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Emerging aspects of membrane traffic in neuronal dendrite growth
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Abstract

Polarized growth of the neuron would logically require some form of membrane traffic to the tip of the growth cone, regulated in conjunction
with other trafficking processes that are common to both neuronal and non-neuronal cells. Unlike axons, dendrites are endowed with membranous
organelles of the exocytic pathway extending from the cell soma, including both rough and smooth endoplasmic reticulum (ER) and the ER–Golgi
intermediate compartment (ERGIC). Dendrites also have satellite Golgi-like cisternal stacks known as Golgi outposts that have no membranous
connections with the somatic Golgi. Golgi outposts presumably serve both general and specific local trafficking needs, and could mediate
membrane traffic required for polarized dendritic growth during neuronal differentiation. Recent findings suggest that dendritic growth, but
apparently not axonal growth, relies very much on classical exocytic traffic, and is affected by defects in components of both the early and late
secretory pathways. Within dendrites, localized processes of recycling endosome-based exocytosis regulate the growth of dendritic spines and
postsynaptic compartments. Emerging membrane traffic processes and components that contribute specifically to dendritic growth are discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Neurons are highly specialized cells with elaborate junction
connections with one another and with target organs. Polarized
membrane traffic in neurons is necessary for both the
establishment and the maintenance of the axonal and somato-
dendritic plasma membrane domains [1–3]. Neuronal polarity
is established during early development, as neural progenitor
cells differentiate and generate processes that would become
axons and dendrites. Axons typically function in neurotrans-
mitter release in response to an action potential generated by an
integration of dendritic input. Dendrites house, at their synaptic
termini, receptors that serve to transduce chemical signals from
several other neurons. It is clear that these plasma membrane
domains must have a distinct set of proteins, and the com-
position of these proteins needs to be continuously maintained
as such, as postmitotic neurons serve out the life span of the
organism.

In general, polarized targeting to different neuronal surface
domains can be achieved in several ways. Although neurons
⁎ Tel.: +65 6516 1040; fax: +65 6779 1453.
E-mail address: bchtbl@nus.edu.sg.

0167-4889/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2007.11.011
lack an equivalent of tight junctions, cytoskeletal-membrane
protein complexes constituting the initial segment fence found
at the axon hillock [4] could prevent free movement of mem-
brane proteins to axonal domains. Selective, directed targeting
of membrane cargoes in specific domain bound carriers has
been observed for dendritic proteins [5,6]. On the other hand,
some membrane cargo-ferrying carriers are not specifically
targeted, and could find their way into the associated cyto-
plasmic region of both axons and dendrites. This is particularly
the case for those utilizing plus-end-directed microtubule
motors, which are present in both axon and dendrite [7]. For
these, selective membrane docking/fusion is presumably
required for eventual domain specific incorporation of cargo
[8].

Polarized surface transport of membrane materials is
required in the maintenance of adult neuron function, and is
also acutely needed in polarized neurite growth during
development and differentiation. How are these processes
connected to, and regulated in conjunction with, the regular
vesicular membrane traffic in neurons? Biosynthetic transport
of membrane proteins and lipids along the exocytic pathway
provides a continuous supply of membrane materials to the
surface of all eukaryotic cells. Membrane proteins and secretory
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cargoes are first targeted to the endoplasmic reticulum, and then
routed to the cell surface through multiple rounds of vesicle
budding and fusion processes [9,10]. These processes are
mediated by an evolutionarily conserved set of coat proteins
that regulated vesicle budding [11] as well as Rab family
GTPases, tethering complexes (such as the exocyst complex)
and soluble N-ethylmaleimide sensitive factor (NSF) attach-
ment protein receptors (SNARE) for vesicle docking and fusion
[12]. Other than exocytosis, another way whereby membrane
proteins could be added to the cell surface is through the
recycling of internalized proteins via recycling endosomes
[13,14]. Polarized membrane traffic in neurons could therefore
be mediated by the same cellular machineries functioning along
the paths and routes of exocytotic trafficking and/or endosomal
recycling, but specifically regulated in some temporal and
spatially unique manner [15]. There are some evidence for
Rab8 [16,17], and the exocyst complex [18] being involved in
exocytosis-mediated neurite extension. However, evidence for
an absolute requirement for exocytic traffic in general and
specific key components of the exocytic machinery, such as coat
proteins and SNAREs (except TI-VAMP, which is more
associated with lysosomal traffic in non-neuronal cells), are
scarce. On the other hand, the requirement of for Rab11 [19] and
syntaxin 13 [20]-mediated processes have implicated recycling
endosome function in neurite outgrowth.

Neuronal dendrites are in most cases fairly elaborate
structures with multiple branches. It is therefore conceivable
that supply of nascent membrane proteins for its growth and
maintenance from the cell body could be problematic. The
problem may be partially alleviated by having mRNAs targeted
[21] to local protein translational machinery of dendrites
[22,23]. The Golgi apparatus is the penultimate membranous
organelle within the cell soma where proteins destined for
the secretory pathway traverse before reaching the plasma
membrane. It is interesting to note that polarization in many
eukaryotic cells is often associated with some morphological
rearrangement of Golgi positioning, so as to facilitate directional
targeting of membrane traffic to specialized plasma membrane
domains [3]. However, is axonal and dendritic growth truly
dependent on secretory traffic, and if so, how ismembrane traffic
from the cell body directed towards the growing neurites?
Recent findings have revealed that growth of neuronal dendrites,
unlike axons, is in fact very much dependent on the classical
secretory pathway and its associated membranous compart-
ments for its growth and function.

2. The dendrite is endowed with a localized exocytic
apparatus

It has become clear over the past years that the neuronal
dendrite is endowed with satellite endomembrane systems that
modulate more localized membrane traffic. It was known earlier
that local protein synthesis occurs in dendrites [24]. Interest-
ingly, dendrites seemed to also possess the enzymes for
N-linked glycosylation reactions that are usually associated
with the Golgi apparatus [25]. Early immunocytochemical
studies also suggest that membrane structures and markers of
the rough and smooth endoplasmic reticulum (ER), ER–Golgi
intermediate compartment (ERGIC) [26] and the Golgi
apparatus could extend at least into the proximal part of major
dendritic branches [27]. A large number of dendritic spines are
known to contain a specialized smooth ER membrane extension
known as the spine apparatus [28,29].

