Ryan, 2009; Kennedy and Ehlers, 2006; Schweizer and Ryan, 2006). At the
post-synaptic site, live imaging has shown the insertion of glutamate receptors from
endosomes into spine heads. In fact, this local recycling of glutamate receptors contributes
to early phases of LTP (Kennedy and Ehlers, 2006). Overall, the large size and spatial
specializations present in neurons necessitate a specialized endosomal system which acts
locally as well as long distance and is responsive to extracellular events, such as growth
factors, guidance cues, neurotrophins, and electrical activity. Endocytosis and endosomal
trafficking therefore not only play important roles in long-range polarized trafficking, but
also support a plethora of neuronal functions, such as axon and dendrite outgrowth and
pathfinding, neurotrophic signaling for neuronal survival, synaptic plasticity, and synaptic
transmission.

How is the neuronal endomembrane system built to handle the diverse demands of many
cargos in far-flung places? In neurons, the secretory as well as the endosomal system are
different in axons and dendrites. The secretory pathway in neurons contains not only the
canonical perinuclear Golgi and TGN compartments, but in addition specialized Golgi
compartments (called “Golgi outposts”) within dendritic arbors (Hanus and Ehlers, 2008;
Horton and Ehlers, 2004; Horton et al., 2005; Pierce et al., 2001). The somatic Golgi in
neurons is frequently quite extensive and extends far into the major apical dendrite of
pyramidal neurons in vivo and in culture. This polarized placement of the Golgi is important
for proper elaboration of dendrites and neuronal polarity (Horton et al., 2005; Matsuki et al.,
2010). Golgi outposts are completely discontinuous from the somatic Golgi and are
frequently localized at dendritic branch points. They might ensure local distribution of
dendritic proteins (Horton et al., 2005; Ye et al., 2007). Consequently, dendrite branching
and growth, but not axonal outgrowth, relies on the function of Golgi outposts in Drosophila
(Ye et al., 2007). Which endogenous cargos might use the Golgi outposts is still largely
unknown, but NMDA receptors have been reported to bypass the somatic Golgi (Jeyifous et
al., 2009). Axons are largely devoid of secretory pathway compartments, but a few
publications have reported the presence of markers for secretory compartments, such as
Golgi and TGN, in axons (Hengst and Jaffrey, 2007; Lee and Hollenbeck, 2003; Merianda et
al., 2009; Willis et al., 2005; Yao et al., 2006). The exact roles and cargos using these
“axonal outposts” remain to be established.

The neuronal endosomal system, similarly, differs in several respects from that of
fibroblasts. For example EEA1, a canonical early endosomal regulator in non-neuronal cells,
is localized only to the somatodendritic domain in neurons but is absent from axons (Wilson
et al., 2000). Since EEA1 is thought to provide an essential function in endosome-endosome
fusion, its absence from axonal early endosomes in growth cones and axon terminals raises
the question of what might be a somatodendritic-specific function of EEA1 and what
protein(s) might substitute for EEA1 function in the axon. The morphology of recycling
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endosomes also differs from that in non-neuronal cells. Whereas in non-neuronal cells
recycling endosomes are clustered tightly near the nucleus in close proximity of the TGN, in
neurons recycling endosomes, labeled with transferrin or rab11, are spread almost evenly
throughout soma, dendrites and axons (Ascano et al., 2009; Park et al., 2006; Prekeris et al.,
1999; Thompson et al., 2007; Wang et al., 2008). Such a spread-out distribution likely
serves the diverse spatial demands of the neuron.

Neuronal-specific functions of endosomal regulators
Several classes of endosomal regulators are required for proper endosomal trafficking.
These regulators, many of them well-studied in fibroblasts, also play important roles in
neurons. EHD1/Rme1, as well as the recycling endosome regulators rab11 and syntaxin13,
were shown to be important for local AMPA receptor recycling at postsynaptic sites (Park et
al., 2004) and in transcytotic trafficking of L1/NgCAM (Lasiecka et al., 2010; and our
unpublished data). Rab11 is also important for anterograde axonal trafficking of Trk in
endosomes in sympathetic neurons (Ascano et al., 2009). Other rabs, such as rab5 and rab7,
are important in regulating endosomal trafficking at postsynaptic sites (Brown et al., 2005),
for retrograde trafficking along the axon (Deinhardt et al., 2006), and for the migration of
newborn neurons in the neocortex (Kawauchi et al., 2010).

