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Abstract. The development, maintenance, and plasticity of synapses require the trafficking of
molecular components to postsynaptic specializations distributed across elaborate dendritic
arbors. The large size and geometric complexity of dendrites necessitate specialized mecha-
nisms that can both deliver postsynaptic cargo over extended distances and regulate dendritic
composition on a submicron scale. Despite the fundamental importance of membrane traffick-
ing in neuronal development and synaptic plasticity, the cellular rules governing postsynaptic
trafficking are only now emerging. We review here current knowledge on the organization of
dendritic organelles, and describe cell biological mechanisms that allow long-range transport
of postsynaptic components that are then locally processed at individual synapses.

1 Introduction

With long and highly branched processes extending up to several hundred microns
from the cell body, neurons have surface areas up to 10,000 times greater than typi-
cal mammalian cells and display a remarkable degree of locally specified physio-
logical properties (106). These spatially restricted properties (e.g. action potential
generation and neurotransmitter release in the axon, postsynaptic response to neuro-
transmitters in dendrites, synapse-specific modification for long-lasting plasticity)
are due to a high degree of molecular compartmentalization, the basis for which is
only now emerging.

While inhibitory synapses are typically localized on the dendritic shaft (190),
most excitatory synapses in the brain are localized on micron-sized membranous
protrusions present along the entire length of dendrites (85). These dendritic spines
contact one or more presynaptic terminals, and the sites of contact contain a dense
array of receptors, scaffold proteins, and signaling molecules at the postsynaptic
density (PSD) (96). The molecular content of dendritic branches, individual spines, and
the PSD is subject to rapid and long-lasting modification based on developmental stage
and patterns of neural activity (45, 122, 290). This multi-layered compartmental
organization requires long-range transport of postsynaptic proteins to reach the most
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distal dendrites through geometrically complex branches. Once delivered to spines,
synaptic components including postsynaptic receptors are subject to local trafficking
rules, which determine whether they are incorporated into synapses or removed from
the plasma membrane, and whether they are recycled or degraded.

Many aspects of postsynaptic receptor trafficking are regulated by neuronal ac-
tivity, allowing rapid changes of receptor amount at the postsynapse and thereby the
strength of postsynaptic responses (24). Dendritic membrane protein trafficking has
emerged as a key postsynaptic mechanism underlying synapse development and
various forms of synaptic plasticity, such as long term potentiation (LTP) and de-
pression (LTD) (45). Because individual PSDs contain only tens to a few hundred
neurotransmitter receptors, the addition or subtraction of just a few molecules can
alter neurotransmission (39, 182, 189, 277). Moreover, adjacent dendritic spines can
have strikingly different steady-state levels of synaptic proteins (13, 64, 183), imply-
ing that postsynaptic trafficking is subject to stringent spatial regulation.

In the present chapter, we describe the fundamental organization of neuronal or-
ganelles, emphasizing that, while many basic principles established in model systems
such as yeast and fibroblasts also apply to neurons, neurons have many of their own
rules to orchestrate protein trafficking. Our discussion will be limited largely to pro-
tein trafficking in dendrites. After presenting formal principles of protein trafficking
in dendrites, we review recent data explaining how specific mechanisms known to
control the dynamics of postsynaptic components can be integrated in a larger per-
spective taking into account specific properties of neuronal organelles. Due to limita-
tions of space, local mRNA translation in dendrites, which is an important aspect of
synaptic function and plasticity (272, 274), will not be reviewed here.

2 Dendritic Organelles

2.1 ER, Golgi and the Neuronal Secretory Pathway
2.1.1 Fundamental Organization of the Secretory Pathway

Maintenance of the dendritic membrane requires continuous delivery of newly syn-
thesized membrane proteins through the secretory pathway. The secretory pathway
consists of an organized array of membrane bound organelles and tubulo-vesicular
intermediates that are required for the synthesis, maturation and transport of proteins
destined for the cell surface (210). The main organelles of the secretory pathway are
the endoplasmic reticulum (ER), the ER-Golgi intermediate compartment (ERGIC),
the Golgi apparatus (GA) and the trans-Golgi-network (TGN) (Fig. 1) (163). Newly
synthesized proteins typically pass through these organelles in a sequential manner,
with transport between compartments mediated by vesicular carriers moving along
microtubules (163). The machinery for eukaryotic secretory trafficking has been
largely conserved during evolution, and many of the basic principles first established
in yeast apply to higher eukaryotic cells including neurons (107, 157).
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Fig. 1. Membrane trafficking pathways in eukaryotic cells. Secretory pathway. Newly synthe-
sized membrane proteins exit the endoplasmic reticulum (ER) in COP-II-coated vesicles (a),
which form at specialized locations termed ER-exit sites (ERES). Cargo is then trafficked to
the Golgi apparatus (GA) for post-translational modifications (b) via ER-Golgi intermediate
compartments (ERGIC). ER-resident proteins are retrieved from the ERGIC or GA and traf-
ficked back to the ER in COP-I coated-vesicles. Cargo progresses through the GA is sorted at
the TGN (c), and trafficked either directly or via endosomes to the plasma membrane for
exocytosis (d). Endosomal pathway. Membrane proteins are internalized by means of clathrin-
dependent or clathrin-independent endocytosis (e). Newly internalized vesicles fuse to form
early/sorting endosomes (SE) where cargo is sorted (f) and trafficked to late en-
dosomes/multivesicular bodies (MVBs) for degradation (g), to the TGN, or back to the plasma
membrane (h), either directly or via recycling endosomes (i). Abbreviations. N, nucleus; RER,
rough endoplasmic reticulum; ERGIC, endoplasmic reticulum-Golgi intermediate compart-
ment; GA, Golgi apparatus; TGN, trans-Golgi network; SV, secretory vesicle; SE, sorting
endosome; LE, late endosome; RE, recycling endosome; rbs, ribosome; MT, microtubule;
MTOC, microtubule organizing center; MVB, multivesicular body.

While nuclear and cytoplasmic proteins are synthesized in the cytoplasm, the
secretory pathway is the obligatory biosynthetic pathway for most surface and
extracellular proteins, as well as for transmembrane and intraluminal proteins des-
tined for all membrane bound organelles other than mitochondria, chloroplasts and
peroxisomes (157, 163). The entry of proteins into the secretory pathway is cou-
pled to their synthesis and occurs at the rough ER (RER) where actively translating
ribosome-mRNA complexes associate with the ER membrane (246). Ribosomes
are targeted to the ER via the signal peptide recognition particle (SRP) which asso-
ciates with the translocon, the protein channel complex through which nascent
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polypeptides are translocated across the ER membrane (132, 246). Ribosomes are
released as protein elongation stops and polypeptides then adopt their proper three-
dimensional structure in the ER lumen, assisted by chaperone proteins such as BiP,
calnexin, and calreticulin (144). Protein folding in the ER is coupled to post-
translational modifications, including N-glycosylation and disulfide bond forma-
tion. Proper folding and maturation of proteins in the ER is essential for their
secretory progression, and molecules that do not pass quality control are targeted
for degradation (144). Properly folded and modified cargo concentrates at ER-exit
sites (ERES) and leaves the ER in COPII-coated vesicles (157). These vesicles
merge with the ERGIC where cargo destined for the cis-compartment of the GA is
sorted from ER resident proteins, which are trafficked back to the ER in COPI-
coated vesicles (157). ER exit is often a rate-limiting step in the biosynthesis of
transmembrane proteins and is tightly controlled (144). This is true for both
AMPA and NMDA receptors of glutamatergic synapses, which exhibit several
forms of regulated processing and assembly in the ER (see Chapters by Esteban
and Wenthold et al., this volume).

Following exit from the ER, further modifications, including glycosylation and
proteolysis, occur as cargo progresses through the cis, medial and trans compart-
ments of the GA (160). Finally, cargo reaches the TGN where it is sorted for either
transport to the plasma membrane or endosomal membranes. In most cell types, the
ER, ERES and ERGIC elements are dispersed throughout the cell, whereas the Golgi
network is located in the pericentriolar area close to the nucleus (160). The antero-
grade progression of cargo through the secretory pathway therefore involves cen-
trifugal and centripetal displacements of intermediate carriers along microtubule
tracks as cargo moves from the ER to the Golgi, and from the TGN to the plasma
membrane, respectively (Fig. 1).

2.1.2 Spatial Organization and Unique Features of the Neuronal
Secretory Pathway

Although membrane trafficking organelles were observed in neurons over a century
ago (81), the fundamental organization of the neuronal secretory pathway is only
beginning to emerge. The unique shape and size of neurons dictates a specialized
secretory system capable of transporting cargo up to several hundred microns from
the cell body to a network of extremely complex dendritic arbors. The neuronal
secretory pathway has evolved a unique spatial distribution to allow trafficking of
lipids and proteins to the most distal regions of dendrites.