Ultrastructural studies by McCarthy et al. with immunogold
labeling demonstrated that the ER translocon component
Sec61α, ribosomes and lumenal ER proteins with the KDEL
retention signal were all found associated with dendrites and
dendritic spines [30]. There are also morphological evidence
for the presence of ERGIC and Golgi/trans-Golgi network
(TGN) markers within dendritic spines and distal dendrites [31].
Aridor et al. showed that ER export sites, marked by the
small GTPase Sar1 and components of coat complex II (COPII),
are assembled regularly throughout the dendritic tree [32].
N-methyl D-aspartate (NMDA) receptors were shown to be
recruited to these ER export sites upon activation of meta-
botropic glutamate receptors, indicating that the formation of
these sites could be regulated by neuronal activity [32].

With advances in live-imaging techniques, trafficking of
fluorescent protein-labeled mobile transporters to both axons
and dendrites could be visualized [8,33]. Horton and Ehlers [34]
examined mobile carriers containing the antegrograde mem-
brane cargo green fluorescent protein-labeled vesicular stoma-
titis virus G (GFP-VSVG) protein. Upon ER exit, these moves
bidirectionally, and fused with both the somatic Golgi as well as
some relatively static and long-live punctuated structures in the
dendrite (but not the axon). The latter structures have Golgi-like
membrane identities, as they are positively labeled for both
the cis-Golgi marker GM130 [35] and the trans-Golgi marker
galactosyltransferase [36]. Ehlers et al. further showed that
these Golgi outposts are most prominently found in the longer
and thicker apical dendrites. Golgi outposts appear to play a role
in dendritic growth during morphological differentiation of
hippocampal pyramidal neurons [37]. During dendritic growth,
the Golgi apparatus becomes physically oriented towards the
longest dendrite. This morphological change in Golgi polarity
precedes the asymmetric dendrite elongation. Disruption of the
Golgi apparatus by over-expressing GRASP65, a protein which
facilitates Golgi cisternae stacking [38], abolished this asym-
metry in Golgi orientation observed during dendritic growth,
resulting in a marked reduction in dendritic polarity. Further-
more, a kinase-dead mutant of the TGN-localized protein kinase
D (PKD-KD) [39], which blocks anterograde TGN-plasma
membrane transport, had a specific and quick suppressive effect
on dendritic over axonal outgrowth.

These important findings revealed that membrane traffic in
growing dendrites are facilitated by discrete, satellite secretory
apparatus distinct from that at the cell body. The existence of
Golgi outposts poses several interesting questions, perhaps the
most important of which pertains to their origin and function.
Although the mode and mechanism of Golgi outpost biogenesis
has remained largely unknown, several possibilities have
been postulated [40]. The presence of ERGICs in dendrites
[32,34] suggests that Golgi elements could be generated de
novo by ER exocytosis at these sites remote from the cell body.
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Alternatively, dendritic Golgi elements could arise from frag-
mentation and subsequent dispersion from the somatic Golgi,
perhaps utilizing mechanisms of regulated phosphorylation that
are related to mitotic Golgi breakdown. The dispersion process
could be guided by microtubule-based transport [41], with
reorganization of the Golgi stack at dendritic sites aided by local
cytoskeletal modeling and interaction with dendritic ER/ERGIC
membrane matrixes.

3. A TGN component for dendritic Golgi outposts

Another interesting question is whether Golgi outposts are
complete versions of the somatic Golgi (albeit smaller), with a
functionally polarized cis- and trans-face. A related question is
whether dendritic Golgi outposts could function to receive both
anterograde (i.e. from the local ER) as well as retrograde (i.e.
from the plasma membrane and endosomes) traffic. Further-
more, it is unclear as to where cargo proteins transiting dendritic
Golgi outpost would be subsequently directed to. This point is
important because it is conceivable that Golgi outposts are not
more than merely stripped-down versions of the somatic Golgi,
evolved for specific anterograde delivery of proteins important
for the function of the postsynaptic compartment.

To address these questions it would be important to confirm
that dendritic Golgi outposts have an associated TGN. The
TGN functions in both the exocytic and endocytic pathways,
mediating the sorting of hydrolytic enzymes to lysosomes and
anterograde targeting of other cargoes to the plasma membrane.
The TGN also receives retrograde traffic from the late and
recycling endosomes. In general, there are two retrograde
transport routes from the endosome to the TGN, known from
studies based on non-neuronal cells [42]. One major route
entails transport from the late endosome to TGN. A prominent
membrane cargo being transported through this route is the
mannose 6-phosphate receptor [43]. The retrograde transport of
proteins such as the B-subunit of Shiga toxin, furin and TGN38
occurs directly from the early or recycling endosome to the
TGN [44,45]. This pathway is proposed to be important as
it may allow signaling molecules such as CD19, interferon α/β
receptors or GPI-anchored receptors such as CD14 to avoid
degradation by late endosomes to reach sites where they can
interact with their intracellular targets [45].

It is unclear if Golgi outposts have any retrograde transport
function. For that matter, it was not particularly clear whether
the Golgi outposts have a TGN. Early work has revealed
TGN38 staining in membranous dendritic structures [31], but
morphological tracking of the Golgi outposts were largely done
using markers that are not specifically TGN-localized, such as
the cis-Golgi marker GM130 [35]. We have recently found that
the brain-enriched TGN SNARE syntaxin 16 (Syx16) [46,47] is
specifically enriched in neuronal dendrites and found at Golgi
outposts [48], thus confirming that Golgi outposts are endowed
with a trans-Golgi network (TGN) component. Syx16 has a
known role in the early/recycling endosome—TGN retrograde
transport [45]. It is therefore conceivable that dendritic Golgi
outposts may also receive cargo from dendritic plasma mem-
branes or dendritic early/recycling endosomes.
4. Molecular components regulating dendritic growth

