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Abstract: The mammalian brain is a complex multicellular system involving enormous numbers of neurons. The neuron is the basic
functional unit of the brain, and neurons are organized by specialized intercellular connections into circuits with many other neurons.
Physiological studies have revealed that individual neurons have remarkably selective response properties, and this individuality is a
fundamental requirement for building complex and functionally diverse neural networks. Recent molecular biological studies have
revealed genetic bases for neuronal individuality in the mammalian brain. For example, in the rodent olfactory epithelium, individual
olfactory neurons express only one type of odorant receptor (OR) out of the over 1000 ORs encoded in the genome. The expressed
OR determines the neuron’s selective chemosensory response and specifies its axonal targeting to a particular olfactory glomerulus
in the olfactory bulb. Neuronal diversity can also be generated in individual cells by the independent and stochastic expression of
autosomal alleles, which leads to functional heterozygosity among neurons. Among the many genes that show autosomal stochastic
monoallelic expression, approximately 50 members of the clustered protocadherins (Pcdhs) are stochastically expressed in individual
neurons in distinct combinations. The clustered Pcdhs belong to a large subfamily of the cadherin superfamily of homophilic cell-
adhesion proteins. Loss-of-function analyses show that the clustered Pcdhs have critical functions in the accuracy of axonal projections,
synaptic formation, dendritic arborization, and neuronal survival. In addition, cis-tetramers, composed of heteromultimeric clustered
Pcdh members, represent selective binding units for cell-cell interactions, and provide exponential numbers of possible cell-surface
relationships between individual neurons. The extensive molecular diversity of neuronal cell-surface proteins affects neurons’ individual
properties and connectivities. The molecular features of the diverse clustered Pcdh molecules suggest that they provide a genetic basis
for neuronal individuality and appropriate neuronal wiring in the brain.
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INTRODUCTION clustered connections that typify local neuronal networks

exhibit specific features more frequently than would be

The mammalian brain contains an enormous number of
neurons and complex topological neural networks, in
which differences at the level of individual neurons play
important roles. The neuron is the basic functional unit
of the complex brain system. Neuronal individuality was
demonstrated physiologically by the remarkably selective
response properties of single neurons in specific functional
situations and is related to the specific patterns of synaptic
connections made by the huge numbers of neurons that
form functional circuits. That is, the organization of neu-
ronal networks, which is directed in part by the properties
of individual neurons, determines the processing flow of
information in neural circuits and has important implica-
tions for regulating brain functions. Recent physiological
studies demonstrated that the bidirectional and highly
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expected if the circuits formed randomly (Markram,
1997; Kalisman et al., 2005; Song et al., 2005; Yoshimura
et al., 2005; Koulakov et al., 2009; Yassin et al., 2010;
Perin et al., 2011). Furthermore, individual neurons with
similar response properties are highly selective in their
synaptic connections and show preferential connectiv-
ity (Yoshimura & Callaway, 2005). These networks are
characterized not only by their complex topology, but
also by their non-Gaussian (long-tail) distributions of
synaptic weight in the cortex and hippocampus (Song
et al., 2005; Lefort et al., 2009; Ikegaya et al., 2013). In
theoretical model, the long-tail distributions of connection
weights can generate noise useful for associative memory
(Hiratani et al., 2013). Recent research shows that cell lin-
eage plays a key role in specifying neuronal connections
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and functional properties in the cortex (Yu et al., 2009,
2012; Li et al., 2012; Ohtsuki et al., 2012). Therefore,
the establishment of neuronal individuality, which helps
determine neuronal connectivity and physiological func-
tion during development, is a fundamental mechanism
underlying the building of complex neural networks in
the brain.

At the molecular level, the mechanism of stochas-
tic monoallelic expression generates cellular individual-
ity and provides potential functional variation among the
individual cells of a complex system. For example, the
immune system is a complex system in which enormous
numbers of diverse cells are developmentally generated
by the random DNA rearrangement of immune receptors
(Tonegawa, 1983; Lieber, 1992). This system can newly
acquire specific immune responses to a nearly limitless
number of antigens that attack an animal, and “memorize”
the antigen. Thus, immune cell individuality is generated
by the expression of a specific immune receptor, random
somatic DNA rearrangements, the combination of hetero-
meric receptors, and selection by the specific response to
an attacking antigen. This molecular mechanism that reg-
ulates the expression and function of immune receptors
constitutes the predetermined immune memory system.

