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More than just synaptic building blocks: scaffolding
proteins of the post-synaptic density regulate
dendritic patterning
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Austria

Abstract
The dendritic arbor is responsible for receiving and consolidating neuronal input. Outgrowth and morphogenesis of the
arbor are complex stages of development that are poorly
understood. However, recent findings have identified synaptic
scaffolding proteins as novel regulators of these important
events. Scaffolding proteins are enriched in the post-synaptic
density where they bind and bring into close proximity neurotransmitter receptors, signaling molecules, and regulators of
the actin cytoskeleton. This property is important for dendritic
spine morphogenesis and maintenance in the mature neuron.
Scaffolding proteins are now being described as key regulators of neurite outgrowth, dendritic development, and pattern
formation in immature neurons. These proteins, which include

post-synaptic-95, Shank and Densin-180, as well as many of
their interacting partners, appear to regulate both the microtubule and actin cytoskeleton to influence dendrite morphology. Through a large array of protein–protein interaction
domains, scaffolding proteins are able to form large macromolecular complexes that include cytoskeletal motor proteins
as well as microtubule and actin regulatory molecules.
Together, the new findings form a persuasive argument that
scaffolding proteins deliver critical regulatory elements to sites
of dendritic outgrowth and branching to modulate the formation and maintenance of the dendritic arbor.
Keywords: dendrite, dendritic arbor, dendritic development,
post-synaptic density, PSD-95, scaffolding proteins.
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Dendrites receive and consolidate neuronal input. Unlike axon
development and guidance, dendrite morphogenesis and
patterning has only recently become a focus of study. During
development, the dendritic arbor is highly dynamic and is
continuously forming new branches as well as maintaining or
eliminating existing ones (Jan and Jan 2003; Landgraf and
Evers 2005). Although signiﬁcant advances have been made in
the identiﬁcation of speciﬁc genes regulating dendritic morphogenesis and pattern formation in Drosophila (Gao et al.
1999; Parrish et al. 2006), the precise molecular mechanisms
that govern these processes in ﬂies and mammals remain
poorly understood. The search for novel regulators of dendritic
patterning has recently turned up unexpected results. Surprisingly, well-known proteins with scaffolding functions at the
post-synaptic density (PSD), such as PSD-95, Shank, and
Densin-180, have recently been identiﬁed as important
regulators of early neurite outgrowth and dendritic patterning.
Prior to these ﬁndings, other proteins enriched in the PSD had
been shown to inﬂuence dendritic development. Most notably,
calcium/calmodulin-dependent protein kinase II, important for