The molecular mechanisms underlying the establishment of
neuronal polarity during development are complex, and involve
the integration of many different signaling pathways [49].
Dendritic growth during development occurs in a manner that is
spatially and temporally distinct from axonal growth. Dendritic
arbors, once formed, are largely maintained throughout the
neuronal lifetime, with morphological refinements occurring as
a result of neuronal activity. On the other hand, dendritic spines,
which are protrusions from dendritic shafts which form the
immediate postsynaptic compartment in synapses, are much
more dynamic structures. These could grow and shrink in size
with the nature (inhibitory or excitatory), pattern and strength of
presynaptic inputs. In regulatory terms, dendritic growth is
expected to share features and components with axonal growth.
Thus, several members of the key families of proteins that
functions in axonal guidance and pathfinding (e.g. semaphorins,
Slit/Robo, netrin/DCC and ephrin/Eph) also provide extrinsic
modulation to dendritic growth during development [50,51].
Expectedly, the Rho family GTPases and their modulators and
effectors, acting downstream of these extrinsic factors, play
critical roles in cytoskeletal changes accompanying growth and
arborization of dendrite [52–54], as they do for axons.

Factors that differentially modulate dendritic versus axonal
growth had emerged over the recent years, with several
interesting reports appearing over the past year alone. The
earlier ones identified include the transcription factors NeuroD
[55] and calcium-responsive transactivator (CREST) [56], as
well as signaling molecules such as dendrite arborization and
synapse maturation-1 (Dasm-1) [57] and bone morphogenetic
protein-7 (BMP-7) [58,59]. It is known that Rac and Rho
function antagonistically, with activation of the earlier promot-
ing while the latter inhibiting neurite growth. Interestingly, it
was recently shown that silencing of Rac1 in mouse hippo-
campal neurons rather specifically inhibited dendritic but
not axonal growth [60]. A specific role for Rac1 in activity-
dependent dendritic spine development has been implicated
earlier by findings made on the Rac1-guanine nucleotide
exchange factor (GEF), T-cell lymphoma invasion and metas-
tasis 1 (Tiam1) [61]. The latter is present in dendrites and spines
of hippocampal neurons and is phosphorylated in a calcium-
dependent manner in response to NMDA receptor activation. It
was also recently shown that activation of EphB receptor by the
ephrinB ligands induces phosphorylation and recruitment of
Tiam1 to EphB complexes containing NMDA receptors [62].
This provided a mechanistic explanation for EphB's role in
spine development [63].

Another factor upstream of Rac that appears to mediate
brain-derived neurotrophic factor (BDNF)-induced dendritic
growth in cortical neurons is the lipid raft-associated Ca2+/
calmodulin-dependent protein kinase (CaMK)Iγ [64]. CaMKIγ
is modified by a sequential prenylation followed by a kinase-
activity-regulated palmitoylation, which is important for its
targeting and anchorage into lipid rafts. Raft insertion of
CaMKIγ specifically promoted dendritogenesis, acting up-
stream of another Rac GEF, the SIF and Tiam 1-like exchange
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factor (STEF) and Rac. Small GTPases regulating dendritic
outgrowth is however not limited to members of the Rho family.
Activation of Rit, a small GTPase belonging to a Ras subgroup,
was recently shown to promote axonal growth but inhibits
dendritic growth in both hippocampal and sympathetic neurons
[65]. Rit appears to act downstream of several signaling
pathways, including that of BMP-7, and affects neurite growth
through activation of the extracellular signal-regulated kinases
1 and 2 (ERK 1/2) [65].

In spite of the impressive array of molecules now known to
regulate axonal and dendritic growth, particularly in terms
of signaling and cytoskeletal dynamics, the links to exocytic
(or secretory) traffic in these processes remain unclear. The
presence of Golgi outposts in dendrites but not axons suggests
that there could be fundamental differences in the way these
cellular protrusions are connected to secretory membrane traffic
at the cell body. The fact that a mutant of TGN-localized PKD
(functioning in the fission of TGN-derived cargo containers)
PKD-KD, had a more immediate suppressive effect on dendritic
rather than axonal growth, also suggests that the earlier may be
more dependent on classical secretory traffic [37].

5. Dendritic growth is mediated by Golgi outposts and is
dependent on components of both the early and late
secretory pathway

In a genetic screen to identify Drosophila mutants that are
defective in axonal or dendritic development, Jan and
colleagues [66] had isolated some interesting mutants with
defects in dendritic but not axonal growth. These fell into eight
different complementation groups, and amongst the genes
mutated are those encoding Drosophila homologues of Sec23,
Sar1 and Rab1, all of which function in the early secretory
pathway, more specifically in ER–Golgi transport. One of these
mutated genes, dar3, codes for the Drosophila Sar1 orthologue
(which functions in mediating vesicle budding from the ER).
Interestingly, not only does dar3 mutation affect dendritic (but
not axonal) growth of Drosophila larva class IV da neurons,
Sar1 silencing by siRNA affected cultured mammalian
hippocampal neurons in a similar manner. Fluorescence
recovery after photobleaching (FRAP) analysis showed that
delivery of a surface membrane marker CD8-EGFP to dendrite
(but not axon) was specifically affected by Sar1 silencing.
The authors also noted that Golgi outpost dynamics of the
Drosophila class IV da neurons correlated well with dendritic
branch dynamics (in terms of branch retraction and extension).
In attempts to address whether Golgi outposts have a direct role
in dendritic growth, the authors illuminated these structures
with an intense pulse of laser, which markedly reduced dendritic
dynamics compared to “control” illuminations targeted against
regions without Golgi outposts. Furthermore, reasoning that the
positioning of Golgi outposts could be perturbed by genetic
manipulations of a Drosophila Golgin molecule Lava lamp
(Lva) [67] (a cytoskeletal component which mediates interac-
tions between the Golgi and the dynein/dynactin complex), the
authors examined the effect of expressing dominant-negative
forms of Lva and inducible RNAi. Both manipulations changed
the distribution of Golgi outposts in class IV da neurons without
affecting the somatic Golgi. As a result, branching in distal
dendrites and total dendritic length was markedly reduced.

