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Dendrites play a central role in the integration and flow of information in the nervous
system. The morphogenesis and maturation of dendrites is hence an essential step in the
establishment of neuronal connectivity. Recent studies have uncovered crucial functions for
extrinsic cues in the development of dendrites. Here, we review the contribution of secreted
polypeptide growth factors, contact-mediated proteins, and neuronal activity in distinct
phases of dendrite development. We also highlight how extrinsic cues influence local and
global intracellular mechanisms of dendrite morphogenesis. Finally, we discuss how these
studies have advanced our understanding of neuronal connectivity and shed light on the
pathogenesis of neurodevelopmental disorders.

Extrinsic cues regulate distinct steps in dendrite morphogenesis

To establish proper connectivity, dendrites transition through fundamental developmental
stages from growth and guidance to branching and pruning to self-avoidance and tiling. The
regulation of dendrite patterning can be broadly divided into cell-extrinsic and cell-intrinsic
mechanisms. In the nervous system, cell-extrinsic cues consist of secreted or transmembrane
signals as well as neuronal activity in response to trans-synaptic transmission. In contrast,
cell-intrinsic pathways represent cell-autonomous mechanisms that are influenced by
environmental cues but do not strictly depend on extrinsic cues to operate within neurons.
These factors characteristically regulate intracellular neuronal responses to extrinsic cues
[1-2].

%orresponding author: Bonni, A. (bonni@wustl.edu).

Present address: Department of Otolaryngology, Massachusetts eye and ear infirmary and Harvard Medical School, Boston, MA
92114 USA

These authors contributed equally to the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valnegri et al.

Page 2

Early studies of dendrite morphology were heavily focused on secreted cues such as
neurotrophins and their effectors, the receptor tyrosine kinases (RTKSs) [3]. However,
additional cell-extrinsic cues and mechanisms of dendrite patterning have been identified
(Table 1). For example, contact-mediated signaling through Down syndrome cell adhesion
molecule (DSCAM) and similar molecules have provided significant insights into the
targeting of dendrites, whereas ligand-gated and voltage-gated calcium channels and their
respective downstream effectors have shed light on how neuronal activity regulates dendrite
morphogenesis.

The cell-intrinsic pathways driving dendrite patterning have been recently reviewed [2].
Here, we focus on the cell-extrinsic regulators of dendrite morphogenesis. We discuss the
role of three major classes of extrinsic regulators: secreted cues, contact-mediated factors,
and neuronal activity. The list of specific molecules driving these distinct forms of
regulation continues to expand. A general concept emerging from these studies is that just as
in the case of cell-intrinsic regulation of dendrite morphogenesis [2], extrinsic cues regulate
diverse aspects of dendrite development from their growth and branching to pruning and
maturation (Figures 1 and 2).

Secreted cues

Neurotrophins

Neurotrophins represent a family of secreted proteins, consisting of nerve growth factor
(NGF), brain-derived growth factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4
(NT-4), that act on neurons through members of the tyrosine receptor kinase (Trk) family
[4]. In the rodent cerebral cortex, neurotrophins promote dendrite growth and arborization,
but this effect varies depending on the specific neurotrophin, cortical layer, and location of
dendrites [5].

Specific deletion of the BDNF receptor TrkB receptor in cortical pyramidal neurons, by
crossing mice harboring a floxed allele of TrkB with mice expressing Cre downstream of the
CaMKII driver, reduces dendrite complexity [6], and disruption of the TrkB dynein-
mediated transporter Snapin decreases dendrite growth [7]. Interestingly, Trk receptors are
also expressed as different splice variants, and these variants mediate distinct effects on
dendrites [8], potentially offering another layer of control beyond the effects of specific
cognate neurotrophin/Trk family members. Recent studies reveal that dendrite growth and
branching is modulated by relative intracellular differences in NT-3/TrkC signaling. TrkC
knockout mouse Purkinje neurons have reduced dendrite complexity, which is rescued by
the removal of the TrkC ligand NT-3 from cerebellar granule neurons [9].

Although neurotrophins have essential roles in dendrite patterning, the precise downstream
mechanisms remain to be identified. Neurotrophins may stimulate activity-dependent
pathways to induce dendrite growth [10]. Recent studies link neurotrophin signaling to the
activity-dependent phosphorylation of glycogen synthase kinase-3beta (GSK3p) at serine-9
in hippocampal neurons, which inhibits GSK3p activity and promotes dendrite growth, [11].
Interestingly, GSK3p activation appears to trigger phosphorylation of the scaffold protein
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gephyrin and thereby reduces GABA receptor levels causing hyperexcitability and dendrite
retraction [11].