activity-dependent synaptic plasticity, has been found to limit
dendritic outgrowth in various neuronal subtypes (Zou and
Cline 1999; Pattinson et al. 2006). The absence of calcium/
calmodulin-dependent protein kinase II leads to aberrant
branching and enlarged dendritic arbors. This review, however, will focus on scaffolding proteins of the PSD now found
to inﬂuence dendritic pattern formation. This represents a
novel role for this class of proteins, a role performed in
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subcellular domains not previously assumed to be under the
inﬂuence of such proteins.
Since the initial isolation of PSD scaffolding proteins,
studies have largely focused on their roles at the mature
synapse where they fulﬁll many functions, including the
organization of post-synaptic signaling complexes, regulation of synaptic transmission, and formation and maintenance
of dendritic spines (Kim and Sheng 2004). As an example,
PSD-95, perhaps the best studied of these molecules, is
important at the synapse because of its ability to bind and
anchor the NMDA receptor (Kornau et al. 1995), among
many other proteins at the PSD. Functional information
regarding scaffolding proteins was highlighted by mice
mutant for PSD-95. These mice, although demonstrating
enhanced long-term potentiation, were impaired in spatial
learning tasks (Migaud et al. 1998). These ﬁndings were
among the ﬁrst to indicate that scaffolding proteins exert
important effects at the synapse and are critical for hippocampal-dependent memory formation.
It now appears that PSD-95 and other scaffolding proteins
play an equally important role outside of the synapse. A
recent paper by Charych et al. (2006) demonstrated that
PSD-95 acts as a negative regulator of dendritic branching.
This ﬁnding is reminiscent of results obtained with studies of
Densin-180 and Shank, two additional members of the PSD
(Quitsch et al. 2005). Together, with data encompassing
other scaffolding proteins, a novel regulatory role for PSD
proteins in developing neurons is now becoming apparent.
These new ﬁndings primarily come from experiments using
cultured dissociated neurons. These in vitro systems allow
for sensitive morphological analyses not easily performed
in vivo. Cultured neurons also allow for greater resolution of
the subcellular localization of scaffolding proteins, a property
which ultimately led to the observations of non-synaptic
pools of these proteins in both mature and developing
neurons. From these observations arose the hypothesis that
scaffolding proteins must regulate certain non-synaptic
properties of neurons. It is likely that these proteins modulate
dendritic patterning by regulating the cytoskeleton and by
facilitating transport of larger macromolecular complexes.
Although much remains to be discovered in regards to this
novel role, it is now evident that synaptic scaffolding
proteins have a much broader role in neuronal biology than
previously assumed. In this review, we will summarize the
data surrounding the role of PSD scaffolding proteins in
dendritic branching as well as propose one potential
mechanism by which they exert their inﬂuence on neuronal
morphology.
Protein–protein interaction domains important for
dendritic patterning

Post-synaptic scaffolding proteins achieve their structural and
organizational function by direct protein–protein interactions

with many synaptically localized molecules. This occurs via
the presence a variety of protein interactions motifs including
PSD-95 discs large zona occludens-1 (PDZ), Src homology 3
(SH3), guanylate kinase-like, leucine-rich repeat (LRR), and
sterile alpha motif domains (Kim and Sheng 2004). New data
suggest that these binding motifs are important for the role of
scaffolding proteins in regulating dendrite morphology. The
biochemical properties as well as the three dimensional
structure of the PDZ domain are well known (Fanning and
Anderson 1996; Sheng and Sala 2001; van Ham and Hendriks
2003). PDZ domain-containing proteins often have more than
one PDZ domain, with the PSD protein glutamate receptor
interacting protein 1 (GRIP1) containing as many as seven
(Dong et al. 1997). Utilizing the PDZ domain and other
protein–protein interacting motifs, synaptic scaffolding proteins are able to form large macromolecular complexes at the
PSD. Proteins that bind the PDZ domain typically do so via a
motif encompassing the last four amino acids at their Cterminus (Songyang et al. 1997). At the synapse, many
classes of proteins contain PDZ domains. Extracellular
adhesion molecules, ionotropic and metabotropic glutamate
receptors (mGluRs), scaffolding proteins, and actin-binding
proteins (Abp) are but a small subset of these (Kim and Sheng
2004). The PDZ domain is therefore necessary for synaptic
signaling to exert its inﬂuence on the dynamics of the actin
cytoskeleton found within dendritic spines. Recently, interest
in this domain as a potential drug target for disease pathways
has arisen (Dev 2004).
PSD-95, cypin, and snapin