As documented by electron microscopy (EM) studies, the ER extends widely
throughout dendrites in addition to the soma (Fig. 2a) (27, 75, 268). Although
smooth ER (SER), devoid of ribosomes, dominates in distal dendrites, RER is also
found distally (221). Immunogold labeling has shown that the translocon protein
Sec6la is present in both the dendritic shaft and in some spines (220, 221). Active
ER exit sites also distribute throughout the somato-dendritic compartment as first
indicated by direct functional visualization of emerging cargo (105), as well as by
the concentration of COPII machinery at discrete puncta in the soma and dendrites
(9, 105).
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Fig. 2. Dendritic organelles 1. Endoplasmic reticulum and Golgi apparatus. (a) Endoplasmic
Reticulum (ER). (A1) Confocal section of a spinal cord neuron immunostained for the ER
chaperone protein BiP (pseudocolored) illustrating the presence of ER elements throughout
dendrites. Adapted from (75); reproduced with permission from the Society for Neuroscience,
copyright 2001. (A2) Three-dimensional reconstruction of serial electron micrographs show-
ing the distribution of smooth ER (SER, dark grey) in dendrites and spines of a CA1 hippo-
campal neuron. Large flat compartments (arrowheads) are linked by thin extensions (thin
arrows). Note the extension of SER elements in several spines (asterisks). Adapted from (47);
reprinted with permission from the Society for Neuroscience, copyright 2002. (A3) Electron
micrograph of the spine apparatus showing the lamination of cisternae (straight arrows) be-
tween regions of high electron density (wavy arrows). Adapted from (268); reproduced with
permission from the Society for Neuroscience, copyright 1997. (b) Golgi apparatus (GA).
(B1) Cultured hippocampal neuron stained for MAP2 (green), and the cis-Golgi marker
GM130 (red). Inset: higher magnification of GM130 labeling documenting Golgi outposts
dispersed in the apical dendrite (arrows). (B2) Immunogold labeling for GM130 in adult rat
hippocampus demonstrating the presence of mini Golgi-stacks in the apical dendrite of a CA1
pyramidal neuron in vivo. Scale bar, 1 um. (B3) Golgi outposts at dendritic branch points.
VSVGts045 (green) accumulates at primary, secondary and tertiary dendritic branch points
following release from the ER at 20°C. Scale bar, 5 pm. B2-3 adapted from (108); reprinted
with permission from Elsevier, copyright 2005.
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In addition to its function in lipid biogenesis (21), the SER plays a crucial role in
neuronal calcium homeostasis. The SER sequesters calcium by the action of the ER-
associated Ca*"-ATPase (SERCA) and releases it in the cytoplasm upon activation of
inositol trisphosphate receptors (IP3R) or ryanodine receptors (236, 240). The den-
dritic SER often extends into the neck of mature spines, providing a conduit to the
synapse (Fig. 2a).

In addition to a role as a Ca’" reservoir important for postsynaptic signaling
(236), spine SER may also be involved in lipid and protein secretion to the spine
surface. A specialized SER-like derivative composed of stacked cisternae, termed the
spine apparatus, is found in some dendritic spines (Fig. 2a) (84-86, 268). The pres-
ence of vesicles near the tip of the spine apparatus raises the possibility that it could
supply membrane for spine growth, and possibly traffic important synaptic proteins,
such as AMPA receptors and NMDA receptors, which can be localized to this or-
ganelle (200, 227, 268). Though defined largely on morphological criteria, the pre-
cise compartmental identity of the spine apparatus has yet to be determined. Notably,
the spine apparatus is absent in mice lacking synaptopodin (55). These mice display
deficits in LTP and spatial learning, indicating a potential link between the spine
apparatus and mechanisms of synaptic plasticity (55).

Spine SER membranes occasionally extend to the periphery of the PSD (288).
This tight association of intracellular calcium stores and the PSD may depend on the
direct binding of inositol trisphosphate receptors (IP3Rs) in the ER to the postsynap-
tic scaffold molecule Homer (242). SER membranes are absent from Purkinje neuron
spines in dilute mice, which lack functional myosin Va (276). Parallel fiber synapses
onto Purkine neurons in dilute mice have impaired long-term depression, supporting
a requirement of spine SER calcium in cerebellar LTD (188).

The organization of the GA in neurons is quite different from what is observed in
most non-neuronal cells. Immunofluorescence labeling shows that the neuronal GA
consists not only of the perinuclear membrane array found in most cell types, but
also of discrete structures dispersed in dendrites, termed Golgi outposts (Fig. 2b) (52,
75, 105, 108, 168, 285). This organization has been confirmed by EM, where minia-
ture Golgi-stacks and intracellular membranes immuno-reactive for Golgi mem-
branes markers such as a-mannosidase II, giantin, GM130, and Rab6, have been
observed in dendrites (75, 108, 220). Dendritic Golgi membranes can be found close
to synapses but seem to be only localized to the dendritic shaft. Moreover, not all
dendrites contain morphological or molecular markers of the GA (108), suggesting
dendrite-specific compartmentalization of secretory trafficking.

The dendritic localization of RER, ERES and Golgi membranes suggests that
“satellite” secretory systems exist in some dendrites that could locally synthesize and
process secretory proteins at sites remote from the cell body. Numerous mRNA
species are found in dendrites, including mRNAs encoding postsynaptic receptors
such as NMDA receptors, AMPA receptors and glycine receptors (272). Although
the local translation of membrane proteins in dendrites is still not as clearly deline-
ated as that of cytoplasmic proteins, protein synthesis and enzymatic activities asso-
ciated with the secretory pathway, such as glycosylation, persist in hippocampal
dendrites isolated from the soma (284, 285). The capacity of isolated dendrites to
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synthesize exogenously expressed integral membrane proteins (e.g., glutamate recep-
tors) and deliver them to the plasma membrane has been reported (127, 128).

The involvement of dendritic Golgi ouposts in post-ER membrane trafficking
was recently established by imaging hippocampal neurons expressing the ts045
thermosensitive mutant of the vesicular stomatitis viral glycoprotein (VSVG-ts)
(105). VSVG-ts is retained in the ER at 39.5°C, but is rapidly released by reducing
the temperature to 32°C, allowing control and monitoring of the synchronous pro-
gression of cargo through the secretory pathway (16). Upon release from the ER, a
fraction of pre-Golgi carriers containing VSVG-ts merge with dendritic compart-
ments immunoreactive for the Golgi markers galactosyltransferase and GM130,
demonstrating that dendritic Golgi outposts are functional trafficking platforms
(105). Golgi outposts also engage in the local dendritic trafficking of BDNF, con-
firming their role in processing endogenous proteins (105). The neural cell adhesion
molecule (NCAM) promotes the accumulation of TGN-derived vesicles at neuron
contact sites (275), indicating that post-Golgi compartments can be directed by inter-
cellular signaling.

Interestingly, at 20°C, a temperature which blocks vesicle budding from the TGN
(181), newly released VSVG-ts frequently accumulates at Golgi outposts located at
dendritic branch points (Fig. 2b) (105). These outposts engage in ongoing post-Golgi
trafficking after release from TGN-exit blockade (105), and appear ideally positioned
to regulate the identity or quantity of cargo that is trafficked to each branch, a possi-
bility that awaits further investigation.

Although dendritic Golgi outposts are present in some dendrites of hippocampal
and cortical neurons, not all neurons possess detectable dendritic Golgi membranes
(105, 108). Moreover, even in those dendrites containing Golgi outposts, the major-
ity of ER-to-Golgi carriers originating in the dendrite are trafficked all the way back
to the somatic Golgi in the cell body (105). Thus, dual modes of early secretory
trafficking exist in dendrites. The major mode of ER-to-Golgi trafficking is directed
long distances to the somatic Golgi apparatus and likely represents the exclusive
mode of early secretory trafficking in those dendrites lacking Golgi outposts. A sec-
ond mode of ER-to-Golgi trafficking occurs locally in dendrites containing Golgi
outposts, and may be specialized for the processing of specific cargo or the control of
dendritic secretion.

2.2 Dendritic Endosomes

Spines or dendritic segments need to regulate the surface expression of neurotrans-
mitter receptors, adhesion molecules, and ion channels. Often separated by only a
few microns, adjacent spines on a dendrite can have strikingly different steady-state
levels of synaptic proteins (13, 64, 95, 183), requiring different rates of insertion,
removal, and subsequent recycling. The endosomal system provides a primary
mechanism for highly localized regulation of spine membrane composition.

The endosomal system is an interconnected and dynamic network of membrane
bound structures that receive endocytic vesicles from the plasma membrane (Fig. 1).
Newly internalized vesicles formed by means of clathrin-dependent or clathrin-
independent endocytosis fuse to form early/sorting endosomes (185). In much the
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same way that the TGN functions for secretory proteins, sorting endosomes act as a
station from which internalized cargo can be targeted for degradation, transport to
the TGN, or recycling back to the cell surface, either directly or via recycling en-
dosomes (Fig. 1) (19). Sorting endosomes display a characteristic tubulo-vesicular
morphology directly related to their function. Molecules destined for reinsertion into
the plasma membrane or to the TGN exit the sorting endosome on vesicles pinched
off from small-diameter tubules (19). Cargo targeted for degradation remains in
sorting endosomes which become progressively more acidic as they mature into late
endosomes, with degradative cargo budding intraluminally to form multivesicular
bodies (MVBs) prior to fusion with lysosomes where cargo degradation is completed
within minutes (185). Endocytic organelles exhibit a complex morphological organi-
zation in the form of membrane vacuoles, cisternae, tubules, and multilamellar or
multivesicular bodies, and differ in their biochemical composition and localization
within the cell. In most non-neuronal cells, early endosomes are localized close to
the cell periphery while recycling endosomes (REs) are generally found in the
peri-centriolar area (Fig. 1) (185). This spatial segregation is likely crucial for the
sequential processing of molecules as they progress from one compartment to the
other (187). In neurons however, both early and REs are localized in dendrites re-
mote from cell body, potentially facilitating local processing of internalized cargo
(63).

The observation of an intracellular accumulation of various plasma proteins in
Purkinje neuron dendrites was some of the first evidence for dendritic endocytosis
(72). As shown by immunofluorescent labeling of a broad cast of endosome associ-
ated proteins, virtually all elements of the endosomal network are present in hippo-
campal neurons dendrites, including early endosomes, recycling endosomes, late
endosomes, and lysosomes (17, 63), although spatial variations in endosome abun-
dance in different dendrites or different neuronal classes has not been thoroughly
investigated.

By combining three-dimensional electron microscopy reconstruction of dendrites
in vivo with the tracking of internalized gold-conjugated endocytic cargo in acute
hippocampal slices, Harris and colleagues have provided important insight into the
fundamental organization of the dendritic endosomal network (47). Internal en-
dosomal structures are present in dendrites, including coated and uncoated vesicles,
tubular structures and multi-vesicular bodies (Fig. 3a) (47). Interestingly, nearly two
thirds of dendritic endosomal structures are situated within or at the base of spines
(213), suggesting a direct involvement in subsynaptic membrane trafficking. En-
dosome-like structures generally extend over stretches of dendrite encompassing one
to three spines, suggesting that multiple spines share the same endocytic organelles
(47). Clathrin-like coats are present at the tip of some tubular protrusions emerging
from these structures, indicating that they may generate smaller trafficking interme-
diates within the dendritic endosomal pathway (47).