Interestingly, many membrane trafficking regulators are highly enriched in the brain, or
even expressed in a brain-specific fashion. For instance, the neuronal early endosome
protein NEEP21 (originally identified as Neural Specific Gene 1, Nsg1) is expressed
primarily in neurons and is found in an early endosomal population largely distinct from
EEA1-positive endosomes. NEEP21 interacts with the SNARE protein syntaxin13 and
localizes to rab4-positive but rab5 negative early endosomes (Steiner et al., 2002). NEEP21-
positive endosomes accumulate endocytosed L1/NgCAM adhesion molecules, as well as
AMPA receptors (Steiner et al., 2005; Steiner et al., 2002; Yap et al., 2008b) and are
involved in trafficking of multiple cargos, including transferrin, L1/NgCAM, and AMPAR
(Alberi et al., 2005; Debaigt et al., 2004; Steiner et al., 2005; Steiner et al., 2002; Yap et al.,
2008b). NEEP21 also binds to GRIP1, an interaction important for GluR2 trafficking
(Steiner et al., 2005). Recently, NEEP21 was shown to interact with and affect proteolytic
processing of βAPP (Norstrom et al., 2010). The precise mode of NEEP21 action and the
role of its interaction with syntaxin13 are still unknown.

Another known neuronal-specific protein is GRASP-1 (GRIP-associated protein-1).
GRASP-1 is a neuron-specific effector of Rab4 and an important component of the
molecular machinery that coordinates recycling endosome maturation in dendrites.
GRASP-1 is also necessary for AMPAR recycling, maintenance of spine morphology, and
synaptic plasticity (Hoogenraad et al., 2010). The endocytosis protein dynamin also exists in
neuronal-specific and ubiquitously-espressed isoforms. Dynamin 1 and 3 are neuron-specific
whereas dynamin2 is also expressed in non-neuronal cells. Elegant work by the De Camilli
lab has uncovered that dynamin 1 (and possible also dynamin 3) support a distinct endocytic
mechanism from dynamin 2. Dynamin 1, in particular, is required for maintaining
endocytosis of synaptic vesicle components during prolonged stimulation (Robinson, 2007;
Ferguson, 2007). It will be important to elucidate how these neuronal-specific components
of various organelles modify the canonical machinery to achieve neuron-specific functions.

Besides the presence of neuronal-specific endosomal regulators, many canonical endosomal
regulators found in non-neuronal cells have specialized functions in neurons. In non-
neuronal cells members of the EHD family, EHD1–EHD4, regulate trafficking through early
and recycling endosomes (Grant and Caplan, 2008). EHD1 (also called Rme1) has also been
suggested to regulate endocytosis of IGF1 receptor (Rotem-Yehudar et al., 2001). The exact
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molecular functions of EHD1 are still under investigation. EHD1 associates with pre-
existing tubules in fibroblasts (Sharma et al., 2009), but tubular EHD1-containing
compartments are rarely seen in neurons (Yap et al., 2010). In addition, EHD2 has been
shown to support tubulation of artificial liposomes, suggesting the model that EHD proteins
may function in a manner similar to dynamin family proteins in causing tubulation and
subsequent fission of vesicular carriers (Daumke et al., 2007). Since EHD proteins interact
with multiple trafficking regulators via their C-terminal EH domains (Naslavsky and
Caplan, 2011), they likely regulate and coordinate recruitment and activation of other
effectors classes, such as rabs. Interestingly, in neurons, EHD4 (also called pincher) (Shao et
al., 2002) is involved in endocytosis, rather than (or in addition to) recycling (Sharma et al.,
2008): TrkA-mediated NGF-dependent survival signaling depends on EHD4/pincher-
mediated endocytosis (Valdez et al., 2005). Recently Nogo-A, a repulsive cue for axon
growth cones, was also shown to be endocytosed on an EHD4/pincher pathway (Joset et al.,
2010). Furthermore, EHD4 (likely as a hetero-dimer with EHD1) mediates a specialized
internalization pathway utilized by L1/NgCAM in neurons. This pathway is cargo-specific
(not utilized by transferrin or AMPARs) (Park et al., 2004) and cell type-specific (not
involved in the internalization of L1/NgCAM in fibroblasts) (Yap et al., 2010; Winckler and
Yap, 2011).