Post-synaptic density-95 was recently identiﬁed as a novel
regulator of dendritic patterning (Charych et al. 2006). Since
the initial identiﬁcation of PSD-95 (Sampedro et al. 1981),
studies of this protein have largely focused on its role at the
synapse and PSD of mature neurons where it has been
identiﬁed as a regulator of synapse maturation. It achieves
this by inducing clustering of post-synaptic elements and
maturation of pre-synaptic components (El-Husseini et al.
2000). The fact that a large pool of non-synaptic PSD-95 can
be observed in developing neurons upon immunostaining led
to the hypothesis that PSD-95 may have an unidentiﬁed role
in the immature neuron (Okabe et al. 2001; Prange and
Murphy 2001; Charych et al. 2006).
Over-expression of PSD-95 in immature neurons led to
dramatic alterations of the dendritic arbor. Primary dendrites
were shorter, there were fewer secondary dendrites and
overall dendritic complexity was reduced. Conversely, when
PSD-95 protein levels were knocked down via antisense
oligonucleotides, secondary dendrite numbers increased,
resulting in a more complex dendritic arbor (Charych et al.
2006). Based on these ﬁndings, it appears that non-synaptic
PSD-95, expressed in developing neurons, acts as a negative
regulator of dendritic branching.
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Previous work from the same laboratory had identiﬁed the
cytoplasmic PSD-95 interacting protein, cypin, as a positive
regulator of dendritic branching. Cypin is a guanine deaminase that contains a class 1 PDZ domain-binding motif in its
C-terminus (Firestein et al. 1999). Over-expression of cypin
causes an increase in primary and secondary dendrite
numbers. This effect is dependent on the deaminase domain
as over-expression of a guanine deaminase activity deﬁcient
mutant resulted in a decrease in branching in a dominantnegative fashion (Akum et al. 2004). In the more recent
study, coexpression of both PSD-95 and cypin not only led to
an attenuation of the effects induced by cypin alone, but also
to a decrease of secondary dendrites. Based on these
morphological studies, it would appear that cypin antagonizes the actions of PSD-95 and that as PSD-95 blocks all of
the effects of cypin, it must act downstream of its interacting
partner (Charych et al. 2006).
In light of these conclusions, an interesting question about
the stoichiometric relationship between PSD-95 and cypin
arises. Are the expression patterns of these proteins developmentally regulated in a manner that gives preference to the
actions of one over the other at certain time points of
neuronal maturation? This model becomes more complex
when one considers a cypin interactor, snapin. Snapin, which
interacts with cypin via an atypical protein–protein interaction site, not through a PDZ domain, is largely restricted to
the cell body where it inhibits cypin action and hence blocks
microtubule assembly (Chen et al. 2005). Like PSD-95,
overexpression of snapin reduces dendritic complexity,
although in a different manner. Snapin reduces primary
dendrite numbers (Chen et al. 2005), whereas PSD-95
reduces primary branch points (Charych et al. 2006). It will
be interesting to determine if these three proteins exist in a
complex that acts as a regulator of dendritic morphology at
sites of both neurite outgrowth and branching.
Cypin has been shown to inﬂuence microtubule dynamics
(Akum et al. 2004) and indirect interactions between PSD95 and cytoskeletal elements via the microtubule-binding
protein cysteine-rich interactor of PDZ3 (CRIPT) have been
previously demonstrated (Passafaro et al. 1999). It has
therefore been proposed that the effects exerted by PSD95, cypin, and snapin on dendritic patterning may occur via
alterations of the microtubule network. Although yet to be
conﬁrmed in neurons, over-expression of PSD-95 in COS7
cells signiﬁcantly altered the organization of microtubules in
a striking way. Instead of originating from one central
microtubule-organizing center, the ﬁlaments appeared disorganized and, in some instances, surrounded perinuclear PSD95 aggregates (Charych et al. 2006). This disruption of
microtubules upon overexpression of PSD-95 may point to
the mechanism by which PSD-95 may alter the branching
pattern of dendrites. This is also an intriguing ﬁnding as the
position of the microtubule-organizing center has been
implicated in determining which neurite will eventually

become the axon (de Anda et al. 2005). Perhaps there is a yet
to be identiﬁed role for PSD-95 in determining neuronal
polarity and axonal outgrowth at even earlier time points in
maturation. It is also interesting that PSD-95 should act as a
stop signal for dendritic branching around the time when
spine development is about to begin. It will be interesting to
see if PSD-95 plays multiple roles in the mature neuron or
rather switches from a branching inhibitor to a modulator of
spine morphology and function.
Shank, densin-180, and d-catenin