Other studies showed that syntaxin 13, a SNARE protein enriched in early and
recycling endosomes, is found in dendritic tubulo-vesicular structures containing
transferrin receptors, which are known to be recycled through the endosomal path-
way (225). Consistent with local endosomal trafficking, the transferrin receptor con-
tinuously cycles back and forth between the dendritic surface and internal structures



Dendritic Organelles for Postsynaptic Trafficking 213

—- .
- /'\\ » // 3 = 4 ‘/_ i ’;f‘:‘-s.\ p= ;
(& / 4 l'g; ‘ }p
= . \ f\’
a A N

Fig. 3. Dendritic organelles II. Endosomal network. (a) Three-dimensional reconstruction of
serial electron micrographs showing the distribution of dendritic endosomes in a postnatal day
21 rat hippocampal neuron. Endosomes (red) and small vesicles (blue, arrows) are distributed
throughout dendrites. Adapted from (47); reprinted with permission from the Society for
Neuroscience, copyright 2002. (b) A cultured hippocampal neuron expressing green fluores-
cent protein (GFP, green) after loading with fluorescent transferrin (4/x-Tf, red), showing the
presence of recycling endosomes (REs) at the base of dendritic spines (arrows). (¢) Electron
micrographs of hippocampal dendritic spines in vivo after tracing of the spine surface (blue
lines), recycling endosomes (red lines) and amorphous vesicular clumps (green lines). b and ¢
were adapted from (213); reprinted with permission from Elsevier, copyright 2006.

(32, 191, 300). Interestingly, both measurements of transferrin uptake and immu-
nolabeling of hippocampal neuron dendrites indicate that REs are often localized at
the base of the spine neck and occasionally in the spine head (Fig. 3b,c) (212, 213).
Notably, REs translocate into spines upon LTP-inducing stimuli where they contrib-
ute exocytic membrane for spine growth during synapse potentiation (213). These
observations demonstrate the presence of a dendritic endosomal network in close
proximity to glutamatergic synapses and support a model for local synaptic protein
recycling and degradation via endosomes. This issue is discussed in more detail in
Sections 3.2. and 3.3.
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2.3 Dendritic Mitochondria

Synaptic remodeling requires membrane fission, fusion, protein degradation and local
protein synthesis, all of which are ATP-dependent processes. Indeed mitochondria,
strongly impregnated by common contrast agents used in electron microscopy, were
one of the first dendritic organelles to be identified (217). Dendrite mitochondria are
mainly located in the dendritic shaft, but can occasionally be found associated with
spines (1, 31). Although dendritic mitochondria usually appear as individual units,
three-dimensional EM reconstructions have documented the existence of continuous
mitochondrial networks extending over 10-30 pm in dendrites of the CA1 region of
rodent hippocampus (222).

Dendritic mitochondria are quite dynamic. In addition to fusion and fission, mi-
tochondria can move over long distances in dendrites in an activity-dependent man-
ner (161). Synaptic stimulation decreases the mobility of mitochondria and induces
their translocation into spines (161). Decreased mitochondrial mobility near active
synapses and increased mobility in the absence of neural activity would be predicted
to distribute mitochondria near highly active, high ATP-utilizing, dendritic regions.
Consistent with this notion, reducing the number of dendritic mitochondria by domi-
nant-negative overexpression of the GTPase Drpl, a dynamin-like protein involved
in mitochondrial fission, decreased the number of synapses. Conversely, increasing
the number of dendritic mitochondria by overexpressing wild type Drpl or increas-
ing mitochondrial function by treating cells with creatine, nearly doubled synapse
number, demonstrating that synapse formation or maintenance is normally limited by
mitochondrial activity (161).

3 Polarized Trafficking and Long-Range Targeting to Synapses

The maintenance of synaptic structures with distinct compositions and properties
requires continuous and accurate targeting of newly synthesized proteins to their
final destination. Like any polarized cell, but amplified due to their morphological
complexity, neurons require sorting and targeting mechanisms to ensure the delivery
of molecular components to the appropriate compartment. Cell compartmentalization
is often most obvious at the plasma membrane where diffusion barriers prevent inte-
gral proteins from being freely exchanged from one compartment to another. In
neurons, such barriers are present at the axon initial segment, preventing mixing of
components of the axonal and somatodendritic membranes (145, 197, 301, 302). On
a finer (and possibly more impressive) scale, the thousands of synaptic inputs that a
given neuron receives further segment the somatodendritic membrane into an array
of postsynaptic microdomains, each with specific compositions. This raises funda-
mental questions on how such an extreme degree of compartmentalization can be
maintained.
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3.1 Asymmetric Protein Trafficking in Neurons

Much of what is known about protein trafficking in polarized cells comes from stud-
ies in epithelial cells, most prominently the Madin-Darby canine kidney (MDCK)
cell-line, which differentiates in vitro into mono-layered epithelia with a well-
defined apical/basolateral asymmetry (235). Various modes of polarized trafficking
have been described in this system, including selective sorting of cargo into special-
ized post-Golgi carriers directly targeted to specific cellular domains, and non-
specific delivery to the plasma membrane followed by endocytosis and transport to
the appropriate destination (235, 289).

Studies in MDCK cells have demonstrated that cargo sorting into distinct post-
Golgi carriers relies on intrinsic sequence determinants, with basolateral sorting
sequences generally located in the cytoplasmic tail, and apical sorting sequences
found frequently in the transmembrane domain (134, 235). Sorting into apical carri-
ers can also result from post-translational modifications, such as N- or O- glycosyla-
tion, or addition of a glycosylphosphatidylinositol (GPI) anchor (235). When ex-
pressed in neurons, several basolateral and apical proteins are sorted preferentially to
the somatodendritic compartment and axon respectively, including VSVG and LDL
receptor (basolateral/somatodendritic), and influenza HA protein (apical/axonal) (60,
61, 123). However, more recent experiments suggest that neurons do not recognize
some dihydrophobic motifs directing cargo to the basolateral domain in epithelial
cells (260). Additionally, the sequence determinant that directs transferrin receptor to
the basolateral domain in epithelial cells overlaps only partially with the somatoden-
dritic targeting motif (300). Therefore, while many of the general principles of pro-
tein sorting established in epithelial cells apply to neurons, neurons have many of
their own rules for establishing protein asymmetry.

In addition to direct delivery of proteins to their final membrane destination, a
more circuitous mode of polarized trafficking is observed in certain epithelial and
endothelial cells, where cargo destined for the apical plasma membrane is first exo-
cytosed to the basolateral membrane and then endocytosed and transported to the
apical membrane (289). Such transcytosis is also observed in neurons and accounts
for the trafficking of certain proteins (e.g. VAMP2 and NgCAM/L1), which are
initially delivered to the somatodendritic surface but ultimately localize to the pre-
synaptic terminal or axonal membrane (243, 303). Mutations disrupting VAMP2
internalization leave VAMP?2 stranded at the somatodendritic surface, indicating that
its proper localization requires a redistribution occurring after endocytosis. While
NgCAM is enriched in the axonal plasma membrane, intracellular NgCAM contain-
ing vesicles are found in both dendrites and axons (30), indicating that the steady
state distribution of the molecule does not result from a vectorial targeting of post-
Golgi carriers. Monitoring NgCAM insertion in the cell-surface following a syn-
chronous release from the ER revealed that this protein first appears at the somato-
dendritic plasma membrane, and is subsequently internalized to be trafficked to the
axon (243, 303). Interestingly, a single tyrosine point mutation (Y33A) results in
direct axonal targeting of NgCAM (303), demonstrating that NgCAM can follow
different routes to reach the same final destination. The direct targeting to the axon
thus likely represents a default route for some axonal integral proteins.
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Another example of polarized trafficking is neuronal potassium channels. Neu-
rons express a wide array of potassium channels, which regulate crucial aspects of
cellular ion homeostasis and excitability. Although displaying very similar primary
structures within particular subclasses, given channel isoforms can have distinct
distribution in the neuronal plasma membrane as well as specific trafficking itinerar-
ies (101, 171). For example, while voltage-gated potassium (Kv) channels Kv1.2,
Kv1.3 and Kv1.4 are primarily found in the axonal plasma membrane, Kv4.2 is se-
lectively expressed at the somato-dendritic surface (256). The conserved structure
and specific surface expression patterns of Kv channels allowed the identification of
molecular determinants of asymmetric protein trafficking in neurons. Analysis of
chimeric molecules led to the identification of a C-terminal 16 amino acid di-leucine
motif required for the proper targeting of Kv4.2 and sufficient to target the axonally
localized channels Kv1.3 and Kv1.4 to dendrites (233). Conversely, interaction of
the cytoplasmic N-terminal T1 tetramerization domain of Kvl channels with Kv[3
subunits is required for Kv1 expression at the axonal membrane and is sufficient to
target dendritic molecules such as the transferrin receptor to the axonal surface (91).

Similar approaches led to the characterization of the molecular address targeting
the AMPA receptor GIuR1 subunit to the somatodendritic compartment. This deter-
minant resides in the proximal segment of the C-terminal cytoplasmic tail of GluR1
and is sufficient to redirect otherwise axonally expressed proteins such as influenza
virus hemagglutinin to the somatodendritic membrane (239).

Finally, of particular interest is the tendency of certain receptors and ion channels
to have unusual reverse gradient concentration along dendrites, with distal dendrites
displaying a higher concentration of receptors/channels than proximal ones. This is
notably the case of AMPA receptors (7, 262) and HCN1 channels (167), whose
distance-dependent enrichment along apical dendrites is important for the scaling of
dendritic currents and their integration in the soma of hippocampal pyramidal neu-
rons (73). This suggests differential regulation of protein trafficking or stability as a
function of dendritic distance, a possibility that still awaits further investigation.