As another example, diverse olfactory receptors are
expressed in the olfactory sensory system. In 1991, Buck
and Axel discovered over 1000 odorant receptors (ORs)
in olfactory sensory neurons in the olfactory epithelium
in mice (Buck & Axel, 1991). This discovery led to fur-
ther investigation of the complex olfactory system, and
the individuality of olfactory sensory neurons. These
investigations showed that an olfactory sensory neuron
can express only one functional OR gene, and the specific
OR protein expressed suppresses the expression of other
OR genes and induces the neuron’s axonal targeting of the
appropriate glomerulus in the olfactory bulb by topologi-
cal mapping. Thus, the individuality of olfactory sensory
neurons is determined genetically by the OR expression
and function (Sakano, 2010).

Thus, in both the immune and olfactory systems,
cellular individuality is generated by the expression of
diverse receptor-type molecules, and involves random
allelic expression and specific functional properties. The
elucidation of these mechanisms has been invaluable for
increasing our understanding of these complex systems.

In humans, at the single-cell level, large numbers of
genes with diverse functions are regulated by stochastic
monoallelic expression (Gimelbrant et al., 2007), and
random autosomal expression is a common mechanism
in rodents and primate orthologs of these genes (Zwemer
etal., 2012). Their genes with random monoallelic expres-
sion give a possible mechanism for generating cellular
diversity. When there is their functional heterozygosity,
the random allelic expression apparently leads to cellular
functional diversity at the individual cell level. Studies of
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random allelic expression patterns should shed light on
the roles of cellular individuality. Interestingly, stochastic
allelic expression is also observed in immortalized neu-
ral clones from human fetal brain, indicating that neurons
exhibit clonal diversity in the developing brain (Jeffries
etal., 2012).

In the brain, the complexity and diversity of neurons
led to the suggestion that a somatic mutational mechanism
was responsible for the evolution of diversified neuronal
functions (Muotri & Gage, 2006; Rehen et al., 2005),
and the endogenous retrotransposition of LINE-1 (L1)
elements was proposed as a potential mechanism for
generating neuronal genome diversity (Singer et al.,
2010). Although it was estimated that in the amplifi-
cation of the genome of a single neuron in the human
brain, < 0.6 unique somatic insertions would occur, most
neurons lack detectable somatic insertions, suggesting
that L1 is not a major generator of neuronal diversity
(Evrony et al., 2012).

Like the immune receptors and odorant receptors, the
clustered protocadherins (Pcdhs), which are organized as
gene clusters, undergo random allelic expression and elicit
specific functional properties in individual neurons (Esumi
et al., 2005; Kaneko et al., 2006; Hirano et al., 2012). The
clustered Pcdhs are predominantly expressed in vertebrate
brains and have functions in mice in neuronal survival,
axonal targeting, dendrite arborization, synaptogenesis,
neuronal migration, cortical activity, and learning and
memory (Yagi, 2008; Zipursky & Sanes, 2010; Yamashita
et al., 2012; Hirayama & Yagi, 2013; Weiner & Jontes,
2013; Ledderose et al., 2013). Similarly, clustered Pcdh
genes are susceptibility genes for autism, bipolar disorder,
and musical aptitude (Anitha et al., 2012; Redies et al.,
2012; Ukkola-Vuoti et al., 2013). This review describes
the molecular characteristics of the clustered Pcdh fami-
lies and how they generate neuronal individuality, and it
discusses how these findings increase our comprehension
of neural circuit formation and function.