Like PSD-95, the Shank proteins are a major component of
the PSD (Naisbitt et al. 1999; Sheng and Kim 2000;
Boeckers et al. 2002). There are three Shank genes, all of
which are expressed in the brain and their protein products
found at the synapse. Shank proteins interact with a variety
of other proteins via PDZ domains, proline-rich regions,
sterile alpha motif domains, ankyrin repeats, and SH3
domains (Sheng and Kim 2000). Shank interactors include
mGluRs (Tu et al. 1999), Densin-180 (Quitsch et al. 2005),
cortactin (Naisbitt et al. 1999; Boeckers et al. 2002), afodrin (Böckers et al. 2001), Abp1 (Qualmann et al. 2004),
and Abelson-interacting protein 1 (Abi-1) (Proepper et al.
2007). Cortactin, a-fodrin, and Abp1 are F-actin binding
proteins and therefore provide a direct link between the
Shank proteins and the actin cytoskeleton. From electron
microscopic studies, it appears that the Shank proteins are
located in the middle of the PSD, in a perfect position to link
apical transmembrane receptors with the more basal actin
cytoskeleton (Valtschanoff and Weinberg 2001; Baron et al.
2006). In mature neurons, Shank is able to induce the
formation of functional synapses in aspiny cerebellar
neurons, perhaps via its ability to bring both receptors and
cytoskeletal elements into close proximity (Roussignol et al.
2005). Shank proteins are also responsible for shaping the
morphology of dendritic spines via the recruitment of Homer
in both developing and mature neurons (Sala et al. 2001),
highlighting their ability to regulate neuronal morphology.
Although expression of Shank proteins increases with
neuronal maturity (Sala et al. 2001), they are expressed in all
developing neurons and are found associated with cortactin
(Du et al. 1998; Naisbitt et al. 1999). This expression pattern
indicates that this family of scaffolding proteins also has
additional roles outside of the PSD. Similar to PSD-95 and its
binding partners, Shank proteins do not act alone in regulating
dendritic morphology. They exert their effects through an
interaction with Densin-180, another key component of the
PSD (Apperson et al. 1996; Quitsch et al. 2005). Densin-180
is a member of the LRR and PDZ family of scaffolding
proteins characterized by a LRR near the N-terminus and one
or more PDZ domains in the C-terminus (Bilder et al. 2000;
Walikonis et al. 2001). It was found that upon overexpression
of Densin-180, developing neurons form irregular and
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substantially more complex dendritic arbors. These neurons
also failed to develop synapses, as deﬁned by dendritically
localized PSD-95 clusters. The region of Densin-180 responsible for this effect contains a LRR close to the N-terminus, as
overexpressed constructs lacking this domain did not induce
an increase in arborization. Acting antagonistically, Shank
proteins prevented the alterations in neuronal morphology
induced by the overexpression of Densin-180 when coexpressed (Quitsch et al. 2005).
The mechanism by which this antagonism occurs may
involve another binding partner of Densin-180, d-catenin,
which has been shown to interact with the C-terminal PDZ
domain of Densin-180 (Martinez et al. 2003; Quitsch et al.
2005). Immunoprecipitation and pull-down experiments have
demonstrated that Shank proteins interact directly with
Densin-180 and when this interaction persists, d-catenin
cannot bind (Quitsch et al. 2005). Although a clear functional link has yet to be demonstrated, evidence suggests that
Densin-180 and d-catenin act together to induce the increase
in arborization found in overexpression studies. Similar
increases in dendritic arborization that were found upon
overexpression of Densin-180 were obtained when d-catenin
was overexpressed in neurons. d-Catenin-induced branching
of processes as well as elongation of existing dendrites via
modulation of the actin cytoskeleton (Martinez et al. 2003).
Of these three interacting partners, Shank, Densin-180, and
d-catenin, evidence suggests that d-catenin, through an
established protein–protein interaction with cortactin and
regulation of the RhoA GTPase (Martinez et al. 2003), is the
effector protein of dendritic patterning. The role of both the
Shank proteins and Densin-180 would appear to be regulatory in nature with Shank acting as a stop signal for d-catenin
activity.
Recently, a novel-binding partner of Shank3, Abi-1, a
protein regulating Rac-dependent pathways and thereby
being involved in actin reorganization (Stradal et al. 2001;
Leng et al. 2005), has been reported (Proepper et al. 2007).
The C-terminal SH3 domain of Abi-1 is responsible for the
interaction with the conserved proline-rich region of Shank3.
Moreover, using Abi-1 deletion constructs the authors
demonstrate that Abi-1 SH3 domain is necessary and
sufﬁcient to localize Abi-1 to the PSD in mature neurons,
suggesting that Abi-1 is being recruited to the PSD via its
interaction with Shank3 (Proepper et al. 2007). In contrast to
its distribution in mature neurons, Abi-1 localizes in
dendrites and is enriched in the growth cone of young
neurons (Courtney et al. 2000; Proepper et al. 2007). Similar
expression patterns have been reported for Shank proteins
(Du et al. 1998). For functional analyses RNAi was used to
speciﬁcally down-regulate Abi-1, and an increase in the
number of dendrites and branching points in young hippocampal neurons was observed. In contrast, overexpression of
Abi-1 results in a simpliﬁed dendritic tree, implicating a
putative role of Abi-1 in regulating dendrite morphology