In addition to a role in endocytosis, EHD1 also has a role in endosomal transport in neurons.
EHD1 associates dynamically with endosomes early in the endosomal pathway, prior to the
recruitment of EEA1 to early endosomes. In this respect, neurons might differ from
fibroblasts in which EHD1 function has been associated most frequently with recycling
endosomes, although roles in early endosomes are also becoming apparent (Cai et al., 2011;
Jovic et al., 2010). EHD1 remains associated with endosomes after EEA1 dissociates,
indicating that EHD1 is a rather long-lived component of endosomes. Downregulation of
EHD1 using small hairpin plasmids leads to accumulation of endocytosed NgCAM in
EEA1-positive endosomes and delayed accumulation in NEEP21-endosomes, suggesting a
role for EHD1 in transport from EEA1-positive to NEEP21-positive early endosomes
(Lasiecka et al., 2010). If EHD1 also plays a role in later transport steps in neurons for cargo
leaving recycling endosomes remains to be determined.

Signals and machinery for targeting to the somatodendritic domain
Much of the work discussed so far has focused on the compartments involved in polarized
sorting and the machinery regulating compartmental progression. A lot of work has also
focused on identifying signals in the polarized cargo molecules themselves that would be
responsible for recruiting polarized targeting machinery. Targeting of proteins to different
domains is governed by specific sorting motifs within the protein, which encode protein
localization. There is no universally used axonal or dendritic motif, and only few strong
consensus sequences have emerged in the studies carried out to date. Similarly to basolateral
sorting in epithelial cells (Folsch, 2008), the sorting of cargo towards the somatodendritic
domain depends on intrinsic signals contained within the cytoplasmic domain of the cargo
protein (Craig and Banker, 1994; Dotti and Simons, 1990; Winckler and Mellman, 1999;
Yap and Winckler, 2009). In particular, two sequence motifs have been identified as
dendritic targeting signals: a tyrosine-based motif, and a dileucine-based motif. In epithelial
cells, tyrosine-based motifs interact with the μ subunit of AP adaptors (AP1-4), whereas di-
leucine motifs interact with γ/σ1 of AP1 or δ/σ3 of AP4 (reviewed in Folsch, 2008). Studies
showed that these two motifs in some membrane proteins confer both dendritic targeting in
neurons and basolateral targeting in polarized epithelial cells (Jareb and Banker, 1998). In
contrast, in other proteins, basolateral and somatodendritic tyrosine-based targeting motifs
map to different domains (Francesconi and Duvoisin, 2002; West et al., 1997). Similarly, di-
leucine motifs, which act as basolateral targeting motifs, are not universally active as
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somatodendritic targeting signals (Silverman et al., 2005). Novel motifs associated with
dendritic targeting have also been identified (Francesconi and Duvoisin, 2002; Ruberti and
Dotti, 2000). However, these motifs are not conserved in other dendritically targeted
membrane proteins. Therefore, mapping of somatodendritic targeting signals needs to be
carried out for each protein individually.