THE CLUSTERED PROTOCADHERINS

Cadherins are type I transmembrane proteins that were
originally characterized as calcium-dependent cell-
adhesion molecules (Takeichi, 2007). Cadherin fam-
ily members are identified by the cadherin sequence
repeats in their extracellular (EC) domain. Several
subgroups of cadherins are classified by their sequence
similarity: the classical (type I) and closely related type 11
cadherins, desmosomal cadherins, and protocadherins.
The sequencing of vertebrate genomes has revealed more
than 100 different cadherin-related genes (Morishita &
Yagi, 2007). Protocadherins (Pcdhs) were first discovered
by their sequence homology with the extracellular repeats
of classical cadherins. Of the cadherin superfamily,
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which has over 80 members, the Pcdhs constitute a major
family, and are further divided into clustered Pcdhs and
nonclustered Pcdhs. The clustered Pcdhs are divided into
three smaller gene clusters: the Pcdh-a., -B3, and -y families
(Wu & Maniatis, 1999). The Pcdh-o family was originally
discovered in mouse brain and designated “cadherin-
related neuronal receptors” (CNRs) (Kohmuraetal., 1998).
With over 50 members, the clustered Pcdhs are the largest
subgroup within the cadherin superfamily. The nonclus-
tered Pcdhs have 13 members: 4 in the Pcdh-61, 5 in the
Pcdh-82, and 4 in other Pcdh subgroups. Interestingly
all of the Pcdh-62 proteins have a similar structure to the
clustered protocadherin members: five EC repeats and a
Cys-(X)4-Cys sequence in the EC1 domain (Morishita &
Yagi, 2007). The structural characterization of the EC1
domain revealed that the protocadherin-specific disulfide-
bounded Cys-(X),-Cys sequence is exposed to solvent
as a loop (Morishita et al., 2006). Similarly, some Pcdh-
31 proteins have Cys-(X) -Cys sequence in the EC1
domain.

8 or 10

GENOMIC STRUCTURES OF CLUSTERED
PROTOCADHERINS

Clustered Pcdh genes have been identified in vertebrates.
They have an unusual genomic organization, similar to
that of the immunoglobulin and T-cell receptor gene clus-
ters. The N-terminal extracellular domains are different,
whereas the cytoplasmic tail of each protein is identical
among the Pcdh-o or -y members (Kohmura et al., 1998;
Wu & Maniatis, 1999). The Pcdh-o. and -y cytoplasmic tails
can bind directly to non-receptor-type tyrosine kinases,
FAK and PYK2, which play crucial roles in synaptic and
dendrite maturation (Chen et al., 2009; Garret et al., 2012;
Suo et al., 2012). Therefore, distinct extracellular interac-
tions can be transferred to a common signaling pathway
in the cytoplasm through the cytoplasmic tails of these
molecules. The Pcdh-§ members do not share a common
constant cytoplasmic tail, but this region is highly con-
served. In mouse chromosome 18, a total of 58 genes are
arranged in the Pcdh-0., -3, and -y clusters, which have 14,
22, and 22 members, respectively. In humans, a total of 53
Pcdh-o., -B, and -y members are located at 5q31. There are
many polymorphisms in the Pcdh gene cluster, including
amino acid exchanges, extensive linkage disequilibrium,
and deletions, in the human population (Noonan et al.,
2003; Miki et al., 2005).

ROLES OF CLUSTERED PROTOCADHERINS
IN NEURAL CIRCUIT FORMATION

The extracellular domains of the Pcdhs contain cadherin
motifs. Many of the cadherin superfamily members have
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important roles in developmental processes, including
synapse formation (Yagi & Takeichi, 2000). Mice lacking
Pcdh-oo are viable but exhibit abnormal learning and
memory (Fukuda et al., 2008), and abnormal cortical
activity (Yamashita et al., 2012). In addition, the precise
targeting of olfactory and serotonergic axonal terminals
is impaired in Pcdh-a knockout (KO) mice (Hasegawa
et al., 2008, 2012; Katori et al., 2009). The loss of Pcdh-y
leads to neonatal death with neurological impairments,
including the cell death of spinal cord interneurons and
decreased numbers of synapses (Wang et al., 2002b).
Conditional KO experiments for Pcdh-y revealed that
this subfamily has roles in the self-avoidance function in
the dendrite formation of retinal starburst amacrine cells
and cerebellar Purkinje neurons (Lefebvre et al., 2012).
The dendritic phenotype (reduced arborization) was also
observed in cortical neurons and granule cells in which
Pcdh-y was conditionally deleted (Garrett et al., 2012;
Ledderose et al., 2013). The loss of Pcdh-y in astrocytes
and in neurons in the spinal cord and olfactory granule
cells leads to a reduction in synapses (Garrett & Weiner,
2009; Ledderose et al., 2013). These results suggest
that the clustered Pcdhs have important function for the
proper building of neural networks in the brain. However,
it does not have completely revealed their molecular
mechanism for building specific connection of neural
networks (including synapse formation) at an individual
neuron level.

