
Review Article
The Role of Cell Adhesion Molecule Genes Regulating
Neuroplasticity in Addiction

Dawn E. Muskiewicz,1 George R. Uhl,2,3 and F. Scott Hall 1

1Department of Pharmacology and Experimental Therapeutics, University of Toledo College of Pharmacy and Pharmaceutical
Sciences, University of Toledo, Toledo, OH, USA
2Molecular Neurobiology Branch, National Institute on Drug Abuse, Intramural Research Program, Baltimore, MD, USA
3New Mexico VA Healthcare System, Albuquerque, NM, USA

Correspondence should be addressed to F. Scott Hall; frank.hall@utoledo.edu

Received 14 August 2017; Accepted 10 December 2017; Published 20 February 2018

Academic Editor: Michele Fornaro

Copyright © 2018 Dawn E. Muskiewicz et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

A variety of genetic approaches, including twin studies, linkage studies, and candidate gene studies, has established a firm
genetic basis for addiction. However, there has been difficulty identifying the precise genes that underlie addiction liability
using these approaches. This situation became especially clear in genome-wide association studies (GWAS) of addiction.
Moreover, the results of GWAS brought into clarity many of the shortcomings of those early genetic approaches. GWAS
studies stripped away those preconceived notions, examining genes that would not previously have been considered in the
study of addiction, consequently creating a shift in our understanding. Most importantly, those studies implicated a class of
genes that had not previously been considered in the study of addiction genetics: cell adhesion molecules (CAMs).
Considering the well-documented evidence supporting a role for various CAMs in synaptic plasticity, axonal growth, and
regeneration, it is not surprising that allelic variation in CAM genes might also play a role in addiction liability. This review
focuses on the role of various cell adhesion molecules in neuroplasticity that might contribute to addictive processes and
emphasizes the importance of ongoing research on CAM genes that have been implicated in addiction by GWAS.

1. Introduction

Substance use disorder (SUD) [1] is a chronic disease
characterized by compulsive drug seeking behavior, loss
of control of drug intake, and the emergence of negative
behaviors resulting from drug tolerance and withdrawal
(e.g., anxiety, dysphoria, and other emotional, cognitive,
and somatic symptoms [2]). Importantly, this description
of SUD includes the persistence of symptoms beyond
detoxification. The development of an SUD (herein, we will
generally refer to the condition as drug dependence or drug
addiction) involves a complex interplay between environ-
mental and genetic factors. However, the genetic component
of drug dependence liability is highly polygenic and hetero-
geneous, with each genetic locus contributing a rather small
proportion of the overall genetic variance [3].

Early attempts to characterize the mechanisms underly-
ing addiction liability focused primarily on twin studies, link-
age studies, and candidate gene studies. These early studies
established that a substantial genetic component contributed
to addiction liability through the use of family, adoption, and
twin studies, with estimates of the heritability of addiction
ranging from 0.3 to 0.7 [4]. However, despite the apparent
strength of the heritable component of addiction liability,
the early phase of genetic research into the causes of addic-
tion was plagued by a failure to produce a high degree of rep-
lication for specific genes or specific gene loci in candidate
gene linkage and association studies. There are many reasons
for this initial failure, including the often low number of sub-
jects used in many studies, particularly early studies, which is
especially problematic if there is a substantial heterogeneity
of the underlying genetic architecture, as has been discussed
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recently [5]. Locus and allelic heterogeneities are less of a
problem for GWAS, but of course low numbers of subjects
are certainly a problem, as well as low marker density, which
also characterized early studies. Over time, the density of
markers and the number of subjects included in addiction
genetic studies increased, but another important strategy of
these postgenomic studies was to look for replication across
studies [6–8], the expectation being that if the contribution
of each locus was small and heterogeneous it should not be
expected that every study would produce identical results,
but that positive identification of genes or loci would still
reoccur at higher than chance rates across multiple studies
in different samples. This did in fact occur. Moreover, analy-
sis of the genes that were repeatedly identified in GWAS
produced patterns that were initially unexpected, including
a high proportion of CAMs compared to their representa-
tion in the genome overall [9, 10] (see Table 1 for the list of
CAMs discussed in this review).

After the identification of so many CAMs in GWAS for
addiction liability, one of the strategies used to confirm the
potential role of these genes as addiction, that is, genes in
which variation would affect addiction phenotypes, was to
study them in genetically modified mice. Although the
human variants likely contributed in more subtle ways to
addiction liability, the use of gene knockout (KO) mice in
which gene function was eliminated was considered, to some
extent, to be a test of whether the identification of particular
genes in GWAS was a false positive. Homozygous KO mice
are a poor example of human genetic variation, but may still
provide information about the potential involvement of
genes in addiction. Indeed, given the high degree of genetic
heterogeneity that was identified in GWAS, the finding of
many positive effects in mice in which these CAMs have been
deleted [11] provides strong support for the original GWAS
findings as well as the overall concept based on those findings

that allelic variation in CAM genes is an important part of the
genetic component of addiction liability. Moreover, this sug-
gests that neural plasticity, either during development, or
later in life, plays an important role in the genetic component
of addiction liability. In considering this idea in this review,
we will focus on the potential roles of CAMs in brain func-
tion that may be relevant to addiction and then consider
the evidence for particular CAMs in addiction.

2. Synaptic CAMs

2.1. Ig Superfamily

2.1.1. Structure and Function. The immunoglobulin super-
family (IgSF) is the largest and most well documented cell
adhesion molecule subgroup, although not all genes in this
family are cell adhesion molecules. IgSF contains over 700
genes of which at least 65 proteins are implicated in cell adhe-
sion (for a recent review summarizing cell adhesion molecule
classifications, structure, and known functions, see [12], as
well as a reassessment of their classifications and potential
signaling properties in the nervous system [9]). The Ig super-
family is largely characterized by a variable number of Ig
modules, a subregion of the polypeptide chain essential to
heterophilic and homophilic binding. Many of the members
of the IgSF are built of homologous domains, ranging from
70–110 amino acid residues, with a structure formed by
two β-sheets packed face-to-face [13]. However, individual
members can differ by the number and size of the strands
of the two β-sheets as well as the conformation of links
between them [14]. Ig domains characteristically contain
two cysteine residues, placed approximately 55–75 residues
apart, and highly conserved tryptophan residues, approxi-
mately 10–15 residues downstream of the first cysteine [13].
The extracellular makeup of Ig CAMs can consist exclusively
of either several Ig domains connected like beads on a string,
as is the case for PECAM-1 and VCAM-1, or Ig connections
followed by multiple copies of another molecular building
block, such as fibronectin type III (Fn3), as is the case for
NCAM and L1 [15]. The FN3 domain is found in most, but
not all, IgSF members, and the number of domains often
varies between members [13]. Extracellular modules are
significantly variable from 1 in P0 to 17 in sialoadhesin. IgSF
CAMs can be further subdivided by their membrane
anchorage via a glycosylphosphatidylinositol- (GPI-) linked
subgroup (e.g., F11, TAG-1, and BIG-1) as well as by their
transmembrane subgroup (e.g., neurofascin, NgCAM, L1,
and NCAM). Similar to the extracellular components, the
cytoplasmic composition of IgSF CAMs also has significant
heterogeneity, varying anywhere from 15 to 557 amino acid
residues [15].