3.2 Polarized Secretory Trafficking for Asymmetric Dendrite Outgrowth

In addition to membrane protein processing, the ER and the Golgi are the primary
site of lipid biosynthesis (163), a metabolic function subject to considerable chal-
lenge during the massive expansion of the plasma membrane that occurs during
neurite outgrowth. Consistent with an immediate requirement for membrane traffick-
ing through the secretory pathway in dendrite growth, disrupting Golgi function with
brefeldin A in developing hippocampal or cortical pyramidal neurons dramatically
reduces dendritic growth and branching (108). Perhaps more surprisingly, in mature
cortical pyramidal neurons the same treatment causes a dramatic simplification of
dendrite morphology, demonstrating the importance of an ongoing membrane flux
through the secretory pathway for the maintenance of dendritic arbors (108).

The site of membrane insertion in growing dendrites is uncertain, but the spatial
organization of the neuronal secretory pathway provides some clues. Somatic Golgi
is nearly always oriented toward the apical dendrite in hippocampal pyramidal cells
in vivo, and toward the longest and most branched dendrite of hippocampal neurons



Dendritic Organelles for Postsynaptic Trafficking 217

in culture (Fig. 2b) (108). As a consequence, most post-Golgi flux originating from
the somatic Golgi is directed toward the apical dendrite. Disrupting the polarization
of the somatic Golgi by overexpressing GRASP65, a Golgi matrix protein required
for cisternal stacking (6), blocks the specification of the apical dendrite without di-
minishing the overall rate and extent of total dendrite growth (108), demonstrating
that polarized post-Golgi trafficking sustains asymmetric dendritic growth.

In another study, the centrosome and associated organelles were found to cluster
at sites opposite of the plane of final mitotic division of neural progenitors at a loca-
tion where the first neurite emerges and becomes the axon (51). However, at slightly
later developmental stages after initial neurite outgrowth but before either polarized
growth or the appearance of spatially restricted axonal markers (hippocampal neuron
polarity stage 1 in the scheme of Banker) (62), the somatic Golgi shows no polariza-
tion towards the axon (108). One possibility is that post-Golgi trafficking is redi-
rected from axons to dendrites at different developmental stages, during migration,
or in different in vivo contexts. Interestingly, disrupting the secretory pathway by
overexpressing a kinase-dead form of protein kinase D1 that prevents cargo budding
from the TGN (14), results in cessation of dendritic growth while axonal growth
persists over days (108), indicating that distinct mechanisms govern membrane addi-
tion to the growing axon. Thus, akin to what occurs during polarization of non-
neuronal cell architecture (69, 148), reorganization of the secretory pathway is essen-
tial for the asymmetric growth of dendrites. In this context, it is interesting to note
that several molecules implicated in neurite polarization and outgrowth, such as
PI3K, LIMK1, and Cdk5, are localized to the Golgi apparatus (6, 208, 238), suggest-
ing close coordination between dendritic compartmentalization, polarized cell
growth, and directed membrane trafficking through the neuronal Golgi.

3.3 Microtubule Transport

The cytoskeleton provides anchoring points for the stabilization and transport of
cellular structures, and is a major determinant of cell architecture. The microtubule
network provides tracks along which cargo including organelles, vesicles, and
mRNA granules is transported over long distances. In some instances, stabilization
of microtubule plus ends allows direct vectorial delivery of cargo to subcompart-
ments of the plasma membrane, as observed for the targeting of gap junction compo-
nents to epithelial cell adherens junctions (255). In a comparable manner, the estab-
lishment of a subsynaptic secretory pathway at the neuromuscular junction (NMJ) or
in Torpedo electrocytes also involves a local reorganization of microtubules (33,
124-126, 229).

The organization of neuronal microtubules presents interesting specializations. In
model non-neuronal cell types, most microtubules share the same polarity and are
arranged in a radial manner with their minus end anchored at the microtubule orga-
nizing center (MTOC) and their plus end radiating towards the cell periphery (280).
In contrast, neuronal microtubules in proximal dendrites adopt both plus end-out and
plus end-in orientations while axons and distal dendrites contain microtubules with
their plus ends pointing away from the cell body (12). Although the bidirectional
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organization of microtubules predicts significant complexity for dendritic membrane
trafficking, the precise physiological consequences remain largely unknown.

Active movement of cargo along microtubules requires two classes of motor pro-
teins — the large family of kinesins and cytoplasmic dynein. These microtubule mo-
tors move, in most cases, towards the plus and minus ends of microtubules, respec-
tively (293). Indeed, the first kinesin to be described was characterized as the
molecular motor responsible for fast axonal transport (23, 294). Subsequently, at
least 45 members of the kinesin family have been discovered in mammals (102).
Some of these kinesins play distinct roles in dendrites. For example, KIFC2 and
KIF5 (the conventional kinesin, also known as kinesinl), localize to the somatoden-
dritic compartment, where they are required for trafficking multivesicular bodies and
mRNA granules (137, 241).

In the last ten years, biochemical characterization established that postsynaptic
receptors are found with their interacting partners in large protein complexes con-
taining an unexpectedly broad cast of molecular motors, especially kinesins, indicat-
ing that receptor microtubule transport is a fundamental aspect of postsynaptic recep-
tor biology (138). This notion has been directly demonstrated for KIF17 which is
required for the delivery of NR2B-containing NMDA receptors to synapses (92,
251). Interestingly, interaction with different cargo can “steer” kinesins to specific
cellular domains. For example, the glutamate receptor interacting protein 1 (GRIP1),
which binds the AMPA receptor subunit GIuR2, directs KIF5 primarily to the soma-
todendritic domain, while a different kinesin binding protein, JSAP1, routes KIF5 to
the axon (252). In addition to participating in AMPA receptor trafficking, the
GRIP1/KIF5 interaction has important functions in dendrite development and main-
tenance. Decreasing GRIP1 expression by RNA interference (RNA1i) causes a loss of
dendrites which can be rescued by overexpression of EphB2 (104), a receptor tyro-
sine kinase known to affect spine development and synaptic plasticity (117). Con-
versely, disrupting the GRIP1/KIFS interaction impairs EphB2 trafficking to den-
drites and inhibits dendritic growth, supporting a model where GRIP1 acts as a
kinesin adaptor important for dendritic trafficking (104, 252).

In a recent study, Banker and colleagues showed that the behavior of specific
kinesins changes during early stages of neuronal morphogenesis. Whereas truncated
kinesin 3 accumulates at the tip of all neurites throughout development, truncated
kinesin 1 localizes to only a subset of neurites and rapidly redistributes in the emerg-
ing axon (119). This event represents one of the earliest molecular readouts of axon
specification, and demonstrates that neurite differentiation involves a tight control of
the microtubule network and associated kinesin-based transport.

3.4 Synaptic Targeting: Postsynaptic Receptors as Model Cargo

Postsynaptic receptors are highly enriched at synapses, where they form microdo-
mains apposed to presynaptic active zones releasing cognate neurotransmitters. This
accumulation depends on postsynaptic scaffolds, which stabilize receptors and con-
nect them to downstream signaling effectors (see Chapter by Kennedy et al., this
volume). Time-lapse imaging and photobleaching of GFP-tagged receptors (10, 11,
147, 254, 258) as well as real-time imaging of single fluorescent probes bound to
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surface receptors has revealed that receptors continuously diffuse in and out syn-
apses, occasionally exploring multiple synapses (20, 50, 64, 278) (see Chapter by
Choquet and Triller, this volume). These latter experimental approaches highlight the
highly dynamic and probabilistic nature of receptor stabilization at synapses, empha-
sizing the importance of lateral diffusion (287). Indeed, upon expressing recombi-
nant glycine receptor subunits under conditions where receptor exocytosis was de-
tected only in the soma, it was found that lateral diffusion is sufficient for receptor
accumulation at synapses on distal dendrites (237).

The relative contribution of vesicular trafficking and lateral diffusion to the traf-
ficking of postsynaptic receptors remains a topic of active investigation. In some
instances, both modes of trafficking have been found to contribute for a given recep-
tor or membrane cargo. For example, while immunogold labeling and biochemical
data suggest that microtubule dependent transport is a major mode of NMDA recep-
tor targeting to synapses, live cell imaging indicates that synapses either receive
quantal “packets” of NMDA receptors (299), or can gradually acquire NMDA recep-
tors (25). While the latter study supports a “diffusional” accumulation of NMDA
receptors, the former supports a direct delivery by discrete intracellular carriers.
Monitoring the recovery of NMDA receptor-mediated synaptic currents following
irreversible inactivation with the open-channel blocker MK801 demonstrated that
synaptic NMDA receptors exchange with their extrasynaptic counterparts (286).
Comparable approaches applied to GABA, receptors (281) and AMPA receptors (2)
support the same general conclusion.

Although lateral diffusion in the plasma membrane is a major aspect of receptor
movement and exchange, endocytosis and exocytosis are also crucial for rapid varia-
tions of receptor amount at synapses (see Chapters by Esteban, Wenthold et al.,
Lorena Arancibia-Carcamo et al., and Lisman and Hell, this volume). However, if
exo- and endocytosis can occur locally in close proximity to excitatory synapses,
membrane fusion and budding have not been demonstrated directly at the PSD (see
Section 4 below), implying that lateral diffusion is an obligatory step for receptors to
enter or exit synapses (287).

In the case of AMPA receptors, local activity at single synapses reduces the lat-
eral mobility of GluR1, leading to accumulation of receptors by a diffusional trap
(64), while local exocytosis from recycling endosomes supplies receptors for LTP
(147, 212). Exocytosis and lateral diffusion are thus likely subject to distinct forms
of regulation for different classes of receptors and membrane cargo (38, 203). Rec-
onciliation of these two modes of synaptic trafficking (lateral diffusion versus vecto-
rial vesicular targeting) awaits further investigation. Yet, the architecture of the den-
dritic membrane provides some interesting clues.