STOCHASTIC AND COMBINATORIAL GENE
REGULATION IN INDIVIDUAL NEURONS

One of the most fascinating characteristics of the clus-
tered Pcdh families is their differential and combinato-
rial expression in neurons in the brain. Over 50 clustered
Pcdhs (i.e., all of the clustered Pcdhs except the 5 “C”
members, Pcdh-oC1, -aC2, -yC3, -yC4, and -yC5) are
expressed in a scattered pattern throughout the brain
(Esumi et al., 2005; Kaneko et al., 2006; Noguchi et al.,
2009; Yokota et al., 2011; Hirano et al., 2012). In addition,
at the single Purkinje cell level, each Pcdh-a, -B, or -y
member is expressed monoallelically, although both the
paternal and maternal cluster alleles are transcriptionally
active in individual neurons (Esumi et al., 2005; Kaneko
et al., 2006; Hirano et al., 2012). The promoter of each
variable exon is independently chosen from both alleles.
The exceptions to this rule are the constitutively expressed
Pcdh-0C1, -0C2, -yC3, -yC4, and -yC5 variable exons,
which are expressed from both alleles in individual
neurons (Esumi et al., 2005; Kaneko et al., 2006).
Single-cell reverse transcriptase—polymerase chain
reaction (RT-PCR) analysis of cerebellar Purkinje neurons
indicated that individual neurons stochastically and mono-
allelically express ~2 of the 12 Pcdh-a., ~4 of the 22 Pcdh-B,
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and ~4 of the 19 Pcdh-y genes (Figure 1). Therefore, 78
possible combinations from the 12 Pcdh-o., 26,796 from
the 22 Pcdh-f, and 14,706 from the 19 Pcdh-y genes are
generated, and a total of 78 X 26,796 X 14,706 = 30,736,
834,128 (approximately 3 X 10'°) variations are possible
in each individual neuron (Yagi, 2012). Notably, the cere-
bral cortex of the human brain contains approximately
10'° neurons. In addition, the 5 “C” members are constitu-
tively and biallelically expressed in neurons, and increase
the total number of clustered Pcdh members expressed in
each neuron, but do not contribute to neuronal variation.

COMBINATORIAL COMPLEXITY OF THE
CLUSTERED PROTOCADHERINS AT THE
PROTEIN LEVEL

The clustered Pcdh proteins show a punctate localiza-
tion in neurons in vitro and in vivo (Phillips et al., 2003;
Murata et al., 2004; Femandez-Monreal et al., 2009).
Pcdh-a, -3, and -y protein members form a protein com-
plex in the cytoplasmic membrane of cultured cells and
in the brain (Murata et al., 2004; Han et al., 2010). These
clustered Pcdh protein complexes have cell-adhesion
activities, as reported by Schreiner and Weiner (2010),
who showed that seven Pcdh-y members exhibit isoform-
specific homophilic binding. These authors suggested that
heteromultimeric cis-tetramers function as a homophilic
binding unit (Schreiner & Weiner, 2010).

In fact, the clustered Pcdhs form cis-tetramers before
their translocation to the cell membrane. Therefore, the
binding properties of the cis-tetramers of clustered Pcdhs
are very different from those of classical cadherins. If
two different clustered Pcdh isoforms are expressed in a
cell, six different cis-tetramers are expressed on the cell
membrane. If one isoform is common between two cells,
only one of six tetramers will be common between the
two cell surfaces, resulting in weak cell-cell aggregation
(Schreiner & Weiner, 2010; Yagi, 2012). Thus, by forming
functional units of hetero cis-tetramers, the Pcdhs expo-
nential increase the number of variations in the protein
complexes at the cell surface.

Individual neurons are estimated to express 15 clus-
tered Pcdh members (i.e., 10 randomly expressed ones:
2 Pcdh-a, 4 Pcdh-B, and 4 Pcdh-y; and 5 constitutively
expressed ones: oC1, aC2, yC3, yC4, and YC5) (Figure 1).
Random combinations could produce 12,720 15-member
sets of Pcdhs and 15* (50,625) possible tetramers (Yagi,
2012). Notably, the probability of matching tetramers
occurring between a pair of neurons decreases expo-
nentially as the number of different isoforms increases.
If only 1 of the 15 clustered Pcdh members is different
(i.e., 14 of the 15 are the same) between a pair of neurons,
only 76% (14%/15%) of the tetramers would be matched.
Even though the 5 “C” members are always expressed in
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common, between a pair of neurons only 1.2% (5*/15%)
of their tetramers will match. Therefore, the tetramers
of the clustered Pcdh members can account for an
exponential diversity in Pcdh tetramers between any given
pair of neurons (Yagi, 2012). Interestingly, recent physi-
ological studies revealed that the features of the neuronal
connections in vivo include a non-Gaussian (long-tail)
distribution of synaptic weight (Song et al., 2005; Lefort
et al., 2009; Ikegaya et al., 2013).