The wide variation in molecular composition of CAMs
on the same general framework suggests their involvement
in wide-ranging cellular functions, including different inter-
actions with extracellular and intracellular biomolecules.
Alongside indications of involvement of some CAMs in
neuroplasticity that will be discussed in this review, members
of the IgSF superfamily include many genes involved in
immune function and other signaling pathways, including

Table 1: Abbreviations used for cell adhesion molecules discussed
in this review.

Cell adhesion molecule Abbreviation

Neural cell adhesion molecule NCAM

Polysialated neural cell adhesion molecule PSA-NCAM

Neuronal cell adhesion molecule NRCAM

Immunoglobulin super family IGSF

Synaptic cell adhesion molecule SYNCAM

Intercellular adhesion molecule 5 ICAM5

Cadherin 13 CDH13

Neurexin 3 NRXN3

Neurexin 2β NRXN2β

Neuroligin 3 NLGN3

Neuroligan 1 NLGN1

Neurexin 3β NRXN3β

Protein tyrosine phosphatase receptor D PTPRD

Protein tyrosine phosphatase receptor B PTPRB

CUB and Sushi multiple domains 1 CSMD1

Protein tyrosine phosphatase receptor Z 1 PTPRZ1
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major histocompatibility complex class I and II immuno-
globulins, T receptor complex proteins, lymphocyte surface
glycoproteins, virus receptors, tumor markers, and growth
factor receptors. IgSF CAMs are involved in complex extra-
cellular interactions involving both homophilic and hetero-
philic binding to CAMs as well as multiple cis and trans
interactions [15]. TAG-1/axonin-1, NgCAM, NrCAM,
gicerin, DM-GRASP, and NCAM have all been shown to
have both homophilic and heterophilic interactions [16].
Several IgSF CAMs have been shown to be involved in axonal
growth and guidance during the early development of the
nervous system. This involvement is mediated by restricted
expression patterns and ability to modulate cell interactions
during development, particularly for certain isoforms, and
does not exclude roles for the same genes later in life [13].

Our understanding of the physiological roles of CAMs
and their interactions with each other and with other intra-
cellular and extracellular proteins, as well as other types of
signaling molecules, is still evolving. Indeed, one recent pro-
posal [9], following on a series of clinical and preclinical stud-
ies of the role of CAMs in addiction, has completely
reassessed the genes that should be classified as CAMs. This
study has suggested that there should be a differentiation
between CAMs that primarily play a role in information
transfer between cells, or between cellular elements and
extracellular matrix (“iCAMs”), and those that play primarily
structural roles. Furthermore, they subdivided the types of
structural CAM classes based on function and location as
follows: interactions with cell matrix (mCAMs), tight
junctions (tjCAMs), cell-cell interactions in the immune sys-
tem (cCAMs), focal adhesions (faCAMS), axonal guidance
(agCAMs), adherens junctions (ajCAMs), and myelin inter-
actions (myCAMS). It was difficult to make clear distinctions
between CAMs that had solely informational and primarily
structural roles, and by far, the largest class of CAMs was
iCAMs in their analysis. Moreover, this study reassessed gene
classifications finding 474 likely CAM genes, of which 283
would be classified as iCAMs. Many of those are discussed
in more detail below. This analysis supports previous empha-
ses on the signaling aspects of synaptic formation played by
several classes of CAMs [17].

2.1.2. NCAM1.Neural cell adhesion molecule 1 (NCAM1; see
Figure 1 for a comparison of the structure of this CAM to
other CAMs discussed in subsequent sections) is expressed
across many cell types, including neurons, glial cells, cardiac
muscle cells, and skeletal muscle cells, with as many as 27 dis-
tinct isoforms generated by alternative RNA splicing [15]. In
general, NCAM can be expressed both pre- and postsynapti-
cally and has three distinct classes of isoforms including
transmembrane linked (seen in Figure 1), GPI anchored,
and secreted or soluble NCAM. NCAM is composed of five
Ig domains, encoded by two exons, and two fibronectin type
III domains [18]. The role of NCAM1 in the brain was first
characterized by Hoffman et al. [19], where it was shown to
mediate retinal cell adhesion. Since then, NCAM1 has been
shown to have roles in axonal development, involvement in
signaling pathways, emotional function, and learning, as well
as potential involvement in many neuropsychiatric and

neurodegenerative disorders [20–25, 15]. More recent studies
have indicated a role of NCAM1 in addiction, specifically the
polysialylated form of NCAM1 (PSA-NCAM1), which
commonly regulates the adhesive properties of the molecule
and is critical for effects of NCAM on synaptic plasticity
[25, 26]. The addition of the long linear homopolymers of
alpha-2,8-linked sialic acid residues to NCAM1 produces
antiadhesion properties. NCAM has been shown to mediate
both pre- and postsynaptic scaffoldings that influences excit-
atory synapse formation and plasticity relevant to addiction.
Studies have revealed that NCAM can effect postsynaptic
scaffolding associated with β-spectrin and accumulation of
PSD95, GluN1, GluN2B, and CaMKII [27]. In addition,
PSA-NCAM was shown to increase AMPAR-mediated cur-
rents, although this was age dependent [28]. PSA-NCAM
was also shown to affect NMDA receptor activity by inhibit-
ing receptor currents in cultured hippocampal neurons at
low, but not high, concentrations of glutamate, suggesting a
role as a potential competitive antagonist at the glutamate
binding site [29]. Given its substantial interaction with gluta-
mate excitatory synapses, it is not surprising that PSA-
NCAM has also been found to play a substantial role in many
behavioral tests of addiction that involve the formation of
drug-dependent memories. For instance, single cocaine
administration decreases the number of PSA-NCAM1-
positive neurons in the dentate gyrus (DG) of male Wistar
rats, as well as decreasing the length of PSA-NCAM1-
positive dendrites [30]. Similarly, amphetamine was shown
to decrease the expression of 180–200 kDa isoform of PSA-
CAM in the hippocampus of male C57BL/6 mice, although
this appeared to occur regardless of whether drug exposure
was specifically paired with a distinctive environment or
not [31]. Thus, the role of PSA-NCAM1 may be specific to
certain experimental circumstances not represented by the
locomotor sensitization approach. Additional evidence sup-
ports a role of PSA-NCAM1 in other learning contexts.
The cannabinoid receptor 1 agonist HU-210, an illicitly
used synthetic cannabinoid, also antagonizes hippocampal
synaptic plasticity associated with contextual fear condi-
tioning, an effect that involves reversing the increases in
PSA-NCAM1 expression involved in that type of learning
[32]. Nicotine self-administration also reduces levels of
PSA-NCAM1 in the DG of rats, in a dose-dependent
manner [33]. PSA-NCAM1 levels in the ventromedial
prefrontal cortex (vmPFC) are associated with the ability
to transfer learning of a classically conditioned association
to instrumental learning (Pavlovian-to-instrumental trans-
fer (PIT)), and reduction in vmPFC PSA-NCAM1 levels
by administration of endoneuraminidase reduced extinc-
tion behavior in a PIT task for ethanol reinforcement
[34]. This study not only demonstrates the importance
of PSA-NCAM1 in ethanol reinforcement, but also dem-
onstrates its involvement in a specific behavior that has
high relevance to drug dependence—extinction of drug
reinforcer-mediated behavior.