These studies are important because they involve manipu-
lations that are targeted to dendritic Golgi outposts without
affecting somatic Golgi. The data provided the first firm func-
tional association between these dendritic satellite components
with localized and polarized dendritic surface membrane
growth. Specific disruptions of dendritic growth by mutations
in components of the early secretory pathway, such as the ER–
Golgi transport modulators Sar1 and Rab1, are themselves
interesting. In the case of Rab1, this may in fact reflect a
specialized function of Rab1-containing ER–Golgi intermedi-
ate compartment in neurons or neuron-like cells. It has been
shown that in polarized PC12 cells induced to sprout neurite-
like processes, the morphological differentiation involves
expansion of the intermediate compartment and movement of
Rab1-containing tubules to the neuritic growth cones [68]. This
occurs without an associated movement of other ER and Golgi
membranes marked by p58 and COPI, and interestingly, also
excludes the known Rab1-associated tether proteins p115 and
GM130. Whether this phenomena occurs in primary neurons
undergoing morphological differentiation is yet unclear.

The TGN-localized Syx16 also appears to have a role in
dendritic outgrowth [48]. Over-expression of wild type Syx16
moderately stimulates neurite outgrowth in both mouse Neuro-
2a cells and primary mouse cortical neurons. A mutant Syx16-
ΔNt (with the first 50 amino acids of Syx16 deleted), and
siRNA mediated silencing of Syx16, significantly retards
MAP2-labeled dendritic growth of primary cortical neurons,
but had no significant effect on axonal extensions. As men-
tioned, Syx16 is known to be involved in early/recycling
endosome to TGN transport [45], and in non-neuronal systems
plays a role in the Golgi-endosomal trafficking of molecules
such as the insulin-responsive glucose transporter GLUT4
[69,70]. Its role in anterograde traffic is however unclear, and its
silencing by siRNA had no significant effect on surface
expression of VSVG in non-neuronal HeLa cells [71]. Although
the route and direction regulated by Syx16 in dendrites has yet
to be delineated, its dendritic enrichment and presence in Golgi
outposts allows some speculations outlined in the section below.
It should be noted that dendrite to TGN transport has been
clearly demonstrated, for example for the activated somatostatin
type 2 receptors [72]. Upon agonist stimulation, dendritically
localized receptors are retrogradely transported through a
microtubule-dependent mechanism to a trans-Golgi domain
that are enriched in the TGN markers syntaxin 6 and TGN38.

It should also be noted that membrane traffic associated with
dendritic and axonal growth may share critical components.
One such known example is another SNARE molecule,
TI-VAMP (VAMP7) [73,74]. Over-expression of the isolated
N-terminal Longin domain of TI-VAMP inhibits both axonal
and dendritic outgrowth, while that of TI-VAMP without the
Longin domain enhances growth [73]. In non-neuronal cells,
TI-VAMP functions mainly in the late endosome/lysosome
transport and membrane fusion [75], and also plays a role in
phagocytosis [76]. Both of these are retrograde transport
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processes. TI-VAMP's rather specific localization to vesicular
structures in axons and dendrites [77] that exhibit anterograde,
exocytic-like movements reflects a possibly adapted neuron
specific function.

6. Modulation of dendritic membrane dynamics by
Golgi-mediated and recycling endosome-mediated
exocytosis

Another dendritic membrane traffic route that has relevance
to those discussed above involves dendritically localized
recycling endosomes (RE) [78]. In particular, membrane
trafficking from RE is required for the growth and maintenance
of dendritic spines. Ehlers et al. [79] have recently showed
that REs labeled with transferrin are present in dendritic shafts
and spines, and are frequently found positioned at the base of
spines. A long term potentiation (LTP)-inducing stimulus could
mobilize RE and associated vesicles into spines. Inhibiting such
RE transport using a cell permeable, transmembrane domain-
deleted mutant of the endosomal SNARE syntaxin 13 abolishes
LTP-induced spine formation. In fact, maintenance of spines
appear to require continuous transport from REs. Importantly,
the authors showed that exocytosis from REs occur locally in
spines, and is triggered by activation of NMDA receptors. This
localized RE exocytosis results in LTP-associated plasticity,
which occurs concurrently with activity-induced spine enlarge-
Fig. 1. A highly simplified schematic diagram showing the exo- and endocytic organe
structures denotes glutamate receptors, and membrane traffic components Syx 16 and
of Syx 16 on recycling endosomes (RE) is not yet confirmed. Apposing the postsy
synaptic vesicles (ER—endoplasmic reticulum, ERGIC—ER–Golgi intermediate co
endosome, PSD—postsynaptic density). Known transport routes are marked with bl
those at the shaft) and Golgi outposts have not yet been demonstrated (dotted line b
RE-based exocytosis on dendritic surface growth are marked by dotted block arrow
ment. Dendritic spine-associated RE therefore not only serve as
a cytoplasmic reservoir for the ionotropic α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) or NMDA recep-
tors in modulating synaptic plasticity [80,81], but also provides
other membrane components for activity-dependent spine
growth.

It would appear that REs are rather essential for spine growth
in mature neurons. Could these also be important for the earlier
stages of polarized dendritic and axonal growth during mor-
phological development? RE-based transport contributes to the
surface subdomain targeting of certain proteins, which occurs in
both neuronal and non-neuronal cells [82]. RE-based exocytosis
is also involved in the growth of the cleavage furrow during
cytokinesis [83]. During morphological differentiation of
hippocampal neurons, endosomes appears to cluster together
with centrosomes and the Golgi apparatus close to the area
where the first neurite would appear [84]. As mentioned earlier,
both RE-associated membrane components Rab11 and syntaxin
13 have been implicated in the modulation of neurite outgrowth
[19,20]. Schmidt and Haucke [85] have indeed speculated that
REs may play major roles in polarized growth during neuronal
differentiation. This notion of RE-mediated membrane compo-
nent recycling playing multiple roles in the growth of dendritic
surfaces is interesting, but requires further experimental
verification. Syx16 mediates RE-TGN transport, and possibly
partitions between RE and TGN. Its known function and
lles at a portion of the dendrite shaft and dendritic spine. The membrane spanning
Rab11 are depicted as indicated in the legend. It should be noted that the presence
naptic compartment is an axon terminus from another neuron, which harbors
mpartment, TGN—trans-Golgi network, RE—recycling endosome, EE—early
ack arrows. Retrograde transport between dendritic REs (those at the spine and
lue arrows). The potential contribution of Golgi outposts-based exocytosis and
s.
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localization are therefore in line with its apparent role in den-
dritic growth.