It is widely assumed that these targeting signals ensure accurate TGN-based sorting (Figure
1: pathway 1), such that the signals are required for either cargo enrichment and/or inclusion
into somatodendritically-directed vesicles. This assumption is based on the finding in
epithelial cells that basolateral targeting signals mediate interaction with clathrin adaptors
(Folsch, 2008). In reality, the site of action for most of the currently characterized
somatodendritic sorting signals has not been directly demonstrated. Specific roles for AP
adaptors in somatodendritic sorting have only been proposed for AP-4. Knockout of the β
subunit of AP-4 results in mis-targeting of AMPA receptors to axons, along with TARPs, δ2
glutamate receptors, and LDLR. NMDA receptors, on the other hand, are not affected in
their localization to the somatodendritic domain, even though they can bind to AP-4 directly
(Lavezzari et al., 2004). AMPA receptors do not directly bind to AP-4, but rather associate
with the AP-4 complex indirectly via TARPs. Surprisingly, the mis-targeted AMPA
receptors do not accumulate on the axonal surface, but rather in autophagosomes in the axon
(Matsuda et al., 2008). Endocytosis might also be important for somatodendritic targeting of
some receptors. For example, DNER, a transmembrane Notch ligand, was shown to require
endocytosis for accurate somatodendritic targeting (Kurisu et al., 2010). It remains to be
determined if other somatodendritic proteins might also show impaired ability to localize to
the somatodendritic domain when endocytosis is impaired.

Furthermore, polarized membrane traffic is a multi-step pathway and correct sorting at the
TGN is only one of multiple steps that need to be accomplished correctly to ensure polarized
targeting. After inclusion into a somatodendritically-directed vesicle, the vesicle needs to be
targeted to dendrites rather than the axon, suggesting important roles for motor proteins in
polarized membrane traffic. Kinesins are one of the major motor proteins and much work is
being done on their roles in membrane trafficking in neurons (Hirokawa et al., 2010;
Kapitein and Hoogenraad, 2011). For instance, KIF17 is important in mediating the correct
somatodendritic targeting of Kv4.2 (Chu et al., 2006). In addition to kinesins, the minus-end
directed motor dynein also plays a role in directing traffic to the dendrites (Kapitein et al.,
2010). Interestingly, neuron-specific dynein subunits might contribute to cargo selectivity,
as has been shown for retrograde transport of TrkB in axons (Ha et al., 2008). Intriguingly,
actin-based myosin motors have recently emerged as playing unexpected and important
roles in polarized trafficking (Lewis et al., 2009). It is currently not clear if tyrosine- or
dileucine-based targeting signals mediate (direct or indirect) interactions with motor proteins
or if distinct sets of motifs are needed to mediate those interactions. In the case of Kv4.2,
though, it has been shown that the di-leucine motif is not responsible for binding KIF17
(Chu et al., 2006), suggesting that somatodendritic targeting is regulated by multiple signals
and binding partners.

Signals and machinery for targeting to the axonal domain
Axonal targeting signals are diverse, and the mechanisms of their action are not yet well
understood. Several axonal sorting signals map to the extracellular domain (Biermann et al.,
2010; Sampo et al., 2003), reminiscent of some extracellular apical signals operating in
epithelial cells. Other axonal signals are found in the cytoplasmic domain, but show no
conserved consensus sequences with each other. These diverse signals might operate at
distinct steps on the pathways to the axon, using one or multiple cellular mechanisms.
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One open question is how many distinct axonally-targeted vesicles are generated at the TGN
or in endosomes. Do all axonal proteins travel together in one kind of axonally-directed
vesicle? It appears that multiple classes of axonally-directed vesicles are generated: Two
classes of presumably TGN-derived carriers that carry distinct axonal cargos were observed
in one study (Kaether et al., 2000); at the same time multiple axonal cargos can share the
same vesicle (Nakata and Hirokawa, 2003). Live imaging of A-VSV-G-GFP (an apical/
axonal version of VSV-G) and amyloid precursor protein (APP) showed that they were
directly transported to the axon after a biosynthetic transport block was released (Nakata and
Hirokawa, 2003). These cargos therefore appear to use a direct pathway from the TGN to
the axon. Whether they briefly stopped over at a local endosome on their way into the axon
cannot be easily determined from the experiments and remains a possibility.