Semaphorins

Several diffusible secreted factors that control axon guidance have also been implicated in
dendrite patterning. Semaphorins 2A and 2B, and 3A (as well as the transmembrane
Semaphorin 1A) regulate dendrite targeting and branching in mammalian cerebral cortical
neurons and fly olfactory neurons [12-14]. Mouse genetics studies reveal a role for Sema3A
in the regulating apical dendrite formation in hippocampal CA1 pyramidal neurons [15].

Notably, the Sema3A receptor neuropilinl (NRP1) is uniformly expressed along axons and
dendrites, suggesting that NRP1 expression may not explain differential effects of Sema3A
on axons and dendrites. Recently, the protein kinase TAO kinase 2 (TAOK2) has been
suggested to collaborate with NRP1 in directing Sema3A-induced basal dendrite growth
[16]. Expression of TAOK2 stimulates Jun kinase (JNK) activity and thereby restores basal
dendrite arborization in NRP1-deficient neurons. Substrates of JNK that mediate Sema3A-
induced basal dendrite arborization remain to be identified. Interestingly, TAOK2 is an
autism spectrum disorder susceptibility gene, and deficits in basal dendrite development
uponTAOK2 downregulation may mimic the underdeveloped neuron morphology
associated with autism [16].

In an alternate mechanism specifying the Sema3A response, guanylate cyclase and cyclic
guanosine monophosphate (cGMP) have been observed to be localized in apical dendrites
but not basal dendrites or axons [13]. These results have been extended in Xenopus spinal
commissural interneurons, where Sema3A-induced cGMP stimulates Ca(V)2.3 channels and
growth of dendrites [17]. Other studies suggest that Fyn and cyclin-dependent kinase 5
(Cdk5) operate downstream of Sema3A signaling [18], whereas in cultured hippocampal
neurons Sema3A inhibits protein kinase A (PKA) signaling leading to reduced
phosphorylation of the protein kinases liver kinase B1 (LKB1) and GSK3, thereby
inhibiting axon formation and triggering dendrite growth [19].

Semaphorins and their receptors, the plexins, are also involved in in directing lamina-
specific neurite arborization in the developing mouse retina [20]. Recent studies suggest that
semaphorin 6A (Sema6A) and its receptor plexinA2 (PlexaA2) control direction-selective
responses to visual stimuli by regulating the dendrite morphology and stratification of the
starburst amacrine cell in the mouse retina [21]. Semaphorins may also regulate dendrite
development in neurons generated in the adult mouse hippocampus [22].

Netrins and Slits

The Drosophila midline is enriched with secreted guidance cues including Netrins and Slits,
which act through Frazzled and Robo (Roundabout) receptors, respectively. Drosophila
motoneuron dendrites make stereotyped guidance decisions based on these midline ligand-
receptor interactions. Slits appear to drive motoneuron dendrites away from the central
nervous system (CNS) midline [23]. In contrast, Netrin promotes midline crossing of
dendrites in flies [24].
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In the rodent cerebral cortex, Slitl/Robo interactions regulate the growth of pyramidal
neuron apical dendrites [25]. The secreted repulsive guidance cue Slit2 and its cognate Robo
receptor have also been implicated in self-avoidance of dendrites in Purkinje neurons in the
mouse cerebellar cortex, where aberrant signaling of these pathways alters motor behavior in
animal models [26]. In conditional knockout studies, Slit2 and its receptor Robo?2 are
required for cell autonomous self-avoidance of Purkinje neuron dendrites [26].

How a common pool of guidance molecules controls the morphogenesis of both axons and
dendrites remains an important question in the field. Genetic studies in C. elegans provide
some insight. The serine-threonine kinase Par4 (LKB1) and UNC-40 (DCC, deleted in
colorectal cancer) promote dendrite growth in response to UNC-6 (Netrin), whereas the
receptor UNC-5 repels axon growth downstream of UNC-6 [27]. Additional studies have
shown that UNC-6 (Netrin) acts non-cell autonomously on neighboring dendrites via the
receptor UNC-40 [28], offering a further layer of regulation. Thus, the effect of UNC-6 and
other secreted cues may depend not only on the specific receptors and downstream signaling
molecules but also on the surrounding cellular milieu.