(Proepper et al. 2007). Further studies of the novel Abi-1Shank interaction would be necessary to determine if the two
proteins cooperate to antagonize the activity of d-catenin and
thereby regulate dendrite morphology.
Homer

The Homer family of proteins also coordinates the shaping of
the PSD through its scaffolding functions. Unlike PSD-95
and the Shank proteins, Homer does not contain a PDZ
motif. Rather, all members of the family possess a coiled-coil
domain with two leucine zipper motifs in their C-termini.
This region facilitates the dimerization between Homer
monomers, which is necessary for their role as a scaffolding
molecule (Sun et al. 1998; Tadokoro et al. 1999; Duncan
et al. 2005). At the synapse, Homer proteins bind extra- and
intracellular receptors as well as other scaffolding molecules
(Kim and Sheng 2004). Coimmunoprecipitation and colocalization studies identiﬁed an association between Homer
and mGluRs found at dendritic spines (Brakeman et al.
1997; Kato et al. 1998; Xiao et al. 1998) as well as
intracellular inositol (1,4,5)-trisphosphate receptors (IP3Rs)
(Tu et al. 1998), which are found on the membranes of
dendritically localized endoplasmic reticulum (ER) (Bannai
et al. 2004; Fukatsu et al. 2004). Homer proteins also bind to
Shank and actin. Both Homer and Shank proteins act
cooperatively to facilitate the accumulation of actin at
synapses, which is important in the regulation of dendritic
spine morphology (Shiraishi et al. 1999; Usui et al. 2003).
Like the Shank family, Homer proteins are expressed at all
stages of neuronal development (Shiraishi et al. 2004). They
have been demonstrated to be important in axonal path
ﬁnding (Foa et al. 2001), indicating that roles outside of the
mature synapse also exist for this family of proteins.
Preliminary evidence suggests that Homer proteins also
play a role in the development of the dendritic arbor. Overexpression of Homer 1c causes a reduction of dendritic
branching in cerebellar Purkinje neurons (Tanaka et al.
2006). Unlike the data already discussed, in which changes
of dendritic morphology appear to act via manipulation of the
actin cytoskeleton, this effect appears to be mediated through
modulation of intracellular Ca2+ signaling. Neurons overexpressing Homer 1c displayed larger and more frequent Ca2+
transients when stimulated with mGluR and IP3R agonists
(Tanaka et al. 2006). Increases in local Ca2+ concentrations
have been implicated in the stabilization of developing
dendrites (Lohmann et al. 2002; Lohmann and Wong 2005)
and ER has been found to be enriched at dendritic branch
points (Walton et al. 1991; Terasaki et al. 1994). It will be
interesting to see if Homer 1c leads to an increase in
intracellular IP3R clustering at sites of dendritic ER or rather
alters the kinetics of existing receptors. It will also be
important to test if the loss of Homer 1c leads to an increase
in branching via a reduction in local Ca2+ ﬂuxes.
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GRIP1