In contrast to many of the findings discussed above, a
clinical study found that PSA-NCAM1 levels were increased
in the DG of heroin-addicted individuals [35]. The effects of
opiates on NCAM1 expression have not been studied, but
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presuming the acute effects of opiates are similar to those of
other addictive drugs, this increase in PSA-NCAM1 might
reflect a compensatory process associated with the repeated
downregulation produced by acute effects of the drug, or an
effect associated with drug withdrawal. As an additional piece
in this still incomplete puzzle, neonatal nicotine exposure
was found to reduce levels of Ncam1mRNA in the amygdala
of female rats when assessed in early adolescence [36]. This
study will be discussed in more detail throughout this review
as it specifically addressed the effects of prenatal nicotine on
the expression of a number of CAMs.

It is obvious that further studies are needed to fully eluci-
date the potential roles of NCAM1 in addictive processes
under different conditions, including in response to different
types of addictive drugs, at different ages and at different
parts of the addiction cycle. However, it should be noted that
the majority of the findings discussed in this section do not
reflect changes in the expression of NCAM itself, but rather

the levels of PSA-NCAM. Moreover, genetic associations
for NCAM with drug dependence were not found in the
majority of GWAS studies previously discussed, although
NCAM has been recently associated with marijuana depen-
dence [37]. One study did find that genes near NCAM1 were
associated with nicotine dependence [38]. However, this is a
complex genomic area whereNCAM1 is part of a gene cluster
with TTC12, ANKK1, and DRD2, and stronger associations
have been found for markers within the other genes in this
cluster [39, 40]. Nonetheless, an analysis of this region using
a family-based association approach with denser marker cov-
erage found an association of markers near the NCAM1 exon
12/intron 13 border with alcohol dependence [41]. Although
NCAM1 (as PSA-NCAM1) may have a role in certain aspects
of the addictive process there is, thus far, less evidence that
allelic variation in the NCAM1 gene contributes to addiction
liability. This may be because NCAM1 allelic variation con-
tributes more to certain aspects of the addictive process,
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Figure 1: Schematic representation of the structural motifs of cell adhesion molecules discussed in this review.
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certain addiction phenotypes, or to addiction to particular
substances. Indeed, a previous review of this subject has
suggested that, although GWAS for drug dependence have
been successful, this may be too broad of a phenotype and
that stronger effects will be found for more specific drug
addiction phenotypes [5]. It is also highly possible that only
particular splice variants are associated with addiction, rather
than NCAM1 overall; a topic that will be considered again
with respect to A2BP1 (ataxin-2 binding protein 1).

2.1.3. NRCAM. NRCAM (neuronal cell adhesion molecule
or NgCAM-related cell adhesion molecule; see Figure 1)
belongs to the L1 family of IgSF CAMs and is composed
of six Ig-like domains, five FN3 domains in its extracellular
region, and a cytoplasmic region composed of approxi-
mately 110 amino acid residues [42]. NRCAM can interact
with molecules both intracellularly and extracellularly. Sev-
eral studies have indicated that the extracellular domain of
NRCAM can interact with molecules on the cis- and trans-
membranes, as well as both homophilic and heterophilic
binding with CAM and CAM-like molecules. NRCAM has
been implicated in axonal growth and guidance, playing
an important role in the development of cerebellar granule
cells, dorsal and ventral spinal cord axonal development,
optic chiasm formation, and the formation of thalamocorti-
cal projections [43].

Given its role in the development of thalamocortical pro-
jections and its general distribution in areas thought to be
important in addiction [44], it is not surprising that NRCAM
was hypothesized to play a role in addiction. Relationships
between markers in or near the NRCAM gene and drug or
alcohol dependence were found in genome-wide linkage
studies for alcoholism [45–47] and early genome-wide asso-
ciation studies for drug dependence [48, 49]. Based on these
findings, candidate gene approaches were used which found
that NRCAM allelic variants were associated with drug
dependence [44] and methamphetamine dependence [50].
In later GWAS studies, utilizing more subjects and greater
marker density, NRCAM allelic markers were also associated
with caffeine intake (Amin et al., 2012). However, the
majority of later GWAS studies did not find significant
associations of NRCAM variants with drug dependence.
This may be because NRCAM variants are more closely
related to particular endophenotypes that were better repre-
sented in some samples; in addition to an association with
methamphetamine dependence, Yoo et al. [50] also found
that NRCAM allelic markers were associated with specific
measures of addictive behavior and personality traits
thought to be a characteristic of drug abusers, including
novelty seeking.

As discussed above, one of the reverse translational
approaches used to confirm the possibility that variation in
the NRCAM gene may contribute to addiction was the use
of Nrcam KO mice. The logic behind this approach was spe-
cific; Ishiguro et al. [44] demonstrated that the sameNRCAM
markers associated with drug dependence were also associ-
ated with a 74% reduction in NRCAM expression. There
was also a substantial upregulation of Nrcam gene expression
after morphine treatment in rats. Thus, it might be expected

that individuals with poorer expression might respond quite
differently when taking drugs of abuse. On this basis, Nrcam
KO mice were examined for condition place preference
((CPP) a measure of the reinforcing efficacy of drugs) pro-
duced by several drugs of abuse, including morphine,
cocaine, and amphetamine. Reduced CPP was observed in
both heterozygous and homozygous Nrcam KO mice. In a
two-bottle free-access ethanol consumption paradigm, it
was also found that male Nrcam+/− mice display reductions
in ethanol consumption compared to wild-type littermates
[51]. Furthermore, studies have shown that Nrcam KO mice
have no general learning impairments that might confound
CPP studies [44, 52]. However, other behavioral differences
were observed, including a passive avoidance deficit inter-
preted as a result from poor impulse control [52]. Although
the interpretation of that test is not certain, behavior seen
in tests of responses to anxiety and novelty [51] could be
interpreted in a similar manner. Certainly, examination of
these mice in a circumstance that more specifically assesses
impulsive behavior is warranted, although the general find-
ings are consistent with those of Yoo et al. [50] in metham-
phetamine addicts.