7. Conclusion and perspectives

The recent findings highlighted above have provided some
novel and important insights into the phenomenon of neurite
outgrowth. While it has always been known that axonal
sprouting and dendrite growth happens at different times, how
these processes themselves are differentially regulated is not
exactly clear. We now realize that one important difference lies
in their reliance on the continuous background of exocytosis,
and perhaps also endocytosis. Many interesting questions arise
from the fact that dendritic growth is specifically dependent
on the components of the classical exocytic and endosomal
recycling pathways. Dendritic growth could result from
classical but localized ER–Golgi mediated exocytosis, as well
as potentially from dendritic recycling endosomes (see Fig. 1).
Other than locally translated proteins, how exactly do bio-
synthetic membrane components that are synthesized at the cell
body reach the tips of a growing dendrite? How much of these
are contributed by localized exit from dendritic ERGIC? Is there
cargo exchange between somatic Golgi and the dendritic Golgi
outposts? What is the role of REs in dendritic (or for that matter,
axonal) growth during morphological differentiation? In view
of Syx16’s role in RE-TGN retrograde traffic, it would also be
interesting to see if Golgi outposts serve a specific function in
dendritic retrograde traffic.

Endocytosis occurs from both axonal and dendritic domains,
and components of the elaborate neuronal endocytic machi-
neries are likely involved in modulating neuronal morphogen-
esis. Mutations of the Drosophila Shrub (an evolutionarily
conserved key component in the endosomal sorting complex
required for transport (ESCRT-III)), for example, resulted in
ectopic dendritic and axonal branching [86]. There is likely
an overlap in the use of certain molecular components for
developmental dendritic growth and dendritic spine plasticity.
Defining the exact functions of these in the two different
settings would be an important pursuit.

The axonal and dendritic domains of a neuron are also
connected by both dendro-axonal (e.g. transferrin receptor) [87]
and axonal-dendritic (e.g. neurotrophins) [88] transcytotic
processes [89]. Bidirectional neuronal transcytosis is likely to
be differentially modulated during axonal and dendritic out-
growth, and it would of great interest to investigate how the
growth of the different neurites are connected to (or indeed in
some ways coordinated by) transcytotic traffic.

More definitive answers to some of the questions posed
above must wait for technical advances that allow more specific
micromanipulations of the dendritic satellite exocytic/recycling
apparatus. Jan and colleagues had cautiously noted that although
their laser illumination of fluorescent protein marked Golgi
outposts appeared to reduce dendrite dynamics, the exact extent of
structural and functional ablation was unclear. Future identifi-
cation of local dendritic components that functions specifically
in dendritic growth (and not non-polarized surface growth that
is mediated through the somatic Golgi) would also be useful.
Meanwhile, live-imaging analysis of the relative dynamics of
multiple markers, coupled to confirmation of their interactions by
advances in fluorescence resonance energy transfer (FRET)
during dendritic growth, would hopefully yield more immediate
information.

References

[1] M.J. de Hoop, C.G. Dotti, Membrane traffic in polarized neurons in
culture, J. Cell Sci. 17 (1993) 85–92.

[2] A.M. Craig, G. Banker, Neuronal polarity, Annu. Rev. Neurosci. 17 (1994)
267–310.

[3] A.P. Horton, M.D. Ehlers, Neuronal polarity and trafficking, Neuron. 40
(2003) 277–295.

[4] B. Winckler, P. Forscher, I. Mellman, A diffusion barrier maintains
distribution of membrane proteins in polarized neurons, Nature 397 (1999)
698–701.

[5] M. Setou, T. Nakagawa, D.H. Seog, N. Hirokawa, Kinesin superfamily
motor protein KIF17 and mLin-10 in NMDA receptor-containing vesicle
transport, Science 288 (2000) 1796–1802.

[6] R. Juttner, F.G. Rathjen, Molecular analysis of axonal target specificity and
synapse formation, Cell. Mol. Life Sci. 62 (2005) 2811–2827.

[7] M.A. Welte, Bidirectional transport along microtubules, Curr. Biol 14
(2004) R525–R537.

[8] M.A. Burack, M.A. Silverman, G. Banker, The role of selective transport
in neuronal protein sorting, Neuron. 26 (2000) 465–472.

[9] J.E. Rothman, Mechanisms of intracellular protein transport, Nature 372
(1994) 55–63.

[10] J.E. Rothman, F.T. Wieland, Protein sorting by transport vesicles, Science
272 (1996) 227–234.

[11] J.S. Bonifacino, J. Lippincott-Schwartz, Coat proteins: shaping membrane
transport, Nat Rev. Mol. Cell. Biol. 4 (2003) 409–414.

[12] H. Cai, K. Reinisch, S. Ferro-Novick, Coats, tethers, Rabs, and SNAREs
work together to mediate the intracellular destination of a transport vesicle,
Dev. Cell 12 (2007) 671–682.

[13] F.R. Maxfield, T.E. McGraw, Endocytic recycling, Nat. Rev. Mol. Cell
Biol. 5 (2004) 121–132.

[14] S.C. Van Ijzendoorn, Recycling endosomes, J. Cell Sci. 119 (2006)
1679–1681.

[15] B.L. Tang, Protein trafficking mechanisms associated with neurite
outgrowth and polarized sorting in neurons, J. Neurochem. 79 (2001)
923–930.

[16] L.A. Huber, M.J. de Hoop, P. Dupree, M. Zerial, K. Simons, C. Dotti,
Protein transport to the dendritic plasma membrane of cultured neurons
is regulated by rab8p, J. Cell Biol. 123 (1993) 47–55.

[17] L.A. Huber, P. Dupree, C.G. Dotti, A deficiency of the small GTPase rab8
inhibits membrane traffic in developing neurons, Mol. Cell Biol. 15 (1995)
918–924.

