
changes following chronic cocaine
abuse. These studies have examined
changes in the nucleus accumbens
(NAc) from human overdose victims,
as well as non-human primates and
rodents (for review, see Hemby
(2010)). From these, a number of
important themes have emerged; for
example, changes in cellular meta-
bolism, cytoskeletal dynamics, and
signal transduction were highly repre-
sented. Of particular note, elements
of the cAMP, adenylate cyclase, and
PKA signaling pathway have been
identified by traditional biochemical
methods and genomic analyses, as well
as proteomic methods (Hemby, 2010).

For example, ChIP-chip micro-
array analysis of genes influenced
by cocaine exposure has indicated
increased histone acetylation at the
promoters of the PKA catalytic and
RII regulatory subunits, as well as A
kinase anchoring protein 9 (AKAP9)
(also known as Yotiao) and AKAP8
(AKAP95) (Renthal et al, 2009). More-
over, increased binding of transcrip-
tion factor DFosB was identified at
the promoters for PKA RIIa, as well
as AKAP8 following cocaine vs saline
exposure. AKAPs constitute a family
of more than 50 proteins across verte-
brates and invertebrates, which medi-
ate scaffolding and localization of PKA
and other signaling molecules within
specific cellular subcompartments
(Sanderson and Dell’Acqua, 2011).

An isobaric tag for relative and
absolute quantitation proteomic ana-
lysis of a rat postsynaptic density-
enriched subfraction following cocaine
self-administration and extinction
identified upregulation of AKAP5 (also
known as AKAP79/150) (Reissner
et al, 2011). AKAP150 serves to com-
plex PKA and other signaling molecules
with ionotropic glutamate receptors
(Sanderson and Dell’Acqua, 2011). Dis-
ruption of AKAP scaffolding by micro-
injection of a cell permeable inhibitor
peptide in the NAc (vs control peptide)
led to decreased reinstatement of co-
caine seeking, indicating a functional
role for AKAPs in the neuropathology
of drug abuse (Reissner et al, 2011).

Downstream of PKA, Boudreau
et al (2009) observed increased AMPA

surface expression, as well as PKA
(and pERK2) activation over time
during withdrawal in cocaine sensi-
tized rats. They went on to use a mass
spectrometry approach to identify
PKA substrates whose phosphory-
lation increased over time of with-
drawal, employing proteomics to analyze
effector proteins downstream of PKA.

The repeated identification of the
PKA signaling pathway in the cellular
adaptations induced by cocaine un-
derscores the importance of this
pathway in the addiction process.
However, the ubiquitous nature of
AKAP and PKA signaling in cellular
pathways and subcompartments (eg,
synapse vs nucleus, organelles, etc)
complicates application of this path-
way toward candidate pharmacother-
apeutic targets for psychostimulant
abuse. In the specific case of
AKAP150, however, proteomic and
functional studies indicate that synap-
tic upregulation promotes reinstate-
ment behavior; thus, development
of a structurally specific inhibitor
targeting this member of the AKAP
family may aid inhibition of craving
and drug seeking, as a pharmacologi-
cal adjuvant to cognitive therapy and
counseling.
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Translational Research
in OCD: Circuitry and
Mechanisms

Although the pathophysiology of ob-
sessive-compulsive disorder (OCD)
remains unknown, converging lines
of evidence point to abnormalities
in the orbital (OFC), ventromedial
(vmPFC-subgenual cingulate and
medial OFC), and dorsal anterior
cingulate (dACC) cortical-basal gang-
lia circuits. OCD-linked patterns of
activity in these PFC regions are acce-
ntuated during provocation of symp-
toms and can predict treatment res-
ponse; they tend to normalize following
successful treatment (Greenberg et al,
2010). Moreover, neurosurgical
interventions (lesions or deep brain
stimulation-DBS) within the ventral
internal capsule (VC), ventral striatum
(VS), or dACC (treatments for intract-
able OCD) all act on subcomponents of
the vmPFC/OFC/dACC-basal ganglia
network (Greenberg et al, 2010).
Indeed, DBS interventions specifically
affect vmPFC, OFC, and possibly
dACC connections with striatum, thala-
mus, and/or brainstem (Figure 1)
(Lehman et al, 2011). The efficacy of
VC/VS DBS (or lesions) for OCD
likely requires modulating the OFC/
vmPFC/dACC-basal ganglia circuit.
Interestingly, high frequency stimula-
tion (HFS) in a rat homolog of the VC/
VS DBS target reduces OFC activity,
enhances local field potential delta
band activity in OFC, and enhances
synchrony between specific regions
within this prefrontal network
(McCracken and Grace, 2009). Thus,
OCD pathophysiology likely repre-
sents dysfunctional network interac-
tions rather than only disruption
within specific structures.