2.1.4. Synaptic Cell Adhesion Molecules (SYNCAMs). The
idea, developed from the results of a series of GWAS studies
discussed above, that differences in the function of certain
CAMs may contribute to addictive behavior has opened the
door for the study of several other CAMs that were not impli-
cated in GWAS studies. Obviously, from the name, the syn-
aptic cell adhesion molecules ((SYNCAMs); see Figure 1)
have prominent roles in synaptic cell adhesion, and synapse
formation [53], as well as axon guidance during development
[54]. SYNCAMs are IgSF/SYNCAM proteins that span the
synaptic cleft and induce the formation of excitatory synap-
ses in vitro [55], a process seen previously only with neuroli-
gin [56]. Like NCAM1, polysialylation of SYNCAM1 is
important to its function, with polysialylation of SYNCAM
in the first Ig domain preventing homophilic binding [57].
As the formation of excitatory synapses has long been
thought to be an important part of addictive processes, dem-
onstrated by dendritic spine formation in several brain
regions after exposure to drugs of abuse [58–60], along with
increased surface expression of AMPA receptors [61–63], it
would be natural to investigate SYNCAM1. Moreover, Syn-
CAM1 was already known to influence synaptogenesis in
the hippocampus and to be ubiquitously expressed through-
out much of the brain, including the striatum and other
structures know to exhibit synaptic plasticity after exposure
to drugs of abuse. Consistent with this hypothesis, Syncam1
KO mice showed decreases in the length of mushroom den-
dritic spines as well as impaired locomotor sensitization to
cocaine [64].

However, with regard to the genetic basis of drug
dependence liability, there is little evidence for contributions
from allelic variation in SYNCAM1, judging from the GWAS
studies mentioned above. A related family member, CADM2,
was associated with marijuana dependence [37], but has not
otherwise been investigated regarding the effects drugs of
abuse or addiction.
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2.1.5. Intercellular Adhesion Molecule 5 (ICAM5). ICAM5
(see Figure 1) is an immunoglobulin cell adhesion molecule
highly expressed on the dendrites of neurons in the telen-
cephalon that is known to have roles in immune and neural
functions [65, 66]. Moreover, in vitro studies have indicated
that the soluble form of ICAM5 may regulate glutamatergic
neurotransmission [67, 68]. Not much is known about the
ability of ICAM5 to affect addictive behavior through influ-
ences on glutamate function, but one study has shown that
acute methamphetamine (MA) treatment stimulates cleavage
of membrane-bound ICAM5 molecules, both in vitro and
in vivo, via matrix metalloproteinase 9 (MMP9) [69].
Mmp9 has been shown to have roles in alcohol seeking
behavior and methamphetamine toxicity in rodents [70,
71]. Moreover, matrix metalloproteinases (and MMP9 in
particular) have been suggested to affect neural plasticity
and learning relevant to drug addiction [72, 73].

Genetic variation in ICAM5 has not been found to be
associated with drug dependence in GWAS studies, and has
not been a focus of other genetic approaches, although
MMP9 has been associated with alcohol dependence [74],
and was identified in the brains of cocaine abusers in a tran-
scriptional study [75]. Based upon the role of ICAM5 in
altering glutamatergic neurotransmission, including changes
in response to methamphetamine, further research is war-
ranted. The case of ICAM5, has an important implication:
although some proteins may have roles in the circuitry
underlying the effects of drugs of abuse, there may, for
whatever reason, not exist genetic variation in the human
genome that contributes to the genetic liability toward
drug dependence.

2.2. Cadherins

2.2.1. Structure and Function. The cadherin superfamily of
CAMs, consisting of more than 110 members, are transmem-
brane proteins defined by a repeated extracellular domain
sequence, the cadherin EC domain [76, 77]. Each EC domain
consists of seven β-strands, each forming two β-sheets, fold-
ing similarly to that of immunoglobulin domains, that play
important roles in brain morphogenesis and wiring [76].
The stabilization of the extracellular domain in cadherins
relies upon the presence of Ca2+, which binds to the
boundaries between EC domains, resulting in the forma-
tion of its rod-like structure [78]. EC domains containing
several conserved Ca2+ binding sequences in cadherins
include AXDXD, LDRE, and DXNDN domains. Cytoplas-
mic interactions of cadherins are essential to their cell-cell
adhesion process [79]. Catenins have interactions with the
cytoplasmic domain of cadherin molecules, and thus interac-
tions between catenins and cadherins are important to their
function [80–82]. These molecules included three different
groups, α, β, and p120, which are essential in mediating
linkage of the cytoplasmic components of cadherin mole-
cules to the actin cytoskeleton of the cell. “Classical cadher-
ins” have five EC domains, but the cadherin superfamily
includes proteins with other numbers of domains as well
(see [76] for a complete review of cadherin subtypes
and classifications).

A number of classification schemes for cadherin have
been proposed, but one clear division is between classical
and nonclassical cadherins [76]. Nonclassical cadherins
include a large number of cadherins, including CDH13,
desmosomal cadherin, 7D family protocadherins, CDH23,
fat-dachsous, CDH26, CDH28, flamingo, calsyntenins, and
RET, which differ in a number of structural aspects, while still
conforming to the basic cadherin structure. The size of cad-
herins differs substantially among nonclassical cadherins,
particularly in terms of the size of the extracellular and
intracellular domains. Structural variations in cadherins
include differences in the number of cadherin (EC) motifs,
as well as the presence/absence or number of several other
intracellular and extracellular motifs, including the β-
catenin binding site, p120 binding site, desmoglein repeats,
and intracellular kinase domains. Classical cadherins belong
to a group of type I transmembrane proteins containing five
EC domains and a unique cytoplasmic domain. In humans,
this class of cadherins consists of 18 members that are highly
conserved and interact with β-catenin and p120-catenin.
Classical cadherins can be further subdivided into the type I
classical cadherins consisting of CDH1 (E-cad), CDH2 (N-
cad), CDH3 (P-cad), CDH4 (R-cad), and CDH15 (M-cad);
the type II classical cadherins include CDH5 (VE-cad),
CDH6 (K-cad), CDH7, CDH8, CDH9 (T1-cad), CDH10
(T2-cad), CDH11 (OB-cad), CDH12 (N-cad-2), CDH18,
CDH19, CDH20, CDH22, and CDH24.

