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Introduction

rug addiction, which can be defined as the com-
pulsive seeking and taking of drugs despite horrendous
consequences or loss of control over drug use, is caused
by long-lasting drug-induced changes that occur in cer-
tain brain regions.! Only some individuals, however, suc-
cumb to addiction in the face of repeated drug exposure,
while others are capable of using a drug casually and
escaping an addiction syndrome. Genetic factors account
for roughly 50% of this individual variability in addic-

Despite the importance of numerous psychosocial factors, at its core, drug addiction involves a biological process:
the ability of repeated exposure to a drug of abuse to induce changes in a vulnerable brain that drive the compul-
sive seeking and taking of drugs, and loss of control over drug use, that define a state of addiction. Here, we review
the types of molecular and cellular adaptations that occur in specific brain regions to mediate addiction-associated
behavioral abnormalities. These include alterations in gene expression achieved in part via epigenetic mechanisms,
plasticity in the neurophysiological functioning of neurons and synapses, and associated plasticity in neuronal and
synaptic morphology mediated in part by altered neurotrophic factor signaling. Each of these types of drug-induced
modifications can be viewed as a form of “cellular or molecular memory.” Moreover, it is striking that most addic-
tion-related forms of plasticity are very similar to the types of plasticity that have been associated with more classic
forms of “behavioral memory,” perhaps reflecting the finite repertoire of adaptive mechanisms available to neurons
when faced with environmental challenges. Finally, addiction-related molecular and cellular adaptations involve most
of the same brain regions that mediate more classic forms of memory, consistent with the view that abnormal mem-
ories are important drivers of addiction syndromes. The goal of these studies which aim to explicate the molecular
and cellular basis of drug addiction is to eventually develop biologically based diagnostic tests, as well as more effec-

tive treatments for addiction disorders.
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Selected abbreviations and acronyms

NAc nucleus accumbens

CREB  cAMP response element binding protein

AFosB  a Fos family transcription factor

VTA ventral tegmental area

AMPA  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid

LTD long-term depression

LTP long-term potentiation

BDNF  brain-derived neurotrophic factor

NFkB  nuclear factor xB

tion vulnerability, and this degree of heritability holds
true for all major classes of addictive drugs, including
stimulants, opiates, alcohol, nicotine, and cannabinoids.?
It has not yet been possible to identify most of the genes
that comprise this genetic risk, likely due to the involve-
ment of perhaps hundreds of genetic variations sum-
mating in a single individual to confer addiction vulner-
ability (or, in other individuals, resistance).

The other 50% of the risk for addiction is due to a host
of environmental factors, occurring throughout a life-
time, that interact with an individual’s genetic composi-
tion to render him or her vulnerable to addiction to a
greater or lesser extent. Several types of environmen-
tal factors have been implicated in addiction, including
psychosocial stresses, but by far the most powerful fac-
tor is exposure to a drug of abuse itself. Certain “gate-
way” drugs, in particular, nicotine, have been shown to
increase one’s vulnerability to an addiction to another
drug.’ Moreover, there is increasing evidence that,
despite a range of genetic risks for addiction across the
population, exposure to sufficiently high doses of a drug
for long periods of time can transform someone who has
relatively lower genetic loading into an addict.*

Great progress has been made over the past two decades
in identifying both the discrete regions of brain that are
important in mediating an addiction syndrome, as well
as the types of changes at the molecular and cellular lev-
els that drugs induce in these regions to underlie key
aspects of addiction.'” The circuit that has received the
most attention is referred to as the mesolimbic
dopamine system, which involves dopamine neurons in
the ventral tegmental area (VTA) of the midbrain inner-
vating medium spiny neurons in the nucleus accumbens
(NAc, a part of ventral striatum). These VTA neurons
also innervate many other forebrain regions, including
hippocampus, amygdala, and prefrontal cortex (PFC).
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It makes sense to consider these drug-induced addiction
mechanisms in this volume on memory for three over-
lapping reasons.’ First, all drug-induced adaptations can
be seen as types of “molecular or cellular memory:” the
nerve cell undergoing such changes is different as a
result of drug exposure and hence responds differently
to that same drug, to other drugs, or to a host of other
stimuli as a result. Second, it is interesting that many,
perhaps most, of the types of changes that have been
associated with a state of addiction (eg, altered gene
transcription, epigenetics, synaptic and whole cell plas-
ticity, and neuronal morphology and neurotrophic
mechanisms) are also implicated in traditional forms of
“behavioral memory” such as spatial memory, fear con-
ditioning, and operant conditioning, among others.
Third, among the brain regions affected by drugs of
abuse are those that are key neural substrates for
behavioral memory, including hippocampus, amygdala,
and PFC. This coincides with the increasing realization
that some of the most important features of addiction
seen clinically (eg, drug craving and relapse) reflect
abnormalities in traditional memory circuits, with long-
term memories of the drug experience serving as potent
drivers of addiction pathology.*”* Conversely, the brain’s
reward regions (eg, VTA and NAc) potently influence
behavioral memory.