Neurabin

The GRIP1 is a PDZ domain-containing scaffolding protein
found in abundance at the PSD of both glutamatergic and
GABAergic synapses (Dong et al. 1997; Li 2005). It was
ﬁrst identiﬁed by its speciﬁc interaction with the C-terminus
of the GluR2 and GluR3 subunits of AMPA receptors (Dong
et al. 1997). GRIP1 has largely been studied in relation to
synaptic trafﬁcking and stabilization of AMPA receptors
(Dong et al. 1997; Wyszynski et al. 1999). Beside this
interaction, several binding partners have been identiﬁed for
the various PDZ domains of GRIP1, including EphB receptor
tyrosine kinases as well as ephrin-B ligands (Torres et al.
1998; Bruckner et al. 1999). Interestingly, the microtubulebased motor protein kinesin heavy chain (also termed KIF5)
also interacts with a region of GRIP1 termed L2, which is
located between the PDZ 6 and PDZ 7 domains (Setou et al.
2002).
In a recent study, GRIP1 protein was implicated in
dendrite morphogenesis. GRIP1 knockdown via RNAi in
mature rat hippocampal neurons resulted in a retraction of
dendritic processes and a loss of most primary dendrites and
higher order branches. GRIP1 down-regulation did not effect
the branching of the axon, and spared one major primary
dendrite. This single dendrite, however, did not branch and
lacked secondary dendrites (Hoogenraad et al. 2005). A
similar phenotype was detected in immature neurons,
implicating that GRIP1 is essential for the development
and the maintenance of the dendritic arbor. In order to map
the crucial domains that cause this effect, the authors’
generated deletion constructs of GRIP1. They identiﬁed two
regions, L2 and PDZ6, of GRIP1 that when absent, cause the
mutant protein to act as a dominant-negative. The latter is
known to bind EphB receptors (Torres et al. 1998; Bruckner
et al. 1999). In immature GRIP1-deﬁcient neurons, EphB2
failed to target to dendrites and the plasma membrane, and
was found to accumulate in the Golgi, suggesting a role for
GRIP1 in EphB2 vesicle trafﬁcking from the Golgi to the
dendrite (Hoogenraad et al. 2005).
Moreover, in the absence of GRIP1, the distribution of the
motor protein KIF5 was altered by an increased localization
in the cell body. Over-expression of dominant-negative
constructs consisting of the GRIP1-binding domain of KIF5
or the L2 domain of GRIP1 led to a decrease of primary
dendrites and an accumulation of exogenous EphB2 in the
Golgi region, indicating that the GRIP1-KIF5 interaction is
necessary for dendrite morphogenesis and for the normal
targeting of EphB2 to the dendritic surface (Hoogenraad
et al. 2005). The authors therefore propose that GRIP1
serves as an adapter between KIF5 and EphB2 and thereby
regulates receptor trafﬁcking. The next step involves an
EphrinB and EphB2 interaction which then activates the
downstream EphB2 signaling pathway that is required for
dendrite morphogenesis.