Cadherins are thus a diverse class of molecules involved
in many physiological functions, with diverse tissue-specific
distributions [76]. Cell-cell interactions and cell adhesion
are essential for the development of multicellular organisms,
and especially in the development and plasticity of many
complex organs such as the central nervous system. In partic-
ular, the formation of neural networks involves a series of
processes that include cell fate determination, proliferation,
migration, differentiation, axon elongation, pathfinding, tar-
get recognition, and synaptic plasticity, many of which rely
on cell-cell adhesion and interaction. One of the more over-
looked aspects of neural network formation and plasticity,
however, is that many of these processes also involve cell sig-
naling, which has been proposed to be an important criterion
of CAM classification [9]. Cadherins have been implicated in
a wide variety of these cellular processes that contribute to
development and plasticity (for review see [76]). Certainly,
not all cadherins may be involved in processes relevant to
addiction, which means that those that do specifically play
roles in addiction may constitute targets for antiaddiction
drug development [10]. As an example of the specificity of
the roles of these cadherins in neural function, the protocad-
herin class appears to regulate aspects of neural cell identity
and diversity [83], rather than neuroplasticity. In the follow-
ing section, only CDH13 will be considered, as it is the only
cadherin for which there is strong evidence of a role in addic-
tion, based upon neurobiological and genetic studies.

2.2.2. Cadherin 13 (CDH13). CDH13 (see Figure 1) is one of
the genes that has been most often found to be associated
with drug dependence or other addiction phenotypes in
GWAS [6, 84–95]. Although many of these findings involve
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dependence on particular addictive substances, or nicotine
cessation, others involve general drug dependency, or
responses that may be involved in the broad category of drug
dependence. Prior to observation of these relationships in
GWAS, there was no interest in CDH13 in the addiction
field. However, CDH13 is glycosylphosphatidylinositol-
anchored cell adhesion molecule, prominently expressed by
ventral tegmental area and substantia nigra pars compacta
dopamine neurons [96, 97], which are commonly associated
with reward, locomotor control, and cognitive functions.

Some of the genetic markers used in association stud-
ies described above were also found to be associated with
levels of CDH13 gene expression in human postmortem
brain samples [98]. Using the same logic as was previously
described for NRCAM [44], Cdh13 KO mice were used to
examine the effects of alterations in Cdh13 expression on
addiction-related phenotypes [98]. Firstly, cocaine CPP
was examined in constitutive Cdh13 KO mice, which
showed evidence for a leftward shift in the dose-response
curve—increased preference at 5mg/kg s.c. and reduced
preference at 10mg/kg s.c. The reduction in cocaine CPP
at 10mg/kg was observed in both Cdh13+/− and Cdh13−/−
mice. Furthermore, the same increase in preference for a
low dose of cocaine was observed in conditional Cdh13
KO mice, in which the transgene was activated in adulthood,
thus negating the possibility that the effects in the constitu-
tive KO mice were due to developmental effects.

For all of the CAMs discussed here, one of the most fun-
damental questions is whether the role that genetic variation
plays in addiction liability is due to altered synaptic plasticity
during development or in adulthood. The conditional knock-
out study strongly suggests that it is adult neuroplasticity that
is affected. This argument was further assessed in (previously
unpublished) gene expression data discussed below.

2.3. Neurexins/Neuroligins

2.3.1. Structure and Function. Other groups of CAMs that
have been implicated in GWAS for addiction are neurexins
(NRXNs) and neuroligins (NLGNs) [99], two classes of
membrane-bound proteins involved in the central organiza-
tion of glutamatergic and GABAergic synapses [100, 101],
that have been implicated in a variety of neurodevelopmental
disorders. This class of genes has been well described for
some time, and their role in synapse formation has been well
elaborated (for a more complete description see [102]).
Briefly, in mammals, there are three neurexin genes, each
with five alternative splicing sites, and three known extra-
cellular binding partners (neuroligins, dystroglycan, and
neurexophilins). Each gene has an upstream promoter,
generating α-neurexin, and a downstream promoter which
generates a smaller β-neurexin. Neurexins contain laminin,
neurexin, and sex hormone-binding protein (LNS) domains
which differ in number between α and β variants in addition
to a highly glycosylated region, a transmembrane domain,
and PDZ binding domain (PDZ-BD). Similar to neurexins,
neuroligins are composed of a highly glycosylated region, a
transmembrane region, and a PDZ-BD; however, their main
extracellular domain is composed of a region homologous to

acetylcholinesterase, but lacking cholinesterase activity.
Neurexins are thought to localize to the presynaptic terminus
and trigger postsynaptic differentiation while their binding
partner, neuroligin, is thought to perform the opposite func-
tion, contributing to presynaptic differentiation via postsyn-
aptic localization [103]. These CAMs are therefore thought
to play an important role in synaptogenesis, and studies have
shown that overexpression of neuroligins increases the num-
ber of synapses formed [104]. This role in synaptogenesis is
not thought to be an exclusive role of these molecules,
but to involve a number of CAMs [17]. Moreover, it would
appear that specific CAM isoforms are involved in forming
synapses in particular neural circuits (as well as initial circuit
formation). This possibility of more specific roles in distinct
brain regions has important implications for the potential
roles of CAMs in addiction (as well as other functions and
dysfunctional states).

2.3.2. Neurexin 3 (NRXN3) and Neuroligin 1/2/3 (NLG1/2/3).
NRXN3 (see Figure 1) has recently been implicated in
addiction by GWAS studies of drug and nicotine dependence
[99, 105], genome-wide linkage for opioid dependence [106],
and with candidate gene approaches for alcohol, nicotine,
or drug dependence [107–109], including smoking in
schizophrenia patients [110]. Moreover, and again using
the previous strategy of examining postmortem human tissue
expression, in human studies revealing an association with a
SNP potentially altering NRXN3 gene splicing (rs8019381,
located 23 bp from splicing site 5) and alcohol dependence,
individuals with the addiction-associated rs8019381 T allele
showed significantly lower levels of transmembrane NRXN3
isoforms [108]. There is also potential evidence for a rela-
tionship of NRXN3 markers to addiction endophenotypes,
including impulsivity [109].

