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h i g h l i g h t s

• Down-regulation of Dishevelled-2 occurs in the nucleus accumbens with cocaine.
• Dishevelled-2 activates Rac1 in vivo in the mature adult brain.
• Dishevelled-2 is important in controlling spine dynamics in response to cocaine.
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a b s t r a c t

Chronic cocaine exposure increases the density of dendritic spines on medium spiny neurons (MSNs), the
predominant neuronal cell type of the nucleus accumbens (NAc), a key brain reward region. We recently
showed that suppression of Rac1, a small GTPase, is a critical mediator of this structural plasticity, but
the upstream determinants of Rac1 activity in this context remain to be elucidated. In this study we
examined whether isoforms of Dishevelled, a key hub protein of multiple branches of Wnt signaling,
including Rac1, are regulated in the NAc by chronic cocaine, and whether these Dishevelled isoforms
control Rac1 activity in this brain region in vivo. We found that chronic cocaine administration decreased
expression of Dishevelled-2, and several other Wnt signaling components, in the NAc, and that overex-
pression of Dishevelled-2, but not Dishevelled-1, conversely upregulated Rac1 activity and prevented the
cocaine induction of dendritic spines on NAc MSNs. We posit that the cocaine-induced downregulation
of Dishevelled-2 in the NAc is an upstream regulator of Rac1 activity and plays an important role in the
dynamic structural plasticity of NAc MSNs seen in response to chronic cocaine exposure.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Although initially studied in the context of development, recent
findings have demonstrated an important role for Wnt signaling
in the mature vertebrate central nervous system [1]. For example,
we recently demonstrated a critical role for this signaling pathway
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in the nucleus accumbens (NAc), a key brain reward region, in a
mouse model of depression [2,3]. Because the NAc is also a brain
region critical to the development of addiction pathophysiology, we
were interested in studying Wnt signaling in the context of chronic
cocaine exposure. Specifically, we focused on a protein that acts as
a central hub of Wnt signaling: Dishevelled.

Dishevelled, an intracellular protein named initially based on
the Drosophila phenotype of unoriented body and wing hairs seen
upon knockout of the gene [4], has since been determined to
represent a key hub in signal transduction through several differ-
ent pathways of Wnt signaling [5]. In “canonical” Wnt signaling,
activation of Dishevelled through a transmembrane Wnt-receptor
complex eventually leads to stabilization of �-catenin, allowing
�-catenin to translocate to the nucleus where it acts as a tran-
scriptional activator at Wnt target genes. In the NAc, it is this
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Fig. 1. Chronic cocaine regulation of Dishevelled-2 (DVL2) expression in NAc.
(A) 7 days of experimenter-administered cocaine (20 mg/kg) IP injections leads to widespread downregulation of Wnt signaling molecules as compared to saline 24 h after
the last dose (n = 10/group, *p < 0.05, **p < 0.01). (B) A single 20 mg/kg cocaine injection leads to no such changes (n = 9/group, p > 0.05). (C) There is no change in �-catenin
protein expression 24 h after chronic cocaine (n = 10/group, p > 0.05). (D) There is decreased Dishevelled-2 (DVL2) protein expression both 15 min and 24 h after chronic
cocaine (top panel-15 min: **p < 0.01, n = 9-10/group; bottom panel and blot- 24 h: **p < 0.01, n = 6/group). (E) There is no regulation of Dishevelled-1 (DVL1) or Dishevelled-3
(DVL3) protein expression 24 h after chronic (7 days) cocaine (n = 11/group, p > 0.05).

branch of Wnt signaling that our laboratory has found to be criti-
cal in mediating resilience to stress [3]. However, signaling through
Dishevelled also regulates distinct, “non-canonical” pathways [6,7].
For example, it can affect calcium signaling and Ca2+/calmodulin-
dependent protein kinase 4. Notably, mouse Dishevelled-1 and -2
can in addition activate certain small GTPases, including Rac1 [8].

Humans and mice express three Dishevelled homologs: 1, 2, and 3.
Although there is functional redundancy between these three iso-
forms, an individual knockout approach has demonstrated distinct
phenotypes of each protein. For example, Dishevelled-1 knockout
mice, but not mice lacking other Dishevelled isoforms, have social
interaction abnormalities [9,10]. In contrast, Dishevelled-2 or -3
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