[18] I.E. Vega, S.C. Hsu, The exocyst complex associates with microtubules
to mediate vesicle targeting and neurite outgrowth, J. Neurosci. 21 (2001)
3839–3848.

[19] M. Shirane, K.I. Nakayama, Protrudin induces neurite formation by
directional membrane trafficking, Science 314 (2006) 818–821.

[20] H. Hirling, P. Steiner, C. Chaperon, R. Marsault, R. Regazzi, S. Catsicas,
Syntaxin 13 is a developmentally regulated SNARE involved in neurite
outgrowth and endosomal trafficking, Eur. J. Neurosci. 12 (2000)
1913–1923.

[21] O. Steward, P.F. Worley, A cellular mechanism for targeting newly
synthesized mRNAs to synaptic sites on dendrites, Proc. Natl. Acad. Sci.
U. S. A. 98 (2001) 7062–7068.

[22] A. Gardiol, C. Racca, A. Triller, Dendritic and postsynaptic protein syn-
thetic machinery, J. Neurosci. 19 (1999) 168–179.

[23] F. Polleux, G. Ince-Dunn, A. Ghosh, Transcriptional regulation of ver-
tebrate axon guidance and synapse formation, Nat. Rev. Neurosci. 8 (2007)
331–340.

[24] E.R. Torre, O. Steward, Demonstration of local protein synthesis within
dendrites using a new cell culture system that permits the isolation of



175B.L. Tang / Biochimica et Biophysica Acta 1783 (2008) 169–176
living axons and dendrites from their cell bodies, J. Neurosci. 12 (1992)
762–772.

[25] E.R. Torre, O. Steward, Protein synthesis within dendrites: glycosylation
of newly synthesized proteins in dendrites of hippocampal neurons in
culture, J. Neurosci. 16 (1996) 5967–5978.

[26] C. Appenzeller-Herzog, H-P. Hauri, The ER–Golgi intermediate compart-
ment (ERGIC): in search of its identity and function, J. Cell Sci. 119 (2006)
2173–2183.

[27] J. Krijnse-Locker, R.G. Parton, S.D. Fuller, G. Griffiths, C.G. Dotti, The
organization of the endoplasmic reticulum and the intermediate com-
partment in cultured rat hippocampal neurons, Mol. Biol. Cell 6 (1995)
1315–1332.

[28] M.E. Martone, Y. Zhang, V.M. Simpliciano, B.O. Carragher, M.H.
Ellisman, Three-dimensional visualization of the smooth endoplasmic
reticulum in Purkinje cell dendrites, J. Neurosci. 13 (1993) 4636–4646.

[29] J. Spacek, K.M. Harris, Three-dimensional organization of smooth
endoplasmic reticulum in hippocampal CA1 dendrites and dendritic spines
of the immature and mature rat, J. Neurosci. 17 (1997) 190–203.

[30] J.P. Pierce, K. van Leyen, J.B. McCarthy, Translocation machinery for
synthesis of integral membrane and secretory proteins in dendritic spines,
Nat. Neurosci. 3 (2000) 311–313.

[31] J.P. Pierce, T. Mayer, J.B. McCarthy, Evidence for a satellite secretory
pathway in neuronal dendritic spines, Curr. Biol. 11 (2001) 351–355.

[32] M. Aridor, A.K. Guzik, A. Bielli, K.N. Fish, Endoplasmic reticulum export
site formation and function in dendrites, J. Neurosci. 24 (2004) 3770–3776.

[33] M.A. Silverman, S. Kaech, M. Jareb, M.A. Burack, L. Vogt, P.
Sonderegger, G. Banker, Sorting and directed transport of membrane
proteins during development of hippocampal neurons in culture, Proc.
Natl. Acad. Sci. U. S. A. 98 (2001) 7051–7057.

[34] A.C. Horton, M.D. Ehlers, Dual modes of endoplasmic reticulum-to-Golgi
transport in dendrites revealed by live-cell imaging, J. Neurosci. 23 (2003)
6188–6199.

[35] N. Nakamura, C. Rabouille, R. Watson, T. Nilsson, N. Hui, P. Slusarewicz,
T.E. Kreis, G. Warren, Characterization of a cis-Golgi matrix protein,
GM130, J. Cell Biol. 131 (1995) 1715–1726.

[36] T. Nilsson, J.M. Lucocq, D. Mackay, G. Warren, The membrane spanning
domain of b-1,4-galactosyltransferase specifies trans Golgi localization,
EMBO J. 10 (1991) 3567–3575.

[37] A.C. Horton, B. Racz, E.E. Monson, A.L. Lin, R.J. Weinberg, M.D.
Ehlers, Polarized secretory trafficking directs cargo for asymmetric
dendrite growth and morphogenesis, Neuron. 48 (2005) 757–771.

[38] F.A. Barr, M. Puype, J. Vandekerckhove, G. Warren, GRASP65, a protein
involved in the stacking of Golgi cisternae, Cell 91 (1997) 253–262.

[39] M. Liljedahl, Y. Maeda, A. Colanzi, I. Ayala, J. Van Lint, V. Malhotra,
Protein kinase D regulates the fission of cell surface destined transport
carriers from the trans-Golgi network, Cell 104 (2001) 409–420.

[40] A.C. Horton, M.D. Ehlers, Secretory trafficking in neuronal dendrites,
Nat. Cell Biol. 6 (2004) 585–591.

[41] V.J. Allan, H.M. Thompson, M.A. McNiven, Motoring around the Golgi,
Nat. Cell Biol. 4 (2002) E236–E242.

[42] J.S. Bonifacino, R. Rojas, Retrograde transport from endosomes to the
trans-Golgi network, Nat. Rev. Mol. Cell Biol. 7 (2006) 568–579.

[43] P. Ghosh, N.M. Dahms, S. Kornfeld, Mannose 6-phosphate receptors: new
twists in the tale, Nat. Rev. Mol. Cell Biol. 4 (2003) 202–212.

[44] F. Mallard, C. Antony, D. Tenza, J. Salamero, B. Goud, L. Johannes, Direct
pathway from early/recycling endosomes to the Golgi apparatus revealed
through the study of Shiga toxin B-fragment transport, J. Cell Biol. 143
(1998) 973–990.