REGULATION OF CLUSTERED
PROTOCADHERIN EXPRESSION

The clustered Pcdh genes, except for the 5 “C” members,
are randomly expressed from individual alleles in individ-
ual neurons. The sequence upstream of each variable exon
contains its own promoter, which includes a conserved
sequence element (CSE) (Wu & Maniatis, 1999). The
CSE is required for the expression of the variable exons
(Tasic et al., 2002; Wang et al., 2002a). The cis-regulatory
elements are identified by their sequence conservation
and hypersensitivity to DNase I (DNase I hypersensitive
site; HS). Interestingly, the cis-regulatory elements inde-
pendently control each gene cluster (Ribich et al., 2006;
Yokota et al., 2011). Deletion of the HS5-1 site in mice
leads to significantly reduced expressions of Pcdh-a6 to
-a12 and -aC1 (Kehayovaetal., 2011; Yokotaetal.,2011).
Deletion of the HS16-20 site (called the cluster control
region; CCR) leads to a nearly complete loss of random
allelic expression across the Pcdh-B cluster. Notably,
deletion of the CCR has a much smaller effect on the
closer Pcdh-y cluster, and no effect on the Pcdh-a cluster
in mice (Yokota et al., 2011), demonstrating that the CCR
is an important cis-element for long-range independent
regulation of the Pcdh-3 cluster (Figure 1).

The random expressions of the Pcdh-o. isoforms
depend on the number of variable exons in the Pcdh-o
cluster. In cells bearing an allele in which variable exons
a2 to oll (from the total ol to al2) are deleted, the
expressional frequencies of the remaining variable exons
al and al2 are increased, compared with those of the
wild-type allele. That is, each neuron expresses o/, al12,
or both from the deletion allele, whereas o/ and o.12 are
expressed only rarely (i.e., stochastically) from the wild-
type allele. Interestingly, the total Pcdh-o expression level
is maintained even in the deletion allele (Noguchi et al.,
2009). Thus, the expressions of the variable exons are sto-
chastic, like the results of throwing dice.

Results from several mouse lines with deletions or
duplications within the Pcdh-a variable exon cluster
support the hypothesis that the variable isoforms are
stochastically expressed, that the frequency of their
expression depends on the number of variable exons in the
cluster, and that the total expression level is maintained
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by long-range regulation by the outer cis-regulatory
elements. Interestingly, in these deletion constructs,
the 3’-most variable exon in each construct assumed a
ubiquitous and biallelic expression pattern similar to that
of aC2 in the Pcdh-a. cluster in the wild-type allele.

The CCCTC-binding factor (CTCF), a zinc finger
transcription factor, completely regulates the random
allelic expression of the clustered Pcdhs at the individual
neuron level, but does not down-regulate the constitu-
tively expressed aC2, yC3, yC4, and yC5 (Hirayama et al.,
2012). CTCF-binding sites are found in the randomly
expressed Pcdh promoters and in HS5-1 and HS16-20
(Figure 1) (Kehayova et al., 2011; Golan-Mashiach et al.,
2012; Hirayama et al., 2012). CTCF is known to medi-
ate enhancer and promoter interactions by DNA looping
(Merkenschlager & Odom, 2013). In long-range regula-
tion, the DNA looping between a promoter and enhancer
mediated by CTCF account for the “random choice” of
clustered Pcdh genes in individual neurons. Notably, neu-
rons lacking CTCF exhibit abnormal dendritic arboriza-
tion and decreased spine density (and therefore decreased
numbers of synapses), but show no effects on syn-
apse maturation or the amplitude of excitatory synaptic
currents. In addition, mice with a conditional CTCF KO in
differentiated excitatory neurons exhibit a somatosensory
map defect (a loss of barrel structure) in the brain. Thus,
CTCF affects the final refinement of functional neural
circuits during postnatal brain development (Hirayama
etal., 2012).