For a number of axonal proteins axonal targeting motifs mapped to sequences that were
shown to be endocytosis motifs (Fache et al., 2004; Garrido et al., 2003; Sampo et al., 2003;
Xu et al., 2006). These axonal proteins likely travel on an indirect trafficking pathway
through initial non-polarized delivery and subsequent selective removal/retention route
(mechanism 2). Proteins on that pathway (such as voltage-gated sodium channels) are first
inserted into both somatodendritic and axonal domains. Subsequently, the missorted
dendritic pool is endocytosed and presumably degraded, whereas the properly inserted
axonal pool is retained and stabilized on the axonal surface. Axonal accumulation of this
class of axonal proteins is therefore dependent on somatodendritic endocytosis (reviewed in
Winckler and Mellman, 2010). The identity of the endocytic pathway and which adaptors
might be involved is not yet known. Somewhat surprisingly, this type of endocytosis-
dependent axonal trafficking is currently the most widely documented mode of axonal
accumulation. Work on more axonal receptors is needed to determine how many axonal
proteins travel on an endocytosis-independent vs. an endocytosis-dependent pathway.

The molecular machinery specialized for axonal targeting is still incompletely understood.
Binding partners for axonal targeting signals have only been identified in a small number of
cases. For instance, potassium channels in the shaker class require the T1 tetramerization
domain for axonal targeting (Gu et al., 2003). Two different molecular pathways have been
proposed to be mediated by T1 interactions. The first one is based on binding of T1 domains
to the auxiliary cytosolic Kvβ subunit and indirect binding to kinesins, the second one is
based on direct binding to kinesins. Binding of T1 domains to Kvβ was shown to be required
for ER exit and axonal targeting of the Kv shaker channels. Kvβ mediates binding to the
kinesin motor KIF3 indirectly via the microtubule tip complex protein EB1, thereby
regulating entry into the axon (Gu et al., 2006). Interestingly, the association of Kvβ with
EB1 is regulated by phosphorylation downstream of cdk kinases, thereby affecting the
efficieny of surface delivery of Kv1 channels (Vacher et al., 2011). T1, alternatively, can
also bind directly to the KIF5B motor for transport into axons (Rivera et al., 2007).

How a particular kinesin motor selectively transports cargo vesicles into axons or dendrites
is under intense investigation. Many interesting studies have been reported in the last couple
of years, but much remains to be clarified. Some of the motor domains preferentially bind to
and translocate on axonal microtubules (Konishi and Setou, 2009), and posttranslational
modifications of tubulins might be distinct in axons and dendrites. Such differences in
posttranslational modifications as well as in the identity and abundance of microtubule-
associate proteins (MAPs) likely contribute to privileged entry of certain kinesins into
axons. Furthermore, a specialized substructure at the beginning of the axon, the axon initial
segment, has been proposed to regulate entry of axonal kinesins into the axon (Song et al.,
2009). The exact mechanism for such a “filter” at the axon initial segment is still not known,
but it requires ankyrinG and intact microfilaments. In addition to kinesins, myosins play
unexpected roles in axonal trafficking. In particular, myosinVI promotes axonal targeting of
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several proteins, including L1/NgCAM (Lewis et al., 2011). Strikingly, the effect of
myosinVI can be linked to aiding somatodendritic endocytosis (pathways 2 and/or 3) as well
as having effects on direct trafficking to the axon along the biosynthetic pathway (pathway
1). The exact mechanisms and sites of action for myosinVI await future studies.

Some of the molecular machinery for anterograde transport of Trk receptors is also being
discovered. CRMP2, collapsin response mediator protein-2, is involved in the anterograde
transport of vesicles containing TrkB (Arimura et al., 2009b). Slp1, a CRMP-2 interacting
molecule, binds directly to the cytoplasmic tail of TrkB. Slp1 is also an effector of Rab27.
Slp1 can therefore link TrkB and Rab27B to CRMP2. Since CRMP2 interacts with kinesin
light chain, it could directly link the TrkB/Slp1/Rab27B complex to kinesin 1 for
anterograde axonal transport (Arimura et al., 2009a). The molecular machinery for how
Rabs recognize specific vesicles for targeting is therefore starting to be unraveled. In
addition to rabs and rab effectors, sortilin has been implicated in mediating anterograde
transport of Trk receptors to the axon (Vaegter et al., 2011)