Most central excitatory synapses are localized on dendritic spines, and are thus
isolated from the dendrite proper by the narrow spine neck, which limits exchange
of cytoplasmic and integral membrane proteins between the spine head and the
dendritic shaft (10, 11, 18, 232). Local diffusible pools of membrane cargo inside
spines would thus provide a reserve pool for synaptic exchange (103). Utilization
of vesicular traffic locally within spines, in turn, requires the positioning or mobi-
lization of vesicle budding and trafficking machinery. The combination of a lim-
ited local pool of reserve cargo together with spine-localized membrane trafficking
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potentially affords exquisite control or “tuning” of molecular abundance at syn-
apses via the balance of exocytosis, endocytosis and diffusional exchange. On the
other hand, synapses onto dendritic shafts, including most GABAergic synapses,
have direct access to a much larger surface pool of extrasynaptic receptors and are
likely less affected by short term changes in the balance between exo- and endocy-
tosis. Such constraints of geometry might help explain the distinct mechanisms for
targeting and maintaining postsynaptic membrane components at excitatory spine
synapses versus inhibitory shaft synapses (see Chapter by Lorena Arancibia-
Carcamo et al., this volume).

3.5 Pre-assembly of Postsynaptic Membranes in the Secretory Pathway

The function of the ER and the Golgi apparatus in membrane trafficking extends
beyond transmembrane protein processing. These organelles also direct the traffick-
ing of cytoplasmic proteins modified by acylation. Indeed, acyltransferases, the core
enzymes mediating protein palmitoylation localize to the Golgi apparatus (231, 263).
The addition of a lipid moiety to proteins increases their hydrophobicity and facili-
tates their incorporation in lipid rafts (263), which participate in the nano-
organization of cellular membranes by stabilizing multi-protein complexes (57, 115).
Interestingly, numerous synaptic proteins, including cytoplasmic molecules, are
palmitoylated. As shown directly for GRIP, PSD-95, AMPA receptors (GluR1-
GluR4), ACh receptors, and GABA, receptors, palmitoylation regulates synaptic
targeting and stabilization (56, 66, 67, 71, 97). PSD-95, the major postsynaptic scaf-
fold protein at glutamateric synapses, is palmitoylated by HIP14, while specific
AMPA receptor and GABA,4 receptor subunits are palmitoylated by GODZ, two
palmitoylating enzymes primarily localized to the Golgi (71, 74, 113, 133, 230, 261).

As described at central synapses (56, 66, 67, 94, 172, 245), and in Torpedo
electrocytes (175, 176), several postsynaptic scaffold proteins are localized to
intracellular membranes containing receptors that likely correspond to compart-
ments of the secretory pathway. Live cell imaging experiments have revealed the
appearance and transport of PSD scaffold proteins such as PSD-95 as discrete
clusters in dendrites (78, 177, 204). In the case of PSD-95, dendritic transport
occurs through the secretory pathway (66) and can be stimulated by BDNF (307).
The origin of these “pre-packaged” secretory carriers and the adaptor molecules or
coat proteins involved in cargo sorting from earlier stages in the secretory pathway
are not yet clear. However, many of these transported scaffold proteins are lipid
modified, suggesting that acylation at the Golgi apparatus is an important step in
scaffold protein targeting, and may direct the pre-assembly of postsynaptic mem-
branes in the secretory patway. PSD95 is particularly interesting in this regard
since its palmitoylation is regulated by synaptic activity (67), and is essential for
its co-trafficking with AMPA receptors (66), its targeting to synapses (49, 66), and
its ability to cluster transmembrane proteins (41).
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4 Local Trafficking of Postsynaptic Components

4.1 Dendritic Exocytosis
4.1.1 Regulated Exocytosis Near the Postsynaptic Membrane

Membrane fusion requires the concerted action of numerous factors to first tether a
vesicle to the membrane, prime it for release, and finally to fuse the separate lipid
bilayers into a contiguous membrane (120). The eukaryotic membrane fusion ma-
chinery has been conserved during evolution, and consists of a core complex of the
soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE)
family of proteins. As elucidated in detail for exocytosis in presynaptic nerve termi-
nals (see Chapter by Atasoy and Kavalali, this volume), vesicle-bound SNARES (v-
SNARES) form a complex with target membrane associated SNARES (t-SNARES)
through coiled-coil motifs in a process facilitated by members of the Rab family of
small GTPases (120). Accessory proteins superimposed on this core machinery allow
for regulation of exocytosis by coupling membrane fusion to diverse signaling path-
ways. Many of the principles governing regulated exocytosis have been established
by studies on the Ca*'-dependent release of synaptic vesicles (see Chapter by Atasoy
and Kavalali, this volume).

Although less well understood than synaptic vesicle release, dendritic exocytosis
has emerged as a key mechanism for regulating synaptic physiology. Among the first
indications of regulated exocytosis in dendrites came from experiments demonstrat-
ing that the styryl dye FM1-43 accumulates in dendritic TGN-derived compartments
and can be rapidly unloaded in response to Ca’ influx (174). The finding that this
activity-dependent dendritic exocytosis required CaMKII (173) pointed towards a
direct link between postsynaptic exocytosis and synaptic plasticity signaling path-
ways. Additional evidence for such a link came from observations that brefeldin A,
which disrupts the secretory pathway, impairs synaptic potentiation in hippocampal
slices, as does postsynaptic loading of N-ethylmaleimide or botulinum toxin B, two
inhibitors of membrane fusion (28, 166). In conjunction with the discovery of silent
synapses lacking AMPA receptors (see Chapters by Esteban and Lisman and Hell,
this volume), these observations suggested that the rapid insertion of AMPA recep-
tors in the postsynaptic membrane accounted for an early component of the expres-
sion of LTP. Subsequent imaging studies demonstrated that AMPA receptors rapidly
appear and accumulate near the postsynaptic plasma membrane and are incorporated
into synapses in response to stimuli triggering synapse potentiation (45, 147, 212).
However, the core machinery for postsynaptic exocytosis and the mechanisms cou-
pling NMDA receptor-induced Ca*" influx to dendritic membrane fusion remain
poorly understood. Moreover, the exact location of receptor insertion in the dendritic
membrane is unclear, although NMDA receptor-induced exocytic events have re-
cently been visualized in spines (213). For AMPA receptors, either the site of exocy-
tosis or the location of rapid receptor accumulation after exocytosis, depends on
subunit composition, since newly inserted GIuR2 receptors accumulate more rapidly
at synapses than do GluR1 receptors (214, 257). This suggests that a subclass of exo-
cytic vesicles containing distinct populations of receptors may be inserted in close
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Fig. 4. Model for local trafficking in dendritic spines. Postsynaptic membrane cargo is pro-
vided by local synthesis in the secretory pathway (a), vesicular transport along microtubules
(dendritic shaft) and F-actin (spines) (b), and lateral diffusion in the plasma membrane (c).
Vesicles are translocated through the spine neck and can release cargo directly in the spine
head by exocytosis (d). Cargo molecules are stabilized at the postsynaptic membrane but can
diffuse in and out the postsynaptic density (PSD). Released receptors and other integral mem-
brane proteins are captured and internalized by the spine endocytic zone located laterally to
the PSD (e). Internalized receptors are sorted in early/sorting endosomes (SE) and sent either
to late endosomes (LE) for degradation, or to recycling endosomes (RE) for return to the spine
surface (f). Abbreviations. SER, smooth endoplasmic reticulum; RER, rough endoplasmic
reticulum; GO, Golgi outpost; SA, spine apparatus; PSD, postsynaptic density; CCV, clathrin
coated vesicle; SE, sorting endosome; RE, recycling endosome; LE, late endosome; MT,
microtubule; p, polysome.

proximity to synapses (Fig. 4). Such exocytic vesicles may derive from recycling
endosomes, which traffic into spines and fuse with the spine membrane during LTP-
induced potentiation and spine growth (213).

Although initially described at vertebrate NMJs or in Torpedo electrocytes (33,
124, 125, 229), sub-synaptic trafficking compartments have been characterized in
detail in larval Drosophila neuromuscular synapses (179, 180, 266). Genetic ap-
proaches in this system have provided important clues to the molecular mechanisms
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accounting for postsynaptic exocytosis. For example, the SNARE protein Gtaxin
interacts with the postsynaptic scaffolding protein Dlg and is required for the tar-
geted delivery of membranes to the postsynapse (82). In addition, synaptotagmin 4
serves as a Ca”" sensor for postsynaptic exocytosis at the fly neuromuscular synapse
(306), suggesting that mechanisms responsible for regulated postsynaptic exocytosis
may be very similar to those operating at presynaptic terminals (see Chapter by
Atasoy and Kavalali, this volume). Despite these initial clues, many questions re-
main, such as the identity and requirement for specific molecules that tether postsy-
naptic vesicles to the plasma membrane, and the nature of machinery linking postsy-
naptic exocytosis to neural activity.

4.1.2 Rab Proteins and Dendritic Exocytosis

In addition to SNARE proteins, Rab family GTPases are major regulators of mem-
brane trafficking and vesicular fusion. Rab proteins localize to distinct cellular com-
partments and control trafficking specificity by facilitating interactions between
donor and acceptor membranes (90). In general, Rab proteins bind to donor mem-
branes in their GTP-bound state and recruit accessory factors that interact with pro-
teins on the target membrane. When the appropriate combination of vesicle and
target membrane proteins is assembled, Rab proteins hydrolyze their bound GTP,
locking the vesicle in place for subsequent fusion (90).