Whnts (wingless) bind to Frizzled receptors and signals through the scaffold protein
Dishevelled (Dvl) [29]. Among the Wnt proteins, Wnt7b, which is expressed in the mouse
hippocampus, appears to regulate dendrite growth and arborization [30]. Wnt7 and Dvl
stimulate dendritic elaboration through the activation of the Rho family GTPase Rac and the
protein kinase JNK (c-Jun N-terminal kinase). Wnt3a and Wnt5a may also regulate dendrite
development in olfactory bulb interneurons [31]. These Wnt proteins act through canonical
and non-canonical downstream signaling to exert opposing functions on dendrite growth
[31]. Wnt5 acts as a repulsive guidance cue for the projection neurons (PN) dendrites in
Drosophila. The spatially restricted expression pattern of Wnt5 orients the movements of the
projection neuron dendrites, allowing PN dendrites expressing different levels of the Wnt5
receptor, Drl, to appropriately localize to their final glomerular positions [32].

Members of the ephrin ligand family and their cognate Eph receptor tyrosine kinase activate
intracellular pathways that modulate both neuronal shape and contacts [33]. Among the
EphA receptor proteins, EphA7 mediates the ability of the ligand ephrin-AS5 to induce
dendrite avoidance in cortical neurons via the signaling proteins Src and TSC1 [34]. Triple
knockout of EphB1, EphB2, and EphB3 results in reduced dendrite number, length, and
complexity in the mouse hippocampus [35], suggesting that EphB family receptors play key
roles in dendrite development.

The ephrin receptor EphB3 has been implicated in dendrite pruning and synapse formation.
In mouse hippocampal neurons, EphB3 operates at post-synaptic terminals where it is
phosphorylated and subsequently binds to the SH2/SH3 adaptor protein growth-factor-
receptor-bound protein 4 (GRB4) as well as the PDZ domain protein syntenin [36],
emphasizing the need for additional studies to define the specific roles of individual EphB
ligands and receptors.

Trends Neurosci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valnegri et al.

Reelin

Page 5

Reeler mice have short dendrites with abnormal orientations in the hippocampus [37].
Defects in dendrite morphogenesis are not secondary to cellular ectopia, because
heterozygous Reeler mice have reduced dendrite complexity with normal cellular
organization [38]. Purkinje cells in Reeler mice have poorly developed dendrite arbors [39].
Recent studies reveal that in mice in which the Reelin adaptor proteins Crk and Crk-like
(CrkL) are mutated, Purkinje cells that fail to migrate exhibit conical dendrites, whereas
dendrites in properly positioned Purkinje cells display a classical planar morphology [40].

In other studies, the Reelin pathway appears to play a critical role in defining the molecular
identity of the distal dendrite compartment in hippocampal CA1 and neocortical L5
pyramidal neurons. Reelin signaling is required for targeting HCN1 (hyperpolarization
activated cyclic nucleotide-gated potassium channel 1) and GIRK1 (G-protein activated
inwardly rectifying potassium channel 1) channels to the distal tuft, where the channels
actively filter inputs targeted to these dendrite domains [41].

Bone Morphogenetic Proteins (BMP)

The Bone Morphogenetic Proteins (BMP) induce dendrite formation in cortical and
hippocampal neurons [42]. BMPs interact with the cell surface receptors BMPR1 and
BMPR?2 [43]. Recent conditional knockout studies reveal that BMPR1A/1B participates in
the control of dendrite growth in sympathetic neurons [44]. Inhibition of the protein kinase
p21-activated protein kinase-1 (PAK1) blocks BMP7-induced cofilin phosphorylation,
prevents remodeling of the actin cytoskeleton, and thereby blocks BMP7-induced dendrite
formation in cerebral cortical neurons [42]. Another member of the bone morphogenetic
protein subclass, GDF5 (growth differential factor 5) regulates the growth of pyramidal cell
dendrites in the developing hippocampus via a high-affinity receptor complex consisting of
BMPR1B and BMPR2, which activates SMAD (similar to mothers against decapentaplegic)
signaling and regulates the expression of the transcription factor HES5 (hairy and enhancer
of slit 5) [45]. The apical and basal dendrite arbors of hippocampal pyramidal cells in both
homozygous and heterozygous Gdf5 null mutants are markedly stunted [45].