[45] F. Mallard, B.L. Tang, T. Galli, D. Tenza, A. Saint-Pol, X. Yue, C. Antony,
W. Hong, B. Goud, L. Johannes, Early/recycling endosomes-to-TGN
transport involves two SNARE complexes and a Rab6 isoform, J. Cell
Biol. 156 (2002) 653–664.

[46] B.L. Tang, D.Y. Low, S.S. Lee, A.E. Tan, W. Hong, Molecular cloning and
localization of human syntaxin 16, a member of the syntaxin family of
SNARE proteins, Biochem. Biophys. Res. Commun. 242 (1998) 673–679.

[47] A. Simonsen, B. Bremnes, E. Ronning, R. Aasland, H. Stenmark,
Syntaxin-16, a putative Golgi t-SNARE, Eur. J. Cell Biol. 75 (1998)
223–231.
[48] C.E. Chua, B.L. Tang, Syntaxin 16 is enriched in neuronal dendrites
and may have a role in neurite outgrowth, Mol. Memb. Biol. 25 (2008)
35–45.

[49] N. Arimura, K. Kaibuchi, Neuronal polarity: from extracellular signals to
intracellular mechanisms, Nat. Rev. Neurosci. 8 (2007) 194–205.

[50] Y.N. Jan, L.Y. Jan, The control of dendrite development, Neuron. 40
(2003) 229–242.

[51] J.Z. Parrish, K. Emoto, M.D. Kim, Y.N. Jan, Mechanisms that regulate
establishment, maintenance, and remodeling of dendritic fields, Annu.
Rev. Neurosci. 30 (2007) 399–423.

[52] L. Van Aelst, H.T. Cline, Rho GTPases and activity-dependent dendrite
development, Curr. Opin. Neurobiol. 14 (2004) 297–304.

[53] E.E. Govek, S.E. Newey, L. Van Aelst, The role of the Rho GTPases in
neuronal development, Genes Dev. 19 (2005) 1–49.

[54] M. Negishi, H. Katoh, Rho family GTPases and dendrite plasticity,
Neuroscientist 11 (2005) 187–191.

[55] B. Gaudilliere, Y. Konishi, N. de la Iglesia, G. Yao, A. Bonni, A CaMKII-
NeuroD signaling pathway specifies dendritic morphogenesis, Neuron. 41
(2004) 229–241.

[56] H. Aizawa, S.C. Hu, K. Bobb, K. Balakrishnan, G. Ince, I. Gurevich,
M. Cowan, A. Ghosh, Dendrite development regulated by CREST,
a calcium-regulated transcriptional activator, Science 303 (2004)
197–202.

[57] S.H. Shi, D.N. Cox, D. Wang, L.Y. Jan, Y.N. Jan, Control of dendrite
arborization by an Ig family member, dendrite arborization and synapse
maturation 1 (Dasm1), Proc. Natl. Acad. Sci. U. S. A. 101 (2004)
13341–13345.

[58] P. Lein, M. Johnson, X. Guo, D. Rueger, D. Higgins, Osteogenic protein-1
induces dendritic growth in rat sympathetic neurons, Neuron. 15 (1995)
597–605.

[59] G.S. Withers, D. Higgins, M. Charette, G. Banker, Bone morphogenetic
protein-7 enhances dendritic growth and receptivity to innervation in
cultured hippocampal neurons, Eur. J. Neurosci. 12 (2000) 106–116.

[60] S. Gualdoni, C. Albertinazzi, S. Corbetta, F. Valtorta, I. de Curtis, Normal
levels of Rac1 are important for dendritic but not axonal development in
hippocampal neurons, Biol. Cell 99 (2007) 455–464.

[61] K.F. Tolias, J.B. Bikoff, A. Burette, S. Paradis, D. Harrar, S. Tavazoie, R.J.
Weinberg, M.E. Greenberg, The Rac1-GEF Tiam1 couples the NMDA
receptor to the activity-dependent development of dendritic arbors and
spines, Neuron. 45 (2005) 525–538.

[62] K.F. Tolias, J.B. Bikoff, C.G. Kane, C.S. Tolias, L. Hu, M.E. Greenberg,
The Rac1 guanine nucleotide exchange factor Tiam1 mediates EphB
receptor-dependent dendritic spine development, Proc. Natl. Acad. Sci.
U. S. A. 104 (2007) 7265–7270.

[63] F. Irie, Y. Yamaguchi, EPHB receptor signaling in dendritic spine develop-
ment, Front. Biosci. 9 (2004) 1365–1373.

[64] S. Takemoto-Kimura, N. Ageta-Ishihara, M. Nonaka, A. Adachi-
Morishima, T. Mano, M. Okamura, H. Fujii, T. Fuse, M. Hoshino, S.
Suzuki, M. Kojima, M. Mishina, H. Okuno, H. Bito, Regulation of
dendritogenesis via a lipid-raft-associated Ca2+/calmodulin-dependent
protein kinase CLICK-III/CaMKIgamma, Neuron. 54 (2007) 755–770.

[65] P.J. Lein, X. Guo, G.X. Shi, M. Moholt-Siebert, D. Bruun, D.A. Andres,
The novel GTPase Rit differentially regulates axonal and dendritic growth,
J. Neurosci. 27 (2007) 4725–4736.

[66] B. Ye, Y. Zhang, W. Song, S.H. Younger, L.Y. Jan, Y.N. Jan, Growing
dendrites and axons differ in their reliance on the secretory pathway, Cell
130 (2007) 717–729.

[67] O. Papoulas, T.S. Hays, J.C. Sisson, The golgin Lava lamp mediates
dynein-based Golgi movements during Drosophila cellularization, Nat.
Cell Biol. 7 (2005) 612–618.

[68] R. Sannerud, M. Marie, C. Nizak, H.A. Dale, K. Pernet-Gallay, F. Perez, B.
Goud, J. Saraste, Rab1 defines a novel pathway connecting the pre-Golgi
intermediate compartment with the cell periphery, Mol. Biol. Cell 17
(2006) 1514–1526.