Two Rab proteins with well-defined function in non-neuronal cells have been
shown to regulate postsynaptic receptor exocytosis. Rablla controls trafficking
through recycling endosomes (291) and is required for NMDA receptor-dependent
synapse potentiation including LTP (212). Rab8 is involved in trafficking from the
TGN to the cell surface (114) and is also required for the postsynaptic delivery of
AMPA receptor subunits (76). Rabl1 resides in recycling endosomes, a compart-
ment through which trafficking is mediated by vesicular fusion involving syntaxin 13
(226). Acute disruption of syntaxin 13-dependent trafficking abolishes stimulus-
dependent insertion of AMPA receptors and accompanying LTP within minutes
(212), suggesting that this membrane trafficking pathway is immediately proximal to
NMDA receptor-induced dendritic exocytosis. Still to be determined are the molecu-
lar mechanisms underlying synaptic activity-dependent regulation of Rab8 and
Rab11. Rab-specific guanine nucleotide exchange factors (GEFs) and GTPase acti-
vating proteins (GAPs) orchestrate Rab protein function by controlling their activa-
tion and inactivation (79, 250), and are themselves controlled by numerous signaling
pathways (250), making them particularly attractive candidates for coupling neural
activity to postsynaptic exocytosis.

4.1.3 Myosin Motors and Micron-Range Trafficking of Spine Cargo

In non-neuronal cells, post-TGN transport of secretory cargo to the plasma mem-
brane occurs in two general stages. Vesicles are first transported along microtubules
towards the cell-periphery by kinesins, and are then transferred to myosin motors,
most prominently class V myosins, which translocate vesicles through the F-actin
network of the cell cortex to bring them close to the plasma membrane (152). Myosins
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are multisubunit motor molecules that move cargo along F-actin in a unidirectional
manner. Myosin motors have diverse functions in vesicle trafficking. At the plasma
membrane, myosins control movements of vesicles during exocytosis and endocyto-
sis (152). Many types of myosins are expressed in neurons, and although their indi-
vidual roles are only beginning to emerge, they seem to be especially important for
synaptic receptor recycling (26) (Fig. 4). This is particularly true for class V and
class VI myosins, which are enriched in dendritic spines (165, 196, 206). While
myosin VI regulates AMPA receptor endocytosis by virtue of its ability to move
vesicles inward toward the pointed or minus-ends of actin filaments (206), members
of the myosin V family facilitate delivery of AMPA receptors to the dendritic mem-
brane (165).

Interestingly, a light chain common to myosin V and dynein indirectly interacts
with AMPA receptors and NMDA receptors via GKAP/PSD95 (196), and class V
myosins also associate with specific kinesins (152). Glutamate receptors are thus part
of multi-protein complexes containing both microtubule and actin motors, a feature
that is likely important for the transfer of receptor containing vesicles from the
microtubule-rich dendritic shaft to spines, whose cytoskeleton primarily consists of
actin. Recent in vitro experiments demonstrated that myosin Va can traverse fila-
mentous junctions and displays diffusive “scanning” along microtubules (4), empha-
sizing the ability of this motor to navigate complex cytoskeletal structures.

Class V myosins are calmodulin-binding molecules and are regulated by cal-
cium-dependent conformational changes (279). Increasing calcium triggers a con-
formational change of myosin Va from a closed, inactive, conformation to an open
conformation that exposes the cargo binding domain. Although not yet fully charac-
terized in neurons, this calcium-dependent regulation of class V myosins could play
a role in activity-dependent trafficking of cargo to dendritic spines. Indeed myosin
Va is highly enriched in the PSD (196, 297). However, dilute mutant mice lacking
myosin Va have no defects in basal synaptic transmission or LTP at CA1 hippocam-
pal synapses (248) and exhibit no quantitative difference in AMPA receptor abun-
dance at synapses when assessed by immungold electron microscopy (218).

4.1.4 The Exocyst

Genetic studies of targeted membrane trafficking in S. cerevisiae led to the identifi-
cation of conserved proteins important for the late processing of post-Golgi vesicles.
Among these proteins were components of the exocyst, an octameric protein com-
plex whose subunits (Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo 70 and Exo84) are
required for tethering vesicles to distinct cellular domains (164).

In Drosophila, Sec5 and Sec6 mutants display defective neurite outgrowth re-
sulting from impaired exocytosis (192, 193). However, synaptic vesicle exocytosis
at the neuromuscular junction is normal in Sec5 mutants, indicating that the exo-
cyst is not involved in all forms of exocytosis (192). Other studies in flies revealed
a specific role for Secl5 in axon outgrowth and delivery of a subset of surface
proteins to the plasma membrane (e.g. fasciclin II and chaoptin) (186), suggesting
that particular components of the exocyst complex play distinct roles in neuronal
trafficking.
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Components of the exocyst complex are expressed in the mammalian nervous
system (112), and notably in the developing brain where Sec6/8 is present in layers
displaying ongoing synaptogenesis (98). At later stages, the exocyst is broadly ex-
pressed in the adult brain and is enriched in synaptic membranes (112, 244). Consis-
tent with a role in directing exocytosis to discrete domains, Sec6/8 is located at sites
of membrane addition, including neurites, filopodia, and growth cones in cultured
hippocampal neurons (98, 296). More recently, the exocyst has been shown to par-
ticipate in the trafficking of glutamate receptors to the synapse. Specifically, Sec8
contains a PDZ-binding motif that interacts with the synaptic scaffolding proteins
PSD-95 and SAP102 (244). This interaction thus connects the exocyst complex to
NMDA receptors and potentially AMPA receptor/TARP complexes, and is required
for NMDA receptor trafficking to the cell surface (244).

The exocyst also plays an important role during late stages of receptor delivery to
the plasma membrane, including in the spine head itself. Overexpression of truncated
forms of Sec8 and Exo70 uncovered two successive exocyst-dependent steps of
AMPA receptor exocytosis required for the turnover of synaptic receptors. Whereas
impairment of Sec8 leads to the accumulation of AMPA receptor-containing vesicles
in the dendritic shaft, overexpression of Exo70 mutant results in an accumulation of
these vesicles in the spine head, leaving them stranded very close to the PSD (77).
These data support the notion that AMPA receptor exocytosis can occur directly in
spines, and that exocyst subunits play distinct and synergistic functions in the local
targeting or tethering of receptor-laden vesicles.

4.2 Dendritic Endocytosis and Post-Endocytic Sorting

Eukaryotic cells continuously invaginate and internalize portions of their plasma
membrane to take up extracellular nutrients, trophic factors, and pathogens, as well
as to regulate their surface area and control surface levels of membrane proteins.
Clathrin-dependent endocytosis is the best characterized mechanism of membrane
protein internalization (139), and has been widely studied in presynaptic terminals
where it mediates the retrieval of synaptic vesicles (see Chapter by McPherson et al.,
this volume). Clathrin-mediated endocytosis is initiated by adaptor proteins, such as
AP-2, AP-180, and epsin, which associate with phosphoinositides and membrane
protein cargo and nucleate the oligomerization of clathrin into a lattice, or coat, ap-
posed to the cytoplasmic face of the plasma membrane (215). Upon acquisition of
membrane curvature and invagination, clathrin-coated pits bud from the membrane
to form clathrin-coated vesicles (118, 215). The fission reaction is mediated by
members of the dynamin family of large GTPases, which assemble into oligomeric
rings or spirals around the necks of coated pits (223). All three dynamin family
members (dynamins 1-3) are expressed in neurons. While dynamin 2 is ubiquitious
and mediates membrane fission in all cells of the body, dynamin 1 is specialized for
membrane recycling of synaptic vesicles at the presynaptic terminal following
exocytosis (273). Like dynamin 1, dynamin 3 is enriched in brain, but also localizes
postsynaptically to dendritic spine heads and may play a role in postsynaptic mem-
brane trafficking (87, 292).
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Exocytosis, endocytosis and post-endocytic sorting represent important check-
points for controlling cell-surface signaling. Although relying on the same basic
machinery, turnover rates of surface proteins vary greatly, with internalization time
constants ranging from seconds for membrane retrival at presynaptic terminals (273),
to minutes in the case of G-protein coupled receptors (GPCRs) (267) and postsynap-
tic receptors (63, 141, 162). In addition to simply controlling the number of cell-
surface receptors, endocytosis is intimately coupled to receptor signaling. A classic
example of this is provided by GPCRs and receptor tyrosine kinases (RTKs), whose
endocytosis is stimulated by agonist binding, and desensitizes the cell toward the
receptor ligand (267). In some cases, endocytosis itself is required for signaling since
some receptors initiate signal transduction from internal endosomes (54, 99, 110,
305).

Endocytosis and endosomal sorting of postsynaptic receptors have emerged as
key mechanisms for tuning synaptic responses rapidly within minutes, or more
slowly during homeostatic scaling and synapse development (45, 290). It is now
clear that postsynaptic compartments possess an exquisite degree of specialization
for receptor internalization and post-endocytic trafficking (Fig. 4). This specializa-
tion is reflected by the diverse stimuli that trigger postsynaptic endocytosis, the com-
plex biochemical interactions that link synaptic receptors to endocytic effectors, and
the organization of the spine membrane itself.

4.2.1 Activity-Dependent Regulation of Endocytosis and Post-endocytic Sorting

One indication of an intimate relationship between postsynaptic proteins and endo-
cytic machinery comes from biochemical data showing that postsynaptic receptors
and scaffolds directly interact with the endocytic machinery. For example, Homer
and mGluRS interact with dynamin 3 (87), and both the AMPA receptor subunit
GluR2 and the NMDA receptor subunit NR2B interact with the AP-2 clathrin adap-
tor complex (130, 155, 158, 234). The GABA, receptor subunits $1-3 and y2 also
bind AP-2, indicating that similar mechanisms operate at inhibitory synapses (141).
Consistently, interfering with receptor internalization leads to modifications of both
excitatory and inhibitory synaptic responses, sometime within minutes (45). Indeed,
the regulation of postsynaptic receptor endocytosis is a key set-point for various
form of synaptic plasticity.