As stated previously, NRXNs and NLGNs have impor-
tant actions on both pre- and postsynaptic scaffolding and
affect synaptic plasticity. Of importance for addiction pheno-
types, these CAMs affect synaptic functions on both excit-
atory glutamate synapses as well as inhibitory GABA
synapses. For instance, NRXN1β drives functional postsyn-
aptic assembly of NMDARs and AMPARs on hippocampal
neurons [111, 112]. Increased NLGN2 expression has also
been found to increase GABAergic and glycinergic transmis-
sion, while NRXNβ has been shown to decrease GABAAR-
mediated transmission through extracellular binding to
GABAAαR1 [113, 114]. The role of NRXNs and NLGNs in
the development of addictive behaviors has also been exam-
ined in rodent studies, although to a limited extent. C57BL/
6J mice, a strain commonly used in addiction studies due to
their high levels of self-administration of most drugs of
abuse, have lower levels of Nrxn2β and Nlgn3 expression in
the substantia nigra and increased expression of Nlgn1 in
the subthalamic nucleus compared to non-drug-preferring
mice [115]. That same study also found that cocaine con-
ditioning in a CPP procedure increased the expression of
Nrxn3β in the globus pallidus. The combined human
and animal data offer compelling evidence to support
Nrxn3 dysregulation as a potential mechanism contribut-
ing to addictive disorders. However, further research is
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needed in both humans and animal models to solidify this
potential role of NRXN3, and NRXN3 genetic variance, in
drug dependence.

2.4. Other CAM Classes. There are other CAM genes, from
other CAM classes besides those discussed above, that
have also been associated with addiction [8, 10]. These
findings include the genes for several protein tyrosine phos-
phatase receptor type cell adhesion molecules ((PTPR); see
http://www.genenames.org/cgi-bin/genefamilies/set/813 for
a discussion of the nomenclature for this complex gene fam-
ily), including PTPRD and PTPRB, as well as CUB and Sushi
multiple domains 1 (CSMD1). Also included in this group of
genes is A2BP1, which although it is not a cell adhesion mol-
ecule itself, has an important role in RNA splicing of cell
adhesion molecules, including many discussed here that have
been associated with drug dependence. PTPRs have both cell
adhesion and catalytic activity that varies substantially across
family members [116].

2.4.1. PTPRD. Many of the GWA studies discussed previ-
ously in this review identified clusters of SNPs with nomi-
nally significant associations (10−2> p > 10−8) with drug
dependence and addiction-related phenotypes [6–8, 85, 88,
91, 92, 117–120]. Although the magnitude of the association
in many of these studies did not reach “genome-wide sig-
nificance,” the repeated identification of an association in
multiple samples suggested that this was indeed a real associ-
ation, but with a small effect size as part of a highly polygenic
genetic architecture. Subsequently, another laboratory has
also found an association between PTPRD markers and opi-
ate dependence in a GWAS for copy number variants in
opiate-dependent individuals [121]. In a general way, these
findings are consistent with the brain distribution of PTPRD,
which is prominently expressed in ventral midbrain neu-
rons implicated in reward, locomotor control, and sleep
processes [122]. PTPRD forms both homodimers involved
in the formation of neurites [123] and heterodimers, includ-
ing PTPRD/SLITRK3 heterodimers that are involved in
GABAergic synaptic plasticity [124]. Interestingly, SLITRK3
is from a family of Slit- and Trk-like proteins classified as
“synaptic organizers.”

PTPRD addiction-related haplotypes were shown to
correlate with mRNA levels in human brain samples [125],
providing the same sort of logic for examining drug
responses in Ptprd-deficient mice (e.g., Ptprd KO mice) as
for Nrcam and Cdh13. A leftward-shifted dose-response rela-
tionship for cocaine reward was observed in Ptprd+/− mice
[125]. Heterozygous PTPRD KO displayed greater prefer-
ence for places paired with 5mg/kg cocaine as opposed to
places with 10 or 20mg/kg [125]. By contrast, cocaine
preferences in Ptprd−/− mice were reduced at all doses.
Obviously, much remains to be done in order to deter-
mine the role of PTPRD in response to drugs of abuse
and for PTPRD variation in the genetic liability for drug
dependence; a subsequent section presents additional data
supporting this relationship based on cocaine regulation
of PTPRD expression.

2.4.2. PTPRB. Protein tyrosine phosphatase receptor-type
beta (PTPRB) is a part of the larger family of PTPRs which
are known to regulate a variety of cellular processes including
cell growth, differentiation, mitosis, and oncogenic transfor-
mation [126]. PTPRB contains extracellular fibronectin
domains that interact with cell adhesion molecules such as
contactin. To date, only a single study implicated PTPRB in
substance abuse, finding significant associations for two
PTPRB polymorphisms with alcoholism vulnerability in
unrelated European-American individuals [127]. Addition-
ally, mouse studies found that levels of Ptprb in the caudate
putamen, midbrain, and hippocampus of C57BL/6J mice
were significantly increased after both acute and chronic
exposure to 20mg/kg of morphine. It is obvious that further
investigation is needed to elucidate and confirm the potential
role of PTPRB in the neuroplasticity of addiction.

2.4.3. PTPRZ1. Ptprz1 (also called RPTPβ/ζ) is upregulated
by acute morphine treatment and downregulated after
chronic treatment in rodents [128]. Moreover, the PTPRZ1
ligand pleiotrophin [129] was also acutely upregulated by
acute morphine treatment, but levels were normalized
after chronic treatment, and upregulated by naloxone-
precipitated withdrawal. These effects apparently involve
signaling between astrocytes, which had elevated pleiotro-
phin expression, and midbrain dopamine neurons express-
ing PTPRZ1. Pleiotrophin is also upregulated by cocaine
and amphetamine [130, 131] and may be involved in the
extinction of cocaine-conditioned responses [132] and opi-
ate withdrawal [133]. Adolescent amphetamine disruption
of adult hippocampal plasticity is also dependent on pleio-
trophin [134]. Some of these effects may be involved in
the neurotoxic effects of these drugs as well [135–137].

Despite the accumulating evidence for a role of Ptprz1 in
addiction-related phenotypes from preclinical models, this
gene was not identified in GWAS for addiction-related phe-
notypes. As mentioned before, there could be numerous rea-
sons for why genetic variation in this gene in humans does
not exist or has not been found to contribute to addiction-
related phenotypes, not the least of which is the potential
complexity of genetic contributions to addiction liability.
Another PTPR family member, PTPRG, does not produce
significant associations on its own with addiction-related
phenotypes, but significant epistatic interactions of PTPRG
markers with other genes were found in a recent GWAS
examining alcohol dependence symptom counts [138].