Contact-mediated regulators

Cadherins and Protocadherins

Cell adhesion molecules such as the cadherin Flamingo (Fmi) as well as the protocadherins
and atypical cadherins are critical for dendrite tiling, self-avoidance, and arbor homeostasis
[46-47]. In Drosophila, Fmi forms a complex with the LIM domain protein Espinas (Esn) in
class IV da neurons [48]. Genetic evidence suggests that Fmi-Esn signal downstream to
molecules regulating cell polarity such as Van Gogh (Vang) and Rho, two proteins essential
for self-avoidance. However, the specific molecular links between Fmi, Esn, and cell
polarity molecules remain unknown. Interestingly, studies in mammalian neurons suggest
that the Fmi homologs Celsr2 (cadherin EGF LAG seven-pass G-type G-type receptor 2)
and Celsr3 have conserved functions in the regulation of planar cell polarity and neuronal
morphogenesis [49]. Knockdown of Celsr2 in organotypic cultures in pyramidal neurons
and Purkinje cells induces simplification of dendrite arbors [50], whereas knockdown of
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Celsr3 in hippocampal slices leads to increased dendritic branching [49]. Determining
whether these cell polarity genes function downstream of Fmi to regulate dendrite tiling will
be an important line of future investigation.

In mammalian neurons, several protocadherins have been identified as regulators of dendrite
morphogenesis. Conditional deletion of the y-protocadherin gene cluster yields viable mice
with deficits in dendrite arborization in cerebral cortical neurons [51]. y-protocadherins
appear to promote dendrite arborization during cortical development by negatively
regulating the PKC/MARCKS (protein kinase C/Myristolated alanine-rich C-kinase
substrate) signaling pathway. Interestingly, the atypical cadherin Fat3 appears to have the
opposite effect on dendrite arbors in retinal amacrine cells, inducing the pruning of dendrites
in the inner plexiform layer [52].

Genetic deletion of the y-protocadherin cluster also impairs dendrite self-avoidance in retinal
starburst amacrine cells and Purkinje neurons in cerebellum [53]. Strikingly, replacement of
the 22 y-protocadherin family members with a single isoform restores self-avoidance and
also decreases dendrite-dendrite contacts between neighboring retinal starburst amacrine
cells. Collectively, these studies highlight diverse and conserved functions for cadherin and
cadherin-related proteins in dendrite patterning.

Adhesion-G protein-coupled receptors

The Brain Angiogenesis Inhibitors (BAIs) are adhesion-G protein-coupled receptors that are
expressed in the brain and reside at postsynaptic densities in the forebrain and cerebellum
[54-55]. Knockdown of BAI3 in the rodent cerebellar cortex in vivo leads to defects in
dendrite arborization and misorientation of Purkinje cells. BAI3 regulates Purkinje cell
dendritic arbor formation by reorganization of the actin cytoskeleton through activation of
the RhoGTPase Racl and ELMO1, a key Rac1 regulator [56]. Interestingly, BAI proteins
have been associated with schizophrenia [57] and bipolar disorder [58], raising the
possibility that aberrant dendrite arborization and orientation contributes to disease
pathogenesis.

DSCAM (Down Syndrome Cell Adhesion Molecule)

DSCAM is a homophilic cell adhesion molecule and has been implicated in different stages
of the nervous system development [59]. DSCAM1 controls dendrite patterning [60] and
dendrite self-avoidance [61-64]. In the avian retina, DSCAM directs lamina-specific
synaptic connections [65], whereas in the mouse retina, DSCAM regulates neurite
arborization, mosaic tiling, and dendrite self-avoidance [66].

Like y-protocadherins, DSCAM regulates dendrite patterning through homophilic binding.
Through alternative splicing, over 38,000 isoforms of DSCAM can be generated in
Drosophila [67]. Drosophila neurons express a subset of DSCAM isoforms allowing
individual dendrites to repel each other through isoform-specific homophilic interactions,
thereby facilitating self-avoidance [68]. DSCAM is also dynamically expressed during
cerebral cortical development and plays an important role in pyramidal neuron dendrite
arborization and spine morphogenesis [69]. Mice carrying the spontaneous mutation
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DSCAM del 17 harbor morphological changes in brain size and shape, in addition to subtle
changes in cerebral cortical organization, volume, and lamination [69].

