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Clustered protocadherins mediate neuronal self-recognition and non-self discrimination—neuronal
“barcoding”—which underpin neuronal self-avoidance in vertebrate neurons. Recent structural, bio-
physical, computational, and cell-based studies on protocadherin structure and function have led to
a compelling molecular model for the barcoding mechanism. Protocadherin isoforms assemble into
promiscuous cis-dimeric recognition units and mediate cell-cell recognition through homophilic trans-
interactions. Each recognition unit is composed of two arms extending from the membrane proximal
EC6 domains. A cis-dimeric recognition unit with each arm coding adhesive trans homophilic speci-
ficity can generate a zipper-like assembly that in turn suggests a chain termination mechanism for
self-vs-non-self-discrimination among vertebrate neurons.
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1. Introduction

The establishment of functional neural circuits in the human
brain involves highly specific connections among billions of neu-
rons through trillions of synapses [1]. The formation of such

Abbreviations: Pcdhs, clustered protocadherins; EC, extracellular cadherin complex neural circuits depends on a limited repertoire of guid-
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ance cues and cell surface receptors. Clustered protocadherins
(Pcdhs) are a family of highly diverse cell-surface receptors that
are thought to provide individual neurons with single-cell-specific
molecular “barcodes”, which provide unique cell surface identities
required for neurite self-avoidance [2-4]. Although recent studies
have demonstrated that Pcdhs have additional roles in regulating
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Fig. 1. Phylogenetic tree of mouse Pcdh isoforms based on the sequences of their EC1-EC4 domains which mediate the homophilic trans-interactions. The «, {3, YA, and yB
isoforms are grouped into four separate clusters. Although part of the B-cluster, the 31 isoform is significantly divergent from other members of the 3-cluster. The two a.C
and the three yC isoforms are divergent from all other isoforms, including the other members of the a and vy clusters.

neuronal survival, synaptogenesis, dendritic arborization, and neu-
ronal tiling [2-17] —this review focuses primarily on the role of
Pcdhs in neuronal self-avoidance that in turn requires that neurons
be able to distinguish “self’ from “non-self”.

Mammalian genomes contain 50-60 Pcdh genes that are
arranged in three contiguous gene clusters designated o, (3, and
v [18,19]. Other vertebrates, such as the fugu and elephant shark,
also have Pcdh genes but with varying numbers of isoforms and dis-
tinct cluster organizations [20,21]. Each Pcdh isoform has a distinct
extracellular region, single pass transmembrane helix, and short
cytoplasmic region encoded by a single “variable” exon. Addition-
ally, the Pcdh - and +y- gene clusters each contain three constant
exons that encode a cluster-specific constant cytoplasmic region.
Phylogenetic analysis of the 58 clustered Pcdh mouse isoforms
revealed that they fall into five distinct subfamilies (Fig. 1): alter-
nate a-Pcdhs (1-12), alternate 3-Pcdhs (1-22), alternate yA-Pcdhs
(1-12), alternate yB-Pcdhs (1-2 & 4-8), and C-type Pcdhs (aC1,
aC2, yC3, yC4, and yC5) (Fig. 1). Alternate (non-C-type) Pcdh
isoforms are chosen for expression in each neuron by a stochas-
tic promoter choice mechanism [19,22-26]. Individual neurons
appear to express a small subset of the ~50 alternate isoforms
[19,22-26]. The C-type Pcdhs are expressed ‘deterministically’
rather than stochastically [22,24].

In neurite self-avoidance, an essential feature of neural cir-
cuit assembly, branching neurites (axons and dendrites) from the
same neuron avoid one another, while neurites from different
neurons do not. This assures that neurites from the same neu-

ron can arborize extensively without crossing or clumping, while
neurites from different neurons can interdigitate and occupy the
same field. This phenomenon requires a mechanism that allows
individual neurons to distinguish self from non-self interactions
[27,28]. It appears that, for both vertebrates and insects, neuronal
self-avoidance relies on generating unique individual cell surface
identities through the stochastic expression of diverse repertoires
of cell surface protein isoforms [27-30]. In the fly neuronal iden-
tity is defined by the expression of single-cell-specific subsets of
Dscam1 protein isoforms, generated by stochastic alternative RNA
splicing [31-34]. In vertebrates, neuronal identity is provided by
stochastic expression of single-cell-specific subsets of Pcdh iso-
forms [4,22-24].

Counter-intuitively, in both insects and vertebrates the process
of self-avoidance begins with adhesive homophilic interactions
required for recognition [27,35-38]. In the fly, there are 19,008 pos-
sible Dscam isoforms with distinct extracellular domains, of which
~10-50 are expressed in each neuron [31,33-35,39]. The major-
ity of these isoforms bind in trans in a strictly homophilic manner
[35,36]. In mammals, the 50-60 Pcdh isoforms have been shown to
bind with homophilic specificity, as will be discussed below. Cur-
rent thinking posits that identical Dscam/Pcdh isoforms located on
the surface of neurites emanating from the same cell bind to each
other homophilically in trans (different neurites) and this inter-
action triggers a signaling process that requires the intracellular
domains [40], which leads to repulsion. In contrast, when two neu-
rons expressing a sufficiently diverse set of Dscam/Pcdh isoforms
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