2.4.4. CSMD1. CUB and Sushi multiple domains 1 (CSMD1)
is a multiple domain complement regulatory protein that is
highly expressed in the central nervous system [139].
CSMD1 consists of 14 CUB domains separated by short con-
sensus repeat (SCR) domains (also called Sushi repeat
domains), followed by 15 tandem SCR domains. Like many
other cell adhesion molecules, CSMD1 is a type 1 membrane
protein spanning the membrane once. It is enriched in nerve
growth cones [139], and its cellular tissue distribution in the
adult brain includes the ventral midbrain (AllenMouse Brain
Atlas), making it likely to be involved in processes associated
with drug dependence. Indeed, CSMD1 is among the most
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highly replicated genes for drug dependence and related
addiction phenotypes [6–8, 87, 88, 91, 92, 117–120]. More-
over, in a recent large GWAS study of cannabis dependence,
a CSMD1 marker was found to be associated with cannabis
dependence at a genome-wide level of significance [140]. In
a study of psoriasis, for which smoking is a risk factor,
CSMD1 variants were found to be associated with smoking
and psoriasis in an interactive fashion [141]. In a similar
manner, CSMD1 copy number variants were found to be
interactively associated with alcohol consumption as a risk
factor for head and neck squamous cell carcinoma [142].
The mechanisms by which CSMD1 variants may influence
drug dependence liability are unknown and likely to be a
part of broader effects on brain function as CSMD1 markers
have been associated with schizophrenia [143], autism
[144], bipolar disorder [145], and general cognitive ability
and executive function [146]. This later finding may suggest
that the role of CSMD1 variants in all of these conditions
may result from impairments in executive function and
decision making.

As with other genes considered here, one of the
approaches taken to consider the role that CSMD1 may have
in drug dependence was to examine the effect of its removal
in mice. A Csmd1 KO strain was created by Lexicon Pharma-
ceuticals in which the first exon was deleted and has been
described in three studies to date. In the first study, no differ-
ences in any behavioral phenotypes relevant to schizophrenia
were observed, including tests of prepulse inhibition of
acoustic startle, social interaction, sucrose preference, and
locomotor activity [147]. In a second study, Csmd1 KO did
produce changes in measures of affective behavior indicative
of anxious and depressive phenotypes [148]. In the final
study, homozygous Csmd1 KO mice had impaired learning
of the Morris water maze [149]. More importantly, for the
present discussion, that study also found subtle, but signifi-
cant, reductions in cocaine CPP in both heterozygous and
homozygous Csmd1 KO mice. In human postmortem brain
samples, CSMD1 variants were associated with differential
gene expression, as has been found for several of the genes
previously discussed here.

Although certainly encouraging, much more remains to
be explored in order to confirm and extend the findings in
genetically modified mice of phenotypes consistent with
human clinical findings. Moreover, although it is quite logical
based on the limited data available to hypothesize that
CSMD1 variation is influencing the development or plasticity
of neural circuits relevant to these phenotypes, this remains
to be studied in a specific manner.

2.4.5. RBFOX1. RNA binding protein fox-1 homolog
(ataxin-2 binding protein 1 (A2BP1)) binds to the C-
terminus of ataxin-2 [150, 151], but also has RNA-binding
motifs recognizing the RNA element (U)GCAUG and is
involved in alternative splicing [152] of many genes
expressed in neural cells [153]. Moreover, the target specific-
ity of RBFOX1 is tissue dependent [154]. CNS-specific dele-
tion of Rbfox1 in mice increases neuronal excitability in the
dentate gyrus and produces spontaneous seizures [155].
Few changes in overall transcript expression were observed

in these mice, but there were substantial changes in the rela-
tive abundance of particular transcripts, including genes
involved in membrane excitability (Gabrg2, Grin1, Scn8a,
and Snap25), but also the CAMs Nrcam and Nrxn3. The
inclusion of these CAMs, in addition to alterations in neuro-
nal excitability, would seem to indicate that RBFOX1 may
affect synaptic plasticity as well as neuronal excitability.
Indeed, the network of transcripts regulated by RBFOX1
has been implicated in the organization of neural circuits
during development [156], particularly in the forebrain
[157], and has been implicated in autism spectrum disorder
in genomic and transcriptomic studies [158, 159].

Of particular relevance here, RBFOX1markers have been
repeatedly associated with drug dependence and related phe-
notypes [6, 85–89, 92, 117, 119, 120, 160, 161], findings also
supported by linkage analyses [47, 162, 163]. In support of
these genetic findings, cocaine treatment has been found to
substantially affect alternative splicing, effects hypothesized
to involve RBFOX1 [164].

2.5. Regulation of CAM Expression by Cocaine. The specific
role of CAMs discussed here in addiction and addiction phe-
notypes is not fully known. In particular, for the majority of
these genes (except perhaps for CDH13), it is not known
whether the role of polymorphisms is to influence CAM
expression during development, or neural plasticity in
response to exposure to drugs of abuse. If the primary role
of CAMs is in neural plasticity occurring in response to drugs
of abuse, it would be expected that drugs of abuse would alter
the expression of the CAMs that GWAS (and mouse genetic
studies) have shown are important for addiction liability and
addiction phenotypes. Here, we report preliminary evidence
that many of these CAMs are regulated by cocaine. The
effect of cocaine on the expression of CDH13, CSMD1,
PTPRD, and A2BP1 transcripts was examined using rtPCR
(see supplement for detailed methods). Multiple transcripts
were examined (see Supplemental Table 1 for descriptions).
Gene expression was examined in tissue samples (striatum,
hippocampus, frontal cortex, and ventral midbrain) under

Table 2: Gene expression changes after repeated cocaine treatment.

ST vMB CX HC

RBFOX1a 0.99± 0.06 0.88± 0.05 0.94± 0.01∗ 1.05± 0.08
RBFOX1f 0.96± 0.04 0.95± 0.04 1.02± 0.02 1.01± 0.10
CDH13a 1.14± 0.05∗ 1.04± 0.03 1.27± 0.06∗∗ 1.26± 0.09
CDH13c 1.01± 0.13 1.36± 0.14 0.87± 0.10 0.94± 0.10
CDH13e 0.90± 0.05 1.23± 0.13 1.10± 0.08 1.07± 0.07
CSMD1g 1.24± 0.06∗ 1.06± 0.04 0.98± 0.05 1.17± 0.08
CSMD1h 1.10± 0.07 1.04± 0.08 0.92± 0.08 0.88± 0.06
PTPRDa 0.95± 0.03 1.02± 0.03 0.82± 0.03∗∗ 0.98± 0.08
PtPRDd 1.39± 0.07∗∗ 1.25± 0.09∗ 1.17± 0.07 0.97± 0.19
Data expressed as fold change as compared to saline controls (N = 9–12 per
experimental condition). ∗p < 0 05; ∗∗p < 0 005. Note that the differences
that are nominally significant at the p < 0 05 level might be false positives,
while those that are significant at the p < 0 005 level are significant after a
Bonferroni correction.
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two conditions: after a regimen of repeated cocaine injec-
tions used to induce locomotor sensitization and after
the cocaine treatment regimen used to induce cocaine-
conditioned place preference. Both treatment conditions
produced changes in CAM expression, although the pat-
tern was somewhat different. Because this study is highly
preliminary, the data is presented with uncorrected p
values. Some of these are likely to represent false positives
(those with p values between p < 0 005 and p < 0 05); some-
thing that will need to be addressed in additional, more com-
prehensive, studies.