As initially established for AMPA receptors, internalization rates and post-
endocytic sorting are directly modulated by synaptic activity (63, 159, 162). Various
mechanisms account for the regulation of AMPA receptor endocytosis, and endocy-
tosis can be triggered either directly by agonist binding, or indirectly by Ca**- and
phosphatase-dependent signaling cascades. Control of postsynaptic receptor inter-
nalization involves a broad cast of proteins, including hippocalcin (211), Rab5 (29),
CPG2 (48), Arc/Arg3.1. (40), and a significant array of receptor binding partners
(45) (see Chapters by Esteban, Wenthold et al., and Lorena Arancibia-Carcamo et
al., this volume).

The actin cytoskeleton is a critical determinant of the local dynamics of mem-
brane proteins (150), and actin dynamics are tightly controlled at all steps of endocy-
tosis (68). Accordingly, actin polymerization and depolymerization are required for
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stimulus-dependent endocytosis of AMPA receptors (309), and actin plays a critical
role in the structural maintenance and plasticity of dendritic spines. It is thus not
surprising that spines contain numerous actin regulatory proteins (58). Some of these
proteins, notably cortactin (88, 195, 228), Arc/Arg3.1 (40, 170) and myosin VI (206)
participate in AMPA receptor endocytosis. In the case of NMDA receptors, the en-
docytic adaptor PACSIN-1/syndapin-1, which interacts with dynamin and N-WASP
and thereby couples actin dynamics to endocytosis (136), directly binds the noncan-
onical subunit NR3A and drives receptor internalization (216). That actin dynamics
is itself regulated by synaptic activity (43, 205, 269) suggests that cytoskeletal re-
modeling links activity-dependent signaling to the endocytic machinery.

Following endocytosis, the fate of internalized postsynaptic cargo is governed by
extrinsic factors such as synaptic activity or metabotropic receptors. For example,
while AMPA receptors internalized in response to AMPA stimulation are trafficked
to dendritic lysosomes and degraded, receptors internalized in response to NMDA
stimulation are sorted into recycling endosomes in a PKA-dependent manner (63).
This endosomal sorting is regulated by the duration of the stimulus (265) and can in
turn be altered by long-term changes in network activity (159, 201). In a comparable
manner, synaptic activity also determines the fate of internalized kainate receptors
(178). The subunit composition within a given receptor subtype also modifies the
behavior of internalized receptors. In the case of NMDA receptors, NR2A and NR2B
subunits contain distinct post-endocytic sorting motifs, which direct them along
degradative and recycling pathways, respectively (154). In addition, both NR1 and
NR2 subunits contain conserved membrane proximal motifs, which direct internal-
ized receptors for degradation by default if not counteracted by the C-terminal recy-
cling motifs present in NR2B (249).

4.2.2 The Spine Endocytic Zone

By directly visualizing clathrin coats, Blanpied et al. (2002) showed that clathrin
puncta localize to most hippocampal dendritic spines in close proximity to the PSD
(Fig. Sab) (17). Live cell imaging together with fluorescence recovery after photo-
bleaching (FRAP) indicated that clathrin repeatedly assembles and disassembles at
specific endocytic sites in dendrites and spines (17). The concentration and internali-
zation of labeled transferrin at these spine clathrin puncta established that they are
functional, thus demonstrating the existence of stable endocytic zones in close asso-
ciation with the PSD at glutamatergic synapses (17). Ultrastructural analysis con-
firmed the presence of coated structures in spines in vivo recapitulating all the early
stages of the endocytic process (Fig. 5¢) (219, 228). Immunogold labeling of its core
components revealed an exquisite level of spatial organization of the clathrin endo-
cytic machinery in spines, where AP-2, clathrin and dynamin are localized on the
lateral side of the spine surface, with AP-2 closest and dynamin furthest from the
PSD (228) (Fig. 5d). In some cases, clathrin and AP-2 are detected at the spine
plasma membrane in the absence of a morphologically identified coated pit (228)
(Fig. 5d), suggesting a pre-organization of endocytic molecules at the lateral spine
membrane.
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Fig. 5. The spine endocytic zone. (a) A cultured hippocampal neuron expressing a cell-fill
(red) and clathrin-YFP (green), illustrating the localization of clathrin puncta to dendritic
spine heads (arrows). Scale bar, 2 um. (b) Examples of the close association of the spine
endocytic zone (red) and the PSD (green) in hippocampal neurons expressing Clathrin-DsRed
and PSD95-GFP. Scale bar, 1 um. a and b adapted from (17); reprinted with permission from
Elsevier, copyright 2002. (c—d) Electron micrographs showing the different stages of endocy-
tosis (c) and the distribution of the endocytic machinery (d) in dendritic spine heads of CAl
pyramidal neurons in vivo. c: a clathrin coated invagination prior to scission (left panel), a
coated invagination (middle panel), and a coated vesicle post-scission (right panel). d: note the
presence of AP-2 (left panel), clathrin heavy chain (middle panel) and dynamin (right panel)
immunoreactivity on the lateral side of spines. Adapted from (228); reprinted with permission
from Nature Publishing Group, copyright 2004.

These data demonstrate that endocytosis occurs in spines, raising important ques-
tions regarding the subsynaptic trafficking via endosomes. Functional studies of the
clathrin- and early endosome-associated small GTPase Rab5 showed that it is localized
to the perimeter of the PSD and facilitates AMPA receptor internalization in response
to LTD-inducing stimuli (29). Rab5 overexpression does not alter the spine/shaft ratio
of total (internal and surface) AMPA receptors, but rather selectively decreases the
number of receptors at the spine surface (29). This indicates that some internalized
receptors remain in the spine, supporting a model where receptors internalized at endo-
cytic zones on the spine surface are retained in a local endosomal pool (Fig. 4).

While the presence of endocytic zones at inhibitory synapses has not been exten-
sively studied, immunolabeling of newly endocytosed GABA, receptors docu-
mented the presence of a stable pool of internalized receptors in close proximity to
inhibitory synapses (295). Although the identity of these compartments awaits fur-
ther investigation, these findings suggest that specialized endocytic machinery may
also exist at inhibitory synapses. In this context, it is interesting to note that
GRIP1/ABP, a molecule involved in the control of AMPA receptor intracellular
trafficking, is also localized to inhibitory synapses and is found in internal membrane
compartments containing inhibitory receptors (56, 59, 140), suggesting that the con-
trol of inhibitory and excitatory receptor endocytosis might share common effectors
in addition to AP-2 and clathrin.
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4.2.3 Recycling Endosomes as a Mobilizable Source of Postsynaptic Cargo

Quantitative analysis of AMPA receptor internalization and re-insertion in the
plasma membrane in cultured cortical neurons has provided important insight into
the involvement of post-endocytic recycling in synaptic remodeling (63, 162). Inter-
nalization of cell-surface AMPA receptors occurs with a time constant of approxi-
mately 10 min under basal conditions, and reaches a steady state that plateaus after
15-20 min, a time point at which approximately 15-20% of initially labeled recep-
tors are internalized (63, 162). This apparent rate represents a balance between endo-
cytosis itself and cycling of molecules (initially labeled when at the cell-surface)
between endosomes and the plasma membrane.

Focusing selectively on the exocytosis of internalized molecules, it was shown
that almost 90% of internalized receptors are reinserted in the cell-surface within 60
min under basal conditions, with a similar time constant of 10 min (63). As with
internalization, the rate or reinsertion is directly modulated by neuronal activity. This
demonstrates that both endocytosis and reinsertion are controlled by activity, and
also indicates that the kinetics of reinsertion to the cell-surface can determine the
speed and timing of receptor turnover. Adding to this rather complex regulation of
trafficking kinetics, selective activation of synaptic AMPA receptors and NMDA
receptors can change the compartmental itinerary of internalized cargo by differen-
tially routing internalized AMPA receptors for lysosomal degradation, which in turn
leads to changes in the number of receptors in the recycling pool (63, 159, 162). Alto-
gether, these data strongly suggest that recycling endosomes function as a kinetic trap
whereby activity-dependent tuning of receptor recycling kinetics and endosomal sort-
ing controls the abundance of postsynaptic receptors in an online fashion (Fig. 4).

As previously mentioned, morphological studies have demonstrated the presence
of an endosomal network throughout dendrites, and have specifically shown that
recycling endosomes (REs) reside at the base of, and in some instance within, den-
dritic spines (Fig. 3) (47, 63, 213). This spatial distribution of REs is particularly
surprising given that these compartments are usually found in the peri-nuclear area in
non-neuronal cells (Fig. 1) (187), and suggests that dendritic REs may play a general
role in a local trafficking of postsynaptic cargo. Indeed, whereas some dendritic
AMPA receptors are transported to the cell body after endocytosis, an important
fraction of internalized receptors remain in dendrites (63, 159, 162). Mechanisms by
which different classes of endosomes are positioned in dendrites and spines, and the
machinery that determines whether internalized postsynaptic cargo molecules are de-
graded or locally recycled back to the dendritic surface are only beginning to emerge.

The neuron-enriched endosomal protein of 21 kDa (Neep21) localizes to early
endosomes and facilitates recycling of surface receptors (53, 271). In hippocampal
neurons Neep2l loss of function decreases recycling of internalized GluR1 and
GluR2 (271). This effect is mediated, at least for GluR2, by an activity-dependent
interaction between Neep2l and GRIPI, since disrupting this interaction causes
GluR2, but not GluR1 or transferrin receptor, to accumulate in early endosomes and
lysosomes (270). Consistent with a function of Neep21 in activity-dependent recy-
cling of AMPA receptor, disrupting Neep21 expression in hippocampal slices im-
pairs LTP (3). The activity dependence of the Neep21/GRIPI1 interaction suggests
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that synaptic activity defines the fraction of internalized receptor that is sorted for
recycling at a given synapse, and conversely that this sorting step might tune the
amount of receptor available for activity-dependent synaptic potentiation.