Signals and machinery for transcytotic routing of NgCAM
The signals required for transcytotic trafficking are best understood for L1/NgCAM. L1/
NgCAM contains a specific tyrosine-based motif (YRSLE) in the cytoplasmic tail that
mediates sorting from the TGN to the somatodendritic domain (Yap et al., 2008a). TGN-
based sorting thus contributes to L1/NgCAM polarity. This motif presumably binds AP
adaptors, but the identity of the AP adaptor in neurons is not known. In addition to the
YRSLE somatodendritic signal, an axonal signal maps to a 15 amino acid glycine- and
serine-rich stretch in the cytoplasmic tail of L1/NgCAM. Both signals are required for the
sequential regulated routing via the multi-step transcytotic pathway (Yap et al., 2008a).
Surprisingly, L1/NgCAM contains a second sufficient axonal targeting signal in the
extracellular domain (Sampo et al., 2003). It is not clear why L1/NgCAM contains two
sufficient axonal signals, but the presence of the second signal improves axonal targeting. It
is also unknown which cellular machinery recognizes and executes either the cytoplasmic or
the extracellular axonal signals.

Interestingly, NgCAM also accumulates on the apical domain in MDCK cells and reaches
its apical destination via transcytosis, on a pathway apparently very similar to the one
described in neurons (Anderson et al., 2005). The same tyrosine-based motif found to be
important for the initial somatodendritic targeting in neurons also mediates the initial
basolateral sorting of NgCAM in MDCK cells. In MDCK cells, transcytotic trafficking of
NgCAM is regulated by phosphorylation (Anderson et al., 2005). The epithelial-specific
adaptor AP-1B recognizes the YRSLE signal and mediates the initial basolateral sorting of
newly-synthesized NgCAM. The YRSLE motif is also recognized by the endocytosis
clathrin adaptor AP-2 (Kamiguchi et al., 1998), which mediates the subsequent endocytosis
of NgCAM into basolateral endosomes. The YRSLE motif is then subject to
phosphorylation, likely by a src family kinase (Schaefer et al., 2002). This phosphorylation
inactivates the basolateral signal and inhibits AP-1B binding. NgCAM with a
phosphorylated YRSLE motif is therefore not recycled back to the basolateral domain, but
rather transcytosed to the apical domain based on apical sorting signals. The apical signals
are only active when the YRSLE basolateral signal is inactivated by phosphorylation. In
agreement with this mechanism, NgCAM carrying a point mutation in the YRSLE motif
(NgCAM Y33A) is unable to undergo transcytosis in neurons and travels to the axon on a
direct, endocytosis-independent pathway instead (Wisco et al., 2003). The molecular basis
for the sequential execution of the somatodendritic and axonal signals in NgCAM are not
known. Cryptic apical signals that only become active after inactivation or removal of a
basolateral signal are also prevalent in MDCK cells (Rodriguez-Boulan and Musch, 2005).
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A similar mechanism involving spatial regulation of adaptor binding via phosphorylation
thus likely also regulates NgCAM transcytosis in neurons, with an adaptor other than AP-1B
likely mediating the initial somatodendritic sorting.