Although DSCAM and other transmembrane molecules offer a mechanism for contact-
mediated self-avoidance, these observations do not explain how dendrites are retained in a
single two-dimensional plane and thus subject to contact-mediated tiling. Independent
research from two groups has implicated integrins in the patterning of Drosophila sensory
neurons [70-71]. These studies show that upon mutation or knockdown of integrins or their
epidermal ligands the laminins, class IV da neurons, which normally tile the larval body
wall in a two-dimensional plane along the epidermis, have aberrant tiling with extension of
dendrites into the overlying epidermis and non-contacting crossings [70-71]. In tiling
mutants, overexpression of integrins restores normal tiling and dendrite patterning,
suggesting that integrins promote arbor tiling by strengthening dendrite interactions with the
underlying extracellular matrix [71]. Together, these studies demonstrate an essential role
for integrins in directing the planar growth of Drosophila da neuron dendrites.

Fusogens and other transmembrane proteins

New data suggest that fusion-related proteins may play a role in dendrite morphogenesis. An
essential role for the type 1 membrane protein EFF-1 (epithelial fusion failure 1) has been
identified in the elaboration of dendrite arbors in mechanoreceptors PVD neurons in
C.elegans [72]. Consistent with its role in cell-cell fusion, EFF-1 mediates pruning through
neurite-neurite fusion as well as branch retraction. Using the same model system, a function
for the leucine-rich repeat transmembrane protein DMA-1 (dendrite-morphogenesis-
abnormal 1) has been observed [73]. In contrast to EFF-1, knockdown of DMA-1 results in
reduced dendrite branching, while overexpression triggers exuberant arborization.

Recent studies suggest that a tripartite receptor ligand complex of cell-surface proteins plays
an instructive role in directing growth of dendrite branches in P\VD somatosensory neurons
in C.elegans [74-75]. These studies demonstrate that SAX-7 (sensory axon guidance-7), a
homolog of the vertebrate L1 cell adhesion molecule (LLCAM), forms a complex with
MNR-1(menorin) in the hypodermis, acting on dendrite growth through the recently
identified neuronal leucine-rich repeat containing transmembrane protein DMA-1 expressed
in PVD neurons. All three molecules have homologs in vertebrate genomes, suggesting the
function of these molecules might be conserved [75].

Neuronal activity and calcium signaling

In addition to secreted and contact-mediated regulators, neuronal activity represents a key
cue in the regulation of dendrite development. The effects of neuronal activity on dendrite
development are mediated by calcium signals [76-77]. Recent studies have revealed that
calcium transients promote dendrite pruning in Drosophila sensory neurons. Voltage-gated
calcium channels (VGCCs) are responsible for generating compartmentalized calcium
transients, and the calcium-activated protease calpain operates downstream of calcium
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transients to trigger dendrite pruning [78]. Compartmentalized changes in dendrite branch
excitability are also observed in mammalian neurons [79].

Calcium influx from voltage-gated calcium channels (VGCCs) or N-methyl-D-aspartate
receptors (NMDA-Rs) triggers calcium binding to calmodulin (CaM), which activates
calcium/calmodulin dependent protein kinases (CaMKs) (Figure 3). Calcium-dependent
signaling through CaM and CaMKI, CaMKII, and CaMKIV positively and negatively
regulates dendrite complexity [80-81].

Although brain CaMKII predominantly consists of the a and f isoforms, the vast majority of
studies on CaMKII have focused on the functions of CaMKIlla including the regulation of
neuronal morphogenesis, synapse development, and learning and memory [82]. CaMKlla
regulates the activity of transcription factors, whereas CaMKIla and CaMKIIf may work in
concert to regulate actin dynamics [83-84]. VGCCs stimulate CaMKIlla activity, triggering
the phosphorylation and activation of the bHLH transcription factor NeuroD at distinct sites,
thereby inducing dendrite elaboration [84]. Likewise, in sympathetic neurons, calcium influx
promotes dendrite growth in a CaMKIlla-dependent manner [10]. Several studies have
focused on a redundant role for CaMKIIB, working together with CaMKIla, to direct
dendritic arborization via its F-actin binding domain (FABD) [85-86]. However, this
function does not depend on the catalytic activity of CaMKII [85, 87-88].