Neurabin was ﬁrst puriﬁed as a novel neural tissue-speciﬁc
F-actin binding protein from rat brain (Nakanishi et al.
1997). A closely related protein, Spinophilin, was identiﬁed
as a novel protein phosphatase-1 (PP1) binding protein that
localizes to dendritic spines (Allen et al. 1997). Neurabin has
a similar structural organization to Spinophilin, with both
proteins containing an N-terminal F-actin binding domain, a
central PDZ domain, a PP1-binding motif, and predicted
coiled-coil domains at the C-terminal region (Allen et al.
1997; Nakanishi et al. 1997; Satoh et al. 1998; McAvoy
et al. 1999). Most studies have focused on the role of
Neurabin and Spinophilin in dendritic spine morphogenesis.
The F-actin binding domain is required to promote dendrite
and spine maturation (Zito et al. 2004; Terry-Lorenzo et al.
2005). In the mature neuron, Neurabin is found in the PSD
(Muly et al. 2004) where it acts as a scaffolding protein and
recruits, among other proteins, PP1 (Terry-Lorenzo et al.
2002) and the Rac-speciﬁc guanine exchange factor Tiam1
(Buchsbaum et al. 2003). Neurabin and Spinophilin single
knockout mice show defects in synaptic plasticity, indicating
an important role at the synapse (Feng et al. 2000; Allen
et al. 2006).
Interestingly, in addition to the Neurabins regulating
dendritic spine morphology, there are indications that they
might be involved in dendritic outgrowth and patterning.
First, Neurabin is concentrated in the lamellipodia of growth
cones in developing neurons (Nakanishi et al. 1997). Second, blocking the expression of endogenous Neurabin leads
to an inhibition of neurite formation in cultured hippocampal
neurons (Nakanishi et al. 1997; Orioli et al. 2006). Third,
recent data has shown that the sole Caenorhabditis elegans
homolog of Neurabin (NAB-1) physically interacts with the
SAD-1 kinase and that this interaction mediates neuronal
polarity by regulating axon-dendrite determination in a
variety of neurons (Hung et al. 2007). The authors suggest
a possible role of mammalian Neurabins prior to dendritic
spine maturation and a potentially conserved role for the
Neurabin protein family during early neurite differentiation
(Hung et al. 2007). It will be interesting to see if the
mammalian homologs to NAB-1 fulﬁll similar roles in early
dendritic patterning.
Synthesis and conclusions

At the synapse, activity can induce lasting changes in
dendritic spine morphology. These changes are in part
brought about by rearrangement of the actin cytoskeleton, a
process that requires the contribution of scaffolding proteins
found at the PSD (Schubert and Dotti 2007). These
scaffolding proteins link the post-synaptic neurotransmitter
receptors with actin-interacting proteins by binding both
classes of molecules and bringing them into close proximity
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Table 1 A summary of PSD scaffolding proteins with identified roles in dendritic patterning and the specific protein-interacting partners important
for these effects
PSD-scaffolding
Protein
PSD-95
Densin-180
Shank

Homer

Primary role in dendritic patterning
Regulates primary dendrite length as well as
primary and secondary dendritic branching
Regulates primary dendritic outgrowth and
dendritic branching
Antagonizes Densin-180 and d-catenin to
regulate primary dendritic outgrowth
Interacts with Abi-1 to regulate primary
dendritic outgrowth and dendritic branching

GRIP1

Alters dendritic arbor complexity via regulating
dendritic Ca2+ homeostasis
Regulate primary dendrite length and number

Neurabin

Promotes initial neurite extension

Protein
interactors
Cypin
Snapin
Shank
d-Catenin
Densin-180
d-Catenin
Abi-1
Cortactin
Abp1
IP3R
EphB2
KIF5
PP1
Tiam1

References
Akum et al. 2004; Chen et al. 2005;
Charych et al. 2006
Martinez et al. 2003; Quitsch et al. 2005
Naisbitt et al. 1999; Qualmann et al. 2004;
Quitsch et al. 2005; Proepper et al. 2007

Tanaka et al. 2006
Setou et al. 2002; Hoogenraad et al. 2005
Terry-Lorenzo et al. 2002; Buchsbaum et al. 2003;
Hung et al. 2007

PP1, protein phosphatase-1; PSD, post-synaptic; GRIP1, glutamate receptor interacting protein 1; KIF5, kinesin heavy chain; Abp, actin-binding
protein 1; IP3R, inositol (1,4,5)-trisphosphate receptor; Abi-1, Abelson-interacting protein.
See the text for specific details.