Outlook
Besides axons and dendrites, neurons also have other specialized domains, such as proximal
and distal dendrites, axon growth cones, synapses (pre-synaptic and postsynaptic
specializations), axon initial segment and nodes of Ranvier. Each domain contains specific
sets of proteins and plays distinct role in neuronal physiology. The assembly and
maintenance of these distinct domains almost certainly rely on regulated trafficking from
biosynthetic and endosomal compartments. The details of how the composition of these
distinct domains are assembled and dynamically regulated are still being worked out.
Current advances in live cell imaging and super-resolution microscopy will enable the study
of trafficking in cultured neuronal cells in great detail. In the future, as the in vivo imaging
techniques evolve, we might be able to study trafficking in neuronal cells in the context of
brain development as well as in disease states in vivo. We could observe trafficking
involved in developmental processes or specialized functions of different brain regions and
different neuronal cell types. Furthermore, as more and more connections between
dysfunction of the endomembrane system and neurodegenerative diseases surface, studying
neuronal transport will gain additional clinical relevance.
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Figure 1. Model of polarized trafficking in neurons
Membrane proteins can be sorted to axon vs. dendrites by three major pathways: 1) direct
polarized delivery from the trans-golgi network (TGN), 2) non-polarized delivery followed
by selective retrieval and retention, 3) indirect polarized delivery via endosomes
(transcytosis). In the first pathway (1) axonal and somatodendritic proteins are sorted in
TGN into axonally- and somatodendritically-targeted secretory vesicles. Those vesicles are
transported and fuse with axonal and somatodendritic membranes, respectively. Some
evidence, coming from epithelial cells studies, suggests that cargo, which exit TGN might
enter endosomes without prior appearance on the plasma membrane, which would implicate
the involvement of endosomes in secretory pathway. In the second pathway (2) axonal and
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somatodendritic cargo exits TGN into secretory vesicles, which can fuse with both
somatodendritic and axonal membranes. After this initial non-polarized insertion, proper
polarized distribution of proteins is achieved by subsequent endocytic removal of missorted
proteins (presumably for degradation) and retention of the properly targeted proteins at the
plasma membrane. In the third pathway (3) proteins coming out of TGN are sorted into
somatodendritically-targeted secretory vesicles, and then inserted into somatodendritic
membrane and subsequently endocytosed into axonally-targeted endosomal compartments,
which finally fuse with axonal membrane.

Lasiecka and Winckler Page 20

Mol Cell Neurosci. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Model of neuronal endomembrane system
Neurons contain an extensive somatic Golgi clustered near the nucleus which frequently
extends substantially into the major apical dendrite. In addition to the somatic Golgi, distinct
Golgi outposts can be found in more distal portions of major dendrites, especially at
dendritic branch points. At the plasma membrane different membrane proteins are
endocytosed into different populations of pre-early endosomal compartments (pre-EEs).
Some of the pre-EEs contain EHD1 (shown in neurons) and/or APPL1 (not shown in
neurons). Pre-EE mature and/or fuse into canonical early endosomal compartments
containing such endosomal regulators as: EEA1, rab5, syntaxin13, and EHD1. Within those
EEs different proteins might be sorted into different subdomains. At this point some proteins
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might be 1) directly recycled back to the plasma membrane or 2) directed to specialized
recycling compartment (RE) that function in polarized sorting and recycling, or 3) targeted
to late endosomes and subsequently to lysosomes where they are being degraded. In neurons
there is also an additional early endosomal compartment containing neuron-enriched
endosomal protein 21 (NEEP21). This compartment does not colocalize with rab5 and
EEA1 but colocalizes with rab4 (in PC12 cells) and to certain extent with EHD1. Some
cargoes (AMPAR and transferrin) reach the NEEP21-compartment after the canonical EE
compartment and before the RE compartment on their recycling pathway to the
somatodendritic plasma membrane. It is not known whether cargo can be endocytosed
directly to NEEP21-positive EE, bypassing canonical EE. Furthermore the NEEP21-positive
compartment is important on the L1/NgCAM transcytotic pathway to the axon. Another
neuronal-specific endosomal regulator, GRASP1, is localized to rab4-positive early
recycling endosomes mainly in the somatodendritic domain. Both NEEP21-positive and
EEA1-positive compartments are present in somatodendritic domain but not in axon.
Proteins that are endocytosed in the axon (as shown for neurotrophins) accumulate in the
rab5-positive axonal early endosomes, which likely mature into rab7 late endosomal
compartments, which travel retrogradely along the axon towards the cell soma. Recycling
endosomal compartments positive for rab11, syntaxin13, and EHD1 are localized to both
axons and dendrites and can travel bidirectionally along those processes presumably
transporting cargo. Besides the endosomal compartments that are involved in protein sorting
and long-range trafficking, there are endosomal compartments important for local protein
recycling at the axon growth cone and later at the pre-and post-synaptic sites. Finally, work
done in non-neuronal cells uncovered substantial cross-talk between secretory and
endosomal pathways. Certain proteins can be transported from late endosomes back to TGN
and at the same time proteins exiting TGN can enter endosomal compartments without being
inserted into the plasma membrane.
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