A specific catalytic function for CaMKIIp has been identified in the mammalian brain [80,
89-90]. Strikingly, CaMKIIp operates at the centrosome in a CaMKIlla-independent manner
to drive dendrite retraction and pruning in the rodent cerebellar cortex [80]. The CaMKIIpB-
induced phosphorylation of Cdc20 (cell-division cycle protein 20), the coactivator of the
ubiquitin ligase APC (anaphase promoting complex), inhibits downstream centrosomal
signaling cascades and triggers a transition from growth to retraction of dendrites [91].
These studies have also identified a role for the canonical calcium channel transient receptor
potential channel 5 (TRPC5) as a key upstream activator of centrosomal CaMKIIp signaling
[89]. These results define a catalytic function for CaMKIIf in the mammalian brain that
couples calcium signaling to cell-intrinsic pathways operating at the centrosome, thereby
orchestrating dendrite pruning and retraction. Consistent with these findings, CaMKIIf
knockout mice display cognitive deficits and motor impairment [92], highlighting a non-
redundant role for CaMKIIp in neuronal development.

Along with CaMKI and CaMKII, CaMKIV appears to be a critical effector of calcium influx
via VGCCs. CaMKIV knockout mice have defects in dendrite development and locomotor
behavioral deficits, consistent with altered cerebellar function [93]. Unlike other CaMKs,
CaMKIV is localized primarily in the nucleus in neurons where it activates the transcription
factor cyclic-AMP-responsive-element binding protein (CREB) to drive dendrite growth
[94]. CaMKIV may also regulate CREB binding protein (CBP)-mediated expression of
vascular endothelial growth factor D (VEGFD) to drive dendrite morphogenesis [95].

Interestingly, distinct CaMK signaling pathways may also interact and coordinately regulate
dendrite patterning. For example, the GTPase Rem2 (Rad and Gem-like GTP-binding
protein 2) is a substrate of CaMKII in a signaling cascade that negatively regulates dendrite
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growth. Upon membrane depolarization, Rem2 and activated CaMKII associate, allowing
CaMKII to phosphorylate Rem2. The CaMKII-induced phosphorylation of Rem2 triggers its
translocation to the nucleus, where it suppresses CaMKIV signaling and dendrite
arborization [96].

VGCCs and NMDARs also trigger the activity of the protein kinase MAPK (mitogen-
activated protein kinase). Multiple spaced stimuli in hippocampal neurons induce MAPK
activation and promote the extension and stabilization of dendritic filopodia [97]. In
sympathetic ganglion cells and cortical neurons, neuronal activity stimulates MAPK activity
and dendrite growth [10, 94]. Thus, both CaMKs and MAPKSs appear to be essential
downstream effectors of intracellular calcium influx in the control of dendrite
morphogenesis.

Perspectives

During the past two decades, investigations of dendrite development have uncovered an
enormously complex set of extrinsic cues and associated signaling mechanisms that regulate
dendrite morphogenesis. Here, we have discussed major categories of regulators including
secreted factors, contact-mediated cues, and neuronal activity as major extrinsic drivers of
dendrite morphogenesis. A key observation emerging from these studies is that extrinsic
cues regulate far more than dendrite morphogenesis, driving diverse aspects of neuronal
development. How does specificity of function arise? Temporal and spatial considerations
may provide part of the answer. For example, in granule neurons of the cerebellar cortex,
calcium influx early in dendrite morphogenesis appears to stimulate CaMKlla activation,
leading to NeuroD-dependent dendrite growth [84], whereas calcium influx at later
developmental stages triggers dendrite pruning and retraction through CaMKIIp [80].
Besides timing, the subcellular locale of extrinsic cue action appears to contribute to
specificity. For example, whereas the semaphorin Sema3A acts a repellent guidance
molecule on axons, it acts as a chemoattractant for dendrites [13]. As technologies to study
cellular microdomains further improve, an increasing array of spatial specificity
determinants will be identified that control key aspects of dendrite morphogenesis.
Certainly, this line of research represents a major challenge within the field that will benefit
greatly from the use of high resolution live microscopy and genetically encoded calcium
indicator proteins (GECIs).