to one another (Kim and Sheng 2004). Evidence for a role of
PSD scaffolding proteins in another form of morphological
regulation, dendrite development and pattern formation has
been presented and discussed (For a summary, see Table 1).
Although not conﬁned to manipulation of both the actin and
microtubule networks, it would appear that this mechanism is
the primary manner in which scaffolding proteins exert their
inﬂuence on the dendritic arbor. Synaptic versus nonsynaptic effects of scaffolding proteins could potentially be
explained by the organization of the cytoskeleton in neurons.
Whereas microtubules are found in the dendritic shaft and
excluded from the spine head, actin and actin stress ﬁbers are
found in both compartments. Signaling pathways that are
regulated by scaffolding proteins that converge on microtubules would exclude effects on the dendritic spines.
Non-synaptic PSD-95 and two interacting partners, cypin
and snapin, act in concert to rearrange microtubules and
hence alter dendritic outgrowth and branching. Cypin would
appear to be the effector molecule in this complex as it
directly binds tubulin heterodimers and promotes microtubule assembly, whereas snapin act as an inhibitor of cypin
(Akum et al. 2004; Chen et al. 2005; Charych et al. 2006).
These three proteins likely operate in a stoichiometric
manner to ultimately determine dendritic pattern formation.
Similarly, Shank and Densin-180 act together to regulate the
activity of d-catenin, a cortactin-binding protein (Quitsch
et al. 2005). Cortactin binds and cross-links actin ﬁlaments
in a tyrosine phosphorylation-dependent manner (Huang
et al. 1997). Therefore, Densin-180 and d-catenin act in a

complex to coordinate actin rearrangement with Shank
operating as a negative regulator when bound to Densin180 (Quitsch et al. 2005). Cytoplasmic calcium signaling has
been linked to changes in the dendritic cytoskeleton of
neurons by regulating Rho family GTPases (Konur and
Ghosh 2005). Preliminary evidence links Homer to alterations in IP3R-mediated Ca2+ ﬂuxes in neurons, again leading
to alterations in the morphology of the dendritic arbor
(Tanaka et al. 2006). Much more remains to be elucidated
regarding the manner in which Homer acts to inﬂuence
dendritic branching via modulation of Ca2+ ﬂuxes from
intracellular stores.
Dendritic pattern formation requires the activity of regulatory molecules at speciﬁc sites, such as points of primary
dendritic outgrowth and at subsequent branch points (Jan and
Jan 2003). As an example, targeting of Kalirin-7, a GDP/
GTP exchange factor for Rac1, by PDZ-containing proteins,
is critical for its precise function. At the PSD, Kalirin-7 acts
to increase spine volume, whereas if conﬁned to the cell
soma via removal of its PDZ domain, it induces the
formation of aberrant neurites (Penzes et al. 2001). Both
actions are the result of manipulation of the actin cytoskeleton and are regulated by PDZ motif containing proteins
such as PSD-95. These effector molecules must be delivered
to these sites in a regulated manner and scaffolding proteins
have been linked with motor protein complexes (Kneussel
2005). Speciﬁc interactions between motor proteins and
scaffolding proteins have been described for PSD-95
and KIF1Ba (Mok et al. 2002), PSD-95 and myosin-V and

Ó 2007 The Authors
Journal Compilation Ó 2007 International Society for Neurochemistry, J. Neurochem. (2007) 102, 324–332

330 J. P. Vessey and D. Karra

dynein (Naisbitt et al. 2000) as well as GRIP1 and KIF5
(Setou et al. 2002). It is now apparent that large macromolecular complexes containing scaffolding proteins, cytoskeletal regulatory proteins, and cytoskeletal motors are
responsible for the effects found on dendritic patterning.
Within this complex, the scaffolding proteins would appear
to play multiple roles as adaptor molecules, regulators of
effector proteins and as targeting elements for other proteins
involved in cytoskeletal regulation. Although not limited to
regulating dendritic pattern formation in the developing
neuron, it would appear that this is the primary role of
scaffolding proteins found outside of the mature synapse.
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