Despite this, the tentative nature of these findings, the
whole data set, representing examination of 4 genes chosen
from the entire genome based on the GWAS and mouse
genetic studies described in this review, provides strong
evidence for the importance of alterations in the expression
of these genes in response to cocaine. Although dependent
on brain region, alterations in at least one transcript were
found for all 4 genes after exposure to sensitizing regimen
of cocaine (Table 2). In the striatum, cocaine increased
the expression of CDH13a, CSMD1g, and PTPRDd. Increases
in the expression of PTPRDd were also observed in the ven-
tral midbrain and CDH13a in the cerebral cortex. Reduc-
tions in the expression of RBFOX1a and PTPRDa were
observed in cerebral cortex. No changes were observed in
the hippocampus. These changes were not large in magni-
tude, but as they would be expected to occur only within
particular cell types, influencing particular synaptic connec-
tions, this is not surprising.

Even more changes were observed after conditioned
place preference (Table 3). The expression of RBFOX1a
was decreased in the striatum, as were the levels of PTPRDd.
In the cerebral cortex, the levels of CDH13a were again
increased, as they were after noncontextual cocaine treat-
ments. The levels of CSMD1g and CSMD1h were also
increased in cerebral cortex. CDH13a levels were also
increased in the ventral midbrain, as were levels of CSMD1g.
Perhaps, consistent with the greater contextual and spatial
learning associated with the CPP procedure, changes in the
expression of several CAMs were observed in the

hippocampus, in contrast to what was observed after a sim-
pler sensitization procedure. Reduced expression of the
CDH13c, CDH13e, PTPRDa, and PTPRDd transcripts was
observed. These appear to be prematurely terminated tran-
scripts and may be a general indication that cocaine is alter-
ing RNA transcription of these genes. As with the
sensitization data, none of these changes were terribly large,
but again, this is not surprising since these changes were
likely to have occurred in a relatively small subset of neurons
within each of these brain regions and perhaps only within
certain portions of the dissected regions.

Although these data are quite preliminary, they do sup-
port a role for these CAMs in the underlying cellular changes
that occur in response to repeated cocaine treatments,
including contextual learning associated with drug seeking
as measured in the CPP procedure.

2.6. Implications of These Findings for the Role of Cell
Adhesion Molecules in Addiction. Prior to the emergence of
so many associations between markers in CAM genes and
drug dependence in GWAS studies, these genes were not at
all considered to be important in addiction or in the mecha-
nisms underlying responses to addictive drugs. This is not
surprising as little was known about the role of these genes
in most neural functions prior to these studies. A growing
appreciation has developed for the role of cell adhesion mol-
ecules not only in neural development, but also in neuroplas-
ticity occurring throughout the lifespan.

A very important issue regarding the role of CAMs in
addiction involves the cellular and anatomical distribution
of CAMs, and whether these are found in regions of the brain
that are likely to influence addiction phenotypes. For many of
the CAMs discussed here, there is certainly evidence for
localization in excitatory and inhibitory synapses, but there
is certainly much work to be done to identify which partic-
ular CAMs associate with which synapses, as well as the
specific regional distribution of CAMs. A complete consid-
eration of this topic is beyond the scope of this review, but
it has been noted that many of the cell adhesion molecules
discussed here are located in portions of corticostriatal

Table 3: Gene expression changes after cocaine CPP.

ST vMB CX HC

RBFOX1-a 0.85± 0.02∗∗ 0.95± 0.05 1.04± 0.03 0.98± 0.02
RBFOX1-f 0.96± 0.02 1.03± 0.08 1.04± 0.02 1.00± 0.04
CDH13a 1.09± 0.06 1.12± 0.04∗ 1.14± 0.04∗ 1.05± 0.06
CDH13c 0.93± 0.09 1.15± 0.06 — 0.76± 0.05∗

CDH13e 0.88± 0.04 1.04± 0.07 — 0.76± 0.04∗

CSMD1g 1.12± 0.06 1.17± 0.06∗ 1.21± 0.05∗ 0.98± 0.04
CSMD1h 1.07± 0.09 1.13± 0.08 1.29± 0.06∗∗ 0.81± 0.07
PTPRDa 0.89± 0.03 0.94± 0.03 — 0.92± 0.02∗

PtPRDd 0.51± 0.05∗∗ 1.01± 0.13 1.26± 0.14 0.71± 0.04∗

Data expressed as fold change as compared to saline controls (N = 9–12 per experimental condition). ∗p < 0 05; ∗∗p < 0 005. Note that the differences that
are nominally significant at the p < 0 05 level might be false positives, while those that are significant at the p < 0 005 level are significant after a
Bonferroni correction.
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circuitry involved in addiction on dopaminergic or gluta-
matergic neurons including CDH13, PTPRD, NLGN1,
and NRXN3 [9]. It will be very important to separate the
potential developmental roles of these genes from their
roles in adult plasticity as well. For one addiction-associated
CAM, CDH13 [98], a conditional knockout strategy, has
suggested that the role of CDH13 influences adult plasticity.
It is likely that many CAMs have developmental roles, or
roles in both developmental and adult neural plasticity.

Not only have human studies repeatedly demonstrated
the involvement of CAM variation in addiction, but mouse
studies have now supported these findings. Studies in genet-
ically modified mice have shown that reductions in the
expression of several CAM genes, including NRCAM [44],
CDH13 [98], CSMD1 [149], and PTPRD [125], affect
responses to drugs of abuse, particularly cocaine, in standard
animal models of psychostimulant responses that are impor-
tant in the study of addictive properties of abused drugs. The
levels of NRXN3 have also been shown to be upregulated in
the globus pallidus during cocaine abstinence in mice [115].
Mechanistically, several CAMs have been shown to play inte-
gral roles in both postsynaptic and presynaptic differentia-
tion and assembly in systems thought to be essential for the
neuroplasticity of addiction. CAMs such as PSA-NCAM
and SYNCAM, as well as several neurexins and neuroligins,
differentially affect synaptic functions demonstrated by alter-
ations in NMDA and AMPA receptor-mediated currents, as
well as the expression of synaptic protein-mediated aspects of
excitatory and inhibitory neurotransmission. These func-
tions, when affected by drug exposure, may produce impor-
tant neuroplastic changes fundamental to the development
of addiction phenotypes. Thus, preclinical data supports
GWAS findings suggesting a role of these genes in addiction,
and by implication, that neural plasticity during development
or after exposure to drugs of abuse is fundamental to the
influence of variation in the function of these genes on addic-
tive processes. Although certainly much remains to be done
in this nascent field, the data also suggests that these mole-
cules should be explored as potential targets of therapeutic
interventions [10].
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