Overexpressing dominant-inhibitory mutants of Rablla, Rmel/EHDI1, or syn-
taxin-13, three molecules required form endocytic recycling, Park et al. (2004) (212)
directly tested the role of REs in excitatory receptor trafficking (Fig. 6a). An impor-
tant finding of this study was that blocking post-endocytic recycling not only de-
creases the basal level of surface AMPA receptors, but also prevents the rapid
NMDA receptor-dependent insertion of GluR1 at hippocampal synapses, as well as
LTP expression at Schaffer collateral/CA1 synapses in hippocampal slices. Finally,
by selectively tagging or masking those receptors originally at the plasma membrane
or those receptors cycling between the cell-surface and endocytic structures, this
study established that AMPA receptors rapidly recruited at synapses are mobilized
from a pool of internalized molecules, demonstrating the fundamental importance of
REs in synapse plasticity.

4.2.4 Endosomal Recycling as a Cellular Basis for Spine Structural Plasticity

While mature neurons maintain their overall size and architecture over years, den-
dritic spines can be highly dynamic, growing and shrinking over minutes (184, 198).
At the scale of the entire cell, endocytosis and exocytosis balance each other to main-
tain cellular surface area. However, the continuous appearance and disappearance of
some dendritic spines necessarily requires increases or decreases in local membrane
area. One attractive mechanism for refining spine morphology is local addition or
removal of membrane by exocytosis and endocytosis. Indeed, the observation that
spine volume correlates with the size of the PSD, the number of postsynaptic AMPA
receptors and the abundance of spine endomembranes (100, 169, 182, 283) suggests
a quantitative coupling between membrane trafficking, synaptic strength, and spine
size. Consistent with this notion, LTP- and LTD-inducing stimuli trigger an increase
or decrease in spine size, respectively (151, 183, 194, 207, 308).

The source of membrane for local spine growth has been a matter of debate since
the dendritic shaft, and in some cases the spine head itself, house a wide array of
endomembranes (135), and remodeling of the actin cytoskeleton alone can expand
cellular membranes (70). The recently recognized contribution of endosomal recy-
cling in glutamatergic synapse maintenance and plasticity prompted experiments to
test whether REs contribute to spine growth. Combining three-dimensional serial
reconstruction electron microscopy and high resolution fluorescence timelapse imag-
ing, Park et al. (2006) (213) showed that spine growth is correlated with both the
translocation of endosomal compartments in growing spines and the local exocytosis
of RE cargo, occurring in some instances directly in the spine head (Fig. 6b). Fur-
thermore, Rablla and syntaxin 13 mutants that block endosomal recycling impair
stimulus-induced spine growth, thus demonstrating that recycling endosomes con-
tribute membrane material for spine growth (213). By supplying both AMPA recep-
tors (212) and membrane material (213) during LTP, activity-induced cargo transport
from recycling endosomes provides an attractive mechanism for coupling functional
and structural plasticity at glutamatergic synapses.
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Fig. 6. Recycling endosomes as reservoirs for functional and structural spine plasticity. (a)
Endosomal recycling is required for the expression of LTP. (A1) Schematic diagram showing
trafficking pathways between the plasma membrane (PM), sorting endosomes (SE) and recy-
cling endosomes (RE), and the transport step controlled by the regulatory proteins Rabl1a and
Rmel. (A2) Normalized EPSCs at Schaffer collateral/CA1 synapses in hippocampal slices
before (1) or after (2) high frequency stimulation (4rrow) demonstrating the absence of LTP
in cells expressing either Rmel or Rabl1a mutants (open symbols) compared to control cells
(black squares). Adapted from (212); reprinted with permission from AAAS, copyright 2004.
(b) Transport from recycling endosomes is required for activity-induced spine growth. (B1)
Hippocampal neurons expressing a fluorescent cell fill (tdTomato) before and after a chemical
LTP stimulation (Gly). Blocking recycling endosome transport by expression of a Rablla
dominant inhibitory mutant (Rabl1a-S25N) prevented stimulus-induced spine growth (right
panel) as compared to cells expressing GFP (left panel). Times indicated in min:sec. (B2)
Time-lapse sequence of a dendritic spine of a hippocampal neuron expressing a GFP-tagged
tranferrin receptor (inverted contrast) before and after a chemical LTP stimulation (Gly)
documenting the stimulus-dependent recruitment of recycling endosomes into the spine head.
(B3) Similar experiment in a neuron expressing a pHluorin-tagged transferrin receptor (T{R)
to detect exocytic events in spine (arrowheads). B1-3 adapted from (213); reprinted with
permission from Elsevier, copyright 2006.
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Intriguingly, the importance of Rab11-dependent membrane recycling in the con-
trol of cell geometry seems to extend beyond plastic changes of spine morphology,
as indicated by the recent characterization of protrudin, a mammalian Rabl1-GDP
binding protein which promotes and controls neurite formation (259). Spatially di-
rected membrane trafficking from recycling endosomes may thus be a general
mechanism for neuronal growth and structural plasticity during the elaboration and
remodeling of diverse neural circuits.

5 Concluding Remarks

The discovery that membrane trafficking underlies diverse forms of neuronal plastic-
ity represents a major advance, providing a focal point for experiments addressing
the basic mechanisms of learning and memory. Many core issues of neuronal devel-
opment and circuit plasticity can now be framed as cell biological problems, raising
fundamental questions as to how conserved cellular machinery (Fig. 1) has evolved
and adapted to serve specialized functions in the mammalian brain. Though far from
complete, a picture is emerging of a previously unanticipated and remarkable degree
of molecular dynamics at synapses orchestrated by conserved trafficking machinery
and diverse dendritic organelles which are regulated by synaptic activity. These
molecular dynamics function to maintain reliable, but still exquisitely plastic, com-
munication between highly interconnected cells (Fig. 4). While general rules cou-
pling changes of synaptic strength to membrane trafficking are becoming clarified,
our understanding of how cell biological events coordinate neuronal physiology is
still constrained by unresolved questions. What controls the organization and distri-
bution of dendritic organelles themselves? To what extent are changes in synaptic
strength confined to specific synapses, and under which circumstances? What is the
molecular machinery that couples neural activity to dendritic membrane trafficking?
While much recent work has focused on the trafficking of postsynaptic receptors
to and from the synapse, it is clear that the trafficking of other synaptic proteins, such
as adhesion molecules (83, 224, 247), CaMKII (80), PSD-95 (44, 65, 78, 254), and
gephyrin (94, 172) is equally important in tuning synaptic properties (116). A de-
tailed description of the fundamental organization of neuronal organelles will be
essential to understand how the regulation of multiprotein complexes produces the
requisite integration of diverse signals for coordinating functional and structural
plasticity. The relative contribution of long-range versus local trafficking in the de-
velopment, maintenance, and plasticity of single synapses is not established. Within
a given cell, mechanisms accounting for the turnover and plastic changes of synapses
vary with synapse localization. For example, recent data suggest that endosomal
trafficking and lateral diffusion may differentially contribute to postsynaptic recep-
tors at synapses localized near the soma and those localized to distal dendrites (2). In
pyramidal neurons, Golgi outposts are present primarily in apical dendrites (108),
suggesting distinct mechanisms in apical versus basolateral dendrites. Indeed syn-
apses onto these dendritic compartments contain different subclasses of NMDA
receptors (131), and perhaps other molecules. One possibility is that a heterogeneous
spatial restriction of neuronal organelles such as the Golgi apparatus, post-Golgi
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compartments, or various classes of endosomes contributes to spatial variation in
synapse composition.

At the level of single spines, the actin cytoskeleton is a central effector that cou-
ples morphological and functional synaptic plasticity. Although actin can directly
affect the organization of the PSD itself (5, 37, 43, 149), its contribution to local
spine membrane trafficking is only beginning to emerge. An intriguing observation
is that while synaptic activity triggers the recruitment of membrane bound structures
in the spine head (213, 282, 283), the diffusional coupling between the spine head
and the dendritic shaft is simultaneously decreased (18). A detailed description of
spine neck properties will be crucial to understand how calcium signaling, actin
dynamics, and membrane trafficking are coordinated to control spine size and mo-
lecular composition.

Finally, from a clinical perspective, recent findings illustrate how core issues of
dendritic membrane trafficking open new perspectives for therapeutic strategies. For
example, the Huntington’s disease protein huntingtin binds to proteins such as HIP
(huntingtin interacting protein) 1 and HIP14 which participate in the control of in-
hibitory (142, 143, 156, 209) and excitatory receptor (113) turnover, respectively.
The role of postsynaptic trafficking in Alzheimer’s disease (AD) is particularly inter-
esting. It has been known for some time that the processing of the amyloid precursor
protein during B-amyloid (AB) production occurs during trafficking through secre-
tory and endocytic compartments (93), and swollen neuronal endosomes correlate
with disease in late-onset AD (34-36, 89, 199). Recent data indicate that Af} release
is activity-dependent, and liberated AP in turn attenuates synaptic strength (129)
through mechanisms that share similarities with LTD, including increased endocyto-
sis of postsynaptic glutamate receptors (111, 129, 202, 253, 264). Conversely, A3
oligomers block LTP (298) and presumably AMPA receptor insertion. Thus, it is
tempting to speculate that at its early stages, AD is a disorder of postsynaptic traf-
ficking and synapse dysfunction. Beyond neurodegenerative diseases, alterations in
glutamate receptor trafficking and defects in synaptic properties have been reported
in animal models of neuropsychiatric disorders including addiction (22, 304) and
schizophrenia (153), as well as in models of congenital mental retardation (8, 15,
109, 146). Autism has been associated with mutations in specific neuroligin isoforms
(121). These mutations impair the expression of these adhesion molecules at the
plasma membrane (42, 46), and are likely to have important consequences on synap-
tic properties given the importance of neuroligins in the clustering of postsynaptic
proteins (83, 247). Regulation of dendritic organelles and trafficking machinery is
thus requisite for modifying neural circuits during development and plasticity, and
provides a novel venue for restoring neuronal function in injury and disease.
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