[69] A.M. Shewan, E.M. van Dam, S. Martin, B.L. Tang, W. Hong, N.J. Bryant,
D.E. James, GLUT4 recycles via a trans-Golgi network (TGN) subdomain
enriched in Syntaxins 6 and 16 but not TGN38: involvement of an acidic
targeting motif, Mol. Biol. Cell 14 (2003) 973–986.



176 B.L. Tang / Biochimica et Biophysica Acta 1783 (2008) 169–176
[70] K.M. Proctor, S.C. Miller, N.J. Bryant, G.W. Gould, Syntaxin 16 controls
the intracellular sequestration of GLUT4 in 3T3-L1 adipocytes, Biochem.
Biophys. Res. Commun. 347 (2006) 433–438.

[71] Y. Wang, G. Tai, L. Lu, L. Johannes, W. Hong, B.L. Tang, trans-Golgi
network syntaxin 10 functions distinctly from syntaxins 6 and 16, Mol.
Membr. Biol. 22 (2005) 313–325.

[72] Z. Csaba, B. Lelouvier, C. Viollet, V. El Ghouzzi, K. Toyama, C. Videau,
V. Bernard, P. Dournaud, Activated somatostatin type 2 receptors traffic in
vivo in central neurons from dendrites to the trans Golgi before recycling,
Traffic 8 (2007) 820–834.

[73] S. Martinez-Arca, S. Coco, G. Mainguy, U. Schenk, P. Alberts, P. Bouille,
M. Mezzina, A. Prochiantz, M. Matteoli, D. Louvard, T. Galli, A common
exocytotic mechanism mediates axonal and dendritic outgrowth,
J. Neurosci. 21 (2001) 3830–3838.

[74] P. Alberts, R. Rudge, I. Hinners, A. Muzerelle, S. Martinez-Arca, T.
Irinopoulou, V. Marthiens, S. Tooze, F. Rathjen, P. Gaspar, T. Galli, Cross
talk between tetanus neurotoxin-insensitive vesicle-associated membrane
protein-mediated transport and L1-mediated adhesion, Mol. Biol. Cell 14
(2003) 4207–4220.

[75] P.R. Pryor, B.M. Mullock, N.A. Bright, M.R. Lindsay, S.R. Gray, S.C.
Richardson, A. Stewart, D.E. James, R.C. Piper, J.P. Luzio, Combinatorial
SNARE complexes with VAMP7 or VAMP8 define different late
endocytic fusion events, EMBO Rep. 5 (2004) 590–595.

[76] V. Braun, V. Fraisier, G. Raposo, I. Hurbain, J.B. Sibarita, P. Chavrier, T.
Galli, F. Niedergang, TI-VAMP/VAMP7 is required for optimal
phagocytosis of opsonised particles in macrophages, EMBO J. 23
(2004) 4166–4176.

[77] S. Coco, G. Raposo, S. Martinez, J.J. Fontaine, S. Takamori, A. Zahraoui,
R. Jahn, M. Matteoli, D. Louvard, T. Galli, Subcellular localization of
tetanus neurotoxin-insensitive vesicle-associated membrane protein
(VAMP)/VAMP7 in neuronal cells: evidence for a novel membrane com-
partment, J. Neurosci. 19 (1999) 9803–9812.

[78] J.R. Cooney, J.L. Hurlburt, D.K. Selig, K.M. Harris, J.C. Fiala, Endosomal
compartments serve multiple hippocampal dendritic spines from a wide-
spread rather than a local store of recycling membrane, J. Neurosci. 22
(2002) 2215–2224.

[79] M. Park, J.M. Salgado, L. Ostroff, T.D. Helton, C.G. Robinson, K.M.
Harris, M.D. Ehlers, Plasticity-induced growth of dendritic spines by
exocytic trafficking from recycling endosomes, Neuron. 52 (2006)
817–830.

[80] M. Park, E.C. Penick, J.G. Edwards, J.A. Kauer, M.D. Ehlers, Re-
cycling endosomes supply AMPA receptors for LTP, Science 305 (2004)
1972–1975.

[81] M.J. Kennedy, M.D. Ehlers, Organelles and trafficking machinery for
postsynaptic plasticity, Annu. Rev. Neurosci. 29 (2006) 325–362.

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

[83] G.M. Wilson, A.B. Fielding, G.C. Simon, X. Yu, P.D. Andrews, R.S.
Hames, A.M. Frey, A.A. Peden, G..W. Gould, R. Prekeris, The FIP3-Rab11
protein complex regulates recycling endosome targeting to the cleavage
furrow during late cytokinesis, Mol. Biol. Cell 16 (2005) 849–860.

[84] F.C. de Anda, G. Pollarolo, J.S. Da Silva, P.G. Camoletto, F. Feiguin, C.G.
Dotti, Centrosome localization determines neuronal polarity, Nature 436
(2005) 704–748.

[85] M.R. Schmidt, V. Haucke, Recycling endosomes in neuronal membrane
traffic, Biol. Cell 99 (2007) 333–342.

[86] N.T. Sweeney, J.E. Brenman, Y.N. Jan, F.B. Gao, The coiled-coil protein
shrub controls neuronal morphogenesis in Drosophila, Curr. Biol. 16
(2006) 1006–1011.

[87] A. Hemar, J.C. Olivo, E. Williamson, R. Saffrich, C.G. Dotti, Dendro-
axonal transcytosis of transferrin in cultured hippocampal and sympathetic
neurons, J. Neurosci. 17 (1997) 9026–9034.

[88] C.S. Von Bartheld, Axonal transport and neuronal transcytosis of trophic
factors, tracers, and pathogens, J. Neurobiol. 58 (2004) 295–314.

[89] B. Winckler, Models and speculations pathways for axonal targeting of
membrane proteins, Biol. Cell 96 (2004) 669–674.


	Emerging aspects of membrane traffic in neuronal dendrite growth
	Introduction
	The dendrite is endowed with a localized exocytic apparatus
	A TGN component for dendritic Golgi outposts
	Molecular components regulating dendritic growth
	Dendritic growth is mediated by Golgi outposts and is dependent on components of both the early.....
	Modulation of dendritic membrane dynamics by Golgi-mediated and recycling endosome-mediated exo.....
	Conclusion and perspectives
	References