Intracellular signaling networks by which neurons respond to extrinsic cues may provide an
additional means of biologically specifying responses. In this vein, it will be essential to
determine how extrinsic cues influence cell-intrinsic mechanisms of dendrite
morphogenesis. Likewise, how cell-intrinsic drivers of dendrite morphogenesis (for a recent
review see [2]) regulate the responsiveness of neurons and dendrites to extrinsic cues will be
critical to our understanding of signaling specificity.

Based on the vast array of molecules regulating dendrite morphogenesis that have been
identified to date, there is little doubt that dendrite development requires the coordinated
cooperation of various classes of proteins. In many cases, the downstream mechanisms of
extrinsic cues remain ill defined. Cell-extrinsic cues may module cell intrinsic pathways
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ranging from transcription factors to cytoskeletal regulators and motor proteins to secretory
and endocytic pathways to ubiquitin ligase pathways [2]. Although the vast majority of
research has focused on how specific cell extrinsic cues regulates dendrite development,
network analyses linking these cues to each other and their downstream effectors at a system
biological level is lacking. However, a better understanding of coordinated signaling
network of dendrite morphogenesis may need to await the discovery of additional cues and
signals that control dendrite patterning.

Although early studies of cell-extrinsic cues regulating dendrite morphogenesis have been
critical to the field, many of these efforts were limited by the approaches and models
employed, such as primary neuron culture paradigms. More recent studies have increasingly
employed in vivo paradigms of knockout and in vivo RNAI studies, which allow more
rigorous and reliable characterization of the role and mechanisms of extrinsic regulation of
dendrite development in the mammalian brain. As advances in imaging continue, it will be
essential to study mechanisms of dendrite morphogenesis in the living animal to capture
changes in real-time while maintaining the normal physiologic environment.

Because impairment of dendrite morphogenesis is thought to contribute to diverse
neurological disorders associated with intellectual disabilities or cognitive deficits, including
genetic disorders, such as autism spectrum disorder, Down syndrome or Rett syndrome [98]
as well as neurodegenerative conditions including Alzheimer's disease [99], elucidation of
the role and mechanisms of regulation of dendrite morphogenesis by extrinsic cues will
advance our understanding of brain diseases. However, pathologic analyses to date suggest
that only a subset of patients with autism spectrum disorder have dendrite abnormalities.
Thus, it remains unknown whether changes in dendrite morphogenesis contribute to disease
pathogenesis or simply a marker of aberrant neuronal connectivity. Regardless, exploring
the correlation of abnormal dendritogenesis and human pathophysiology may offer
additional insight into these currently untreatable human diseases.
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A Mouse cerebellar granule neuron B Mouse cerebellar Purkinje Cell
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Figure 1. Diverse patterns of dendrite branching in different type of neurons
(A) Mouse cerebellar granule neuron have only four to five dendrites, each of which ends

with a dendritic claw that harbors postsynaptic dendritic specializations. (B) Elaborate
dendritic tree in a mouse Purkinje cell. (C) Mouse hippocampal pyramidal neuron
characterized by two distinct dendritic trees, the basal and apical dendrites. (D) Dendritic
tree in Caenorhabditis elegans PVD neuron. (E) Multidendritic class IV da neuron in
Drosophila melanogaster.
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Figure 2. Cell-extrinsic regulators of dendrite morphogenesis

Summary of molecules regulating different stages of dendrite development, as described in

the text. *Molecules that mediate repulsion between sister dendrites.
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Figure 3. Effects of calcium signaling on dendrite morphogenesis
Calcium influx from voltage-gated calcium channels VGCCs or NMDA receptors

(NMDAR) activates several CaMK family members and MAPKSs which in turn regulate
dendrite growth and elaboration. VGCC are also responsible to generate compartmentalized
calcium transients to trigger dendrite pruning. In later stage of dendrite development,
CaMKII activated by calcium influx from TRPCS5 channel drives dendrite pruning.
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Summary of cell-extrinsic molecular drivers of dendrite morphogenesis

Table 1

Cell extrinsic regulators

Secreted cues

Neurotrophins (NGF, BDNF, NT-3, NT-4) Receptors Tyrosine Kinases

Semaphorins

Netrin/Frazzled/DCC and Slit/Robo

Whnts

Ephrins

Reelin

Bone Morphogenetic Proteins

Contact-mediated regulators Cadherins and Protocadherins

Adhesion-G-protein-coupled receptors
DSCAM
Integrins

Fusogens and other transmembrane proteins

Neuronal activity and calcium signaling VGCCs

NMDARs
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