The Pcdh expression in individual neurons is epige-
netically controlled, independently and monoallelically
(Tasic et al., 2002; Kawaguchi et al., 2008). Using two
mouse cell lines that express different Pcdh-o isoform
combinations, the DNA methylation of each Pcdh-o
promoter was found to be negatively correlated with its
expression level (Kawaguchi et al., 2008). In addition,
the induction of DNA demethylation with 5-azacytidin
increases the Pcdh-o transcription. Consistent with their
constitutive expression in neurons, the promoters of
Pcdh-0C1 and -aC2 are hypomethylated in the brain
(Kawaguchi et al., 2008).

The hypermethylation of multiple clustered Pcdh
genes is observed in mouse offspring receiving a low
frequency of maternal care (licking and grooming behav-
iors), whereas many of the clustered Pcdh genes show
significantly higher expression in offspring receiving a
high frequency of maternal care (McGowan et al., 2011).
Similar results were found in humans; hippocampal sam-
ples from suicide victims with a history of severe child
abuse exhibit hypermethylation across the clustered Pcdh
genes (Suderman et al., 2012). It is possible that the clus-
tered Pcdh genes play an important role in the response
to environmental stress. Interestingly, Tetl protein, a
DNA hydroxylase that converts 5-methyl cytosine to
5-hydroxymethylcytosine in DNA demethylation, binds
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across the clustered Pcdh genes (Xu et al., 2011). These
epigenetic studies and the molecular functions of the
clustered Pcdhs in axonal targeting and dendritic
arborization suggest that they are important mediators
of neural circuit formation that respond to environmen-
tal stress during brain development. Furthermore, since
epigenetic modifications in individual cells are main-
tained during cell proliferation, the neuronal individuality
based on the random and combinatorial expression of the
clustered Pcdh genes could be responsible for the clonal
diversity of differentiated neurons related to cell lineage.

DETERMINANTS OF NEURONAL
INDIVIDUALITY

Combinatorial explosion can generate a nearly limitless
variety of information through the genetic code simply
through variations in ATGC sequence combinations. In
the immune system, combinations of random DNA rear-
rangements of variable regions, somatic mutations, and
receptor heteromultimers generate the predetermined
immune response to an unpredictable antigen. In the brain,
neurons connect to form specific neural networks. Donald
Hebb hypothesized the “cell assembly” hypothesis for the
encoding of neural information by functional neuronal
groups (Hebb, 1949). In Hebb’s cell assembly hypoth-
esis, a nearly limitless number of combinatorial neuronal
groups is produced from a limited number of neurons by
combinatorial explosion. Recent physiological studies
involving large-scale recordings from individual neurons
have experimentally defined putative cell assemblies
(reviewed by Buzsaki, 2010). Neuronal individuality is
likely to be generated by both a neuron’s Pcdh expression
pattern and its participation in circuits.

CONCLUSION

Genetic studies of the clustered Pcdhs have gradually
unveiled their functions in axonal targeting, dendritic
arborization, self-avoidance of dendrites, and synapse
formation. In addition, the clustered Pcdhs contribute
to neuronal individuality (approximate 10'° neuronal
diversity) by random allelic expression. This individual-
ity is generated by epigenetic regulation in the genome
during development. Furthermore, heterotetramers of the
clustered Pcdhs provide specific cell-adhesion activities
and exponential neuronal diversity at the cell surface.
Recent physiological studies have revealed that local
networks form complex topological neuronal ensembles in
which there are differences at the individual neuron level
(Markram et al., 1997; Kalisman et al., 2005; Song et al.,
2005; Yoshimura et al., 2005; Koulakov et al., 2009; Yassin
et al., 2010; Perin et al., 2011). In addition, the synaptic
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weight of the local connectivity has a non-Gaussian (long-
tail) distribution (Song et al., 2005; Lefort et al., 2009;
Ikegaya et al., 2013). Specific local connectivities develop
preferentially among clonally related excitatory cortical
neurons (Yu et al., 2009, 2012; Li et al., 2012; Ohtsuki
etal., 2012). Theoretical analyses of neural networks have
suggested that complex topological networks exist in the
brain (Sporns, 2011). Interestingly, Watts and Strogatz
showed that “small-world” networks with high cluster-
ing coefficients and short characteristic path lengths, but
without strong habbs, emerge between random and regu-
lar networks (Watts & Strogatz, 1998). It is estimated that
the neural wiring in the brain is a Watts and Strogatz—type
“small-world” network. The molecular features of the
clustered Pcdhs, which permit random and selective con-
nectivity, provide a fascinating mechanism underlying the
building of complex networks in the brain.
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