OCD is often characterized by ab-
normal risk assessment and unrealistic
fears leading to excessive avoidance.
Changes in vmPFC/OFC/dACC activ-
ity have been linked to fear condition-
ing and recall in normal subjects
(Milad et al, 2007), with vmPFC
activity and structure particularly rele-
vant for fear extinction recall. Overlap
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in the circuits associated with fear con-
ditioning and OCD dysfunction sug-
gests that these patients may be less
flexible in adjusting adverse responses
based on new information. Indeed,
using a rat model of DBS, with the HFS
targeting the VS, a recent study showed
that stimulation strengthened fear
extinction and retention (Rodriguez-
Romaguera et al, 2012), while enhancing
plasticity in the infralimbic, orbito-
frontal, and prelimbic cortices (prob-
able homologs of the vmPFC, OFC,
and, perhaps, dACC). Taken together,
dysfunction of the vmPFC/OFC/dACC
network may lead to an increase in
incentive-based fear learning and ha-
bit formation.

However, PFC regions associated with
OCD pathology are not only involved
in aversive behaviors and avoidance;
they also mediate reward processing.
Indeed, OCD patients are also impaired
on tasks using rewarding outcomes
(Gillan et al, 2011). They underper-
form when required to flexibly adjust

responses based on new or changing
reward feedback. These tendencies
suggest impairment in goal-directed
behaviors and may lead patients to
rely too heavily on habit-based res-
ponding, even in the positive-incentive
domain (Gillan et al, 2011). Therefore,
rather than being specific to aversive
vs reward processing, the vmPFC, OFC,
and dACC cortices are involved in
value representation, stimulus-outcome
associations, and action-outcome asso-
ciations, regardless of valence. Thus,
a heuristic approach could posit that
OCD symptoms may not be specific
to fear learning and habits, but are
related to interference in the normal
balance between negative and
positive-incentive learning based on
values attributed to particular stimuli
or actions. Probing potential abnorm-
alities in incentive learning strategies
and linking them with functional
neurocircuitry can be used both as a
research tool and to help design inno-
vative therapeutic approaches.
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Brain Serotonin Function
in MDMA (Ecstasy)
Users: Evidence for
Persisting Neurotoxicity

3,4-methylenedioxymethamphetamine
(MDMA; ecstasy) is a popular recrea-
tional drug, and clinical trials are
investigating MDMA as a treatment
for anxiety. Animal models suggest
that MDMA causes chronic serotonin
neurotoxicity, especially in neocortex.
Given the role of serotonin in a broad
range of brain functions, it is critical
to determine whether MDMA is asso-
ciated with serotonin neurotoxicity
in humans. Studies examining the

Figure 1. Schematic illustrating key cortical areas involved in obsessive-compulsive disorder
(OCD) and their pathways through the internal capsule. (a) Red, orange, and yellow fibers originate
in ventromedial prefrontal cortex (vmPFC), orbitofrontal cortex (OFC), and dorsal anterior cingulate
(dACC), respectively. The approximate cingulotomy site is depicted as a dark gray oval. (b) Medial
view of a sagittal section with vmPFC, OFC, and dACC fibers passing through the internal capsule.
The striatum is indicated in gray. A model of the electrode with its four contacts is placed at ventral
internal capsule (VC)/ventral striatum (VS) deep brain stimulation (DBS) site. (c) Lateral view of a
sagittal section shows the four electrode contact points in the VC/VS. VmPFC and OFC fibers pass
through the ventral contacts, and OFC and dACC fibers pass through the dorsal contact points
(Lehman et al, 2011). Action potential symbols indicate possible regions with changes in firing
rates and/or local field potentials following HFS in the VS (McCracken and Grace, 2009);
stars indicate regions with possible changes in plasticity following HFS to VS (Rodriguez-
Romaguera et al, 2012).
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