This article provides an overview of the major types of
molecular and cellular changes that occur in several
brain regions in animal models of addiction, concen-
trating on the nucleus accumbens for which most infor-
mation is currently available. Importantly, it has been
possible increasingly to validate some of these changes
in human addicts based on studies of postmortem
brains. Despite the fact that drugs of abuse have distinct
chemical structures and act on distinct protein targets,
it is striking that many prominent addiction-related
adaptations are common to many, and in some cases all,
drugs of abuse and likely contribute to shared features
of an addiction syndrome.*’ In contrast, many other
drug-induced adaptations are specific to a given drug
and may mediate more unique aspects of a given addic-
tion. We focus here on stimulant and opiate drugs of
abuse, which produce more dramatic effects in animal
models compared with other drugs. We also highlight
important areas for future research that will further
increase our knowledge of addiction syndromes and
translate these advances into improved diagnostic tests
and treatments.
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Transcriptional and epigenetic mechanisms

The knowledge that addicts can remain at increased risk
for relapse despite years of abstinence means that addic-
tion involves drug-induced changes in the brain that can
be very stable. This has led several groups to consider
changes in gene expression as an important component
of the addiction process (Figure 1). Accordingly, studies
of candidate genes or genome-wide investigations involv-

Chromosome

. |and protein kinases

ing DNA microarrays and more recently RNA-seq (high-
throughput sequencing of expressed RNAs) has identi-
fied numerous genes whose expression is altered in a
given brain region in rodent and primate models of
addiction and in human addicts (eg, refs 10-17). Examples
of such genes are discussed in subsequent sections of this
review.

Likewise, many types of transcription factors—proteins
that bind to regulatory regions of genes and thereby

NT receptors

Second messengers

Transcription factors:

CREB, NF-kB, MEF2 and AFOSB
Chromatin and DNA modifiers:
HATs, HDACs, HMTs, HDMs

and DNMTs

Target gene products:
ion channels, receptors,
intracellular signalling
and cytoskeletal proteins

Figure 1. Mechanisms of transcriptional and epigenetic regulation by drugs of abuse. In eukaryotic cells, DNA is organized by wrapping around histone
octomers to form nucleosomes, which are then further organized and condensed to form chromosomes (left part). Only by temporarily unrav-
eling compacted chromatin can the DNA of a specific gene be made accessible to the transcriptional machinery. Drugs of abuse act through
synaptic targets such as reuptake mechanisms, ion channels, and neurotransmitter (NT) receptors to alter intracellular signaling cascades (right
part). This leads to the activation or inhibition of transcription factors (TFs) and of many other nuclear targets, including chromatin-regulatory
proteins (shown by thick arrows); the detailed mechanisms involved in the synaptic regulation of chromatin-regulatory proteins remain poorly
understood. These processes ultimately result in the induction or repression of particular genes, including those for noncoding RNAs such as
microRNAs; altered expression of some of these genes can in turn further regulate gene transcription. It is proposed that some of these drug-
induced changes at the chromatin level are extremely stable and thereby underlie the long-lasting behaviours that define addiction. CREB,
cyclic AMP-responsive element binding protein; DNMTs, DNA methyltransferases; HATs, histone acetyltransferases; HDACs, histone deacety-
lases; HDMs, histone demethylases; HMTs, histone methyltransferases; MEF2, myocyte-specific enhancer factor 2; NF-kB, nuclear factor-«B;

pol Il, RNA polymerase II.

Reproduced from ref 44: Robison AJ, Nestler EJ. Transcriptional and epigenetic mechanisms of addiction. Nat Rev Neurosci. 2011;12:623-637. Copyright © Nature

Publishing Group 2011
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increase or decrease the transcription of those genes—
have been implicated in mediating the long-term effects
of drug of abuse on gene expression in the brain.
Prominent examples include CREB (cAMP response
element binding protein), AFosB (a Fos family tran-
scription factor), NFxB (nuclear factor kB), MEF2
(myocyte enhancing factor-2), and glucocorticoid recep-
tors, among several others.™*'** It has been increasingly
possible to understand the cellular signaling pathways
through which drugs of abuse activate a given tran-
scription factor in brain and to causally link such activa-
tion to that transcription factor’s target genes and to spe-
cific behavioral aspects of addiction (see Figure 1). This
progress is illustrated by consideration of CREB and
AFosB, which are the best studied transcription factors
in addiction models.

cAMP Response element binding protein

Stimulant and opiate drugs of abuse activate CREB in
several brain regions important for addiction, including
prominently in the NAc.** CREB is known to be acti-
vated in other systems by cAMP, Ca*, and growth factor
pathways,” and it is not yet known which of these medi-
ates its activation in NAc by drugs of abuse. Drug acti-
vation of CREB in NAc has been shown to represent a
classic negative feedback mechanism, whereby CREB
serves to reduce an animal’s sensitivity to the rewarding
effects of these drugs (tolerance) and to mediate a neg-
ative emotional state during drug withdrawal (depen-
dence).'®*? These effects have been shown recently to
drive increased drug self-administration and relapse, pre-
sumably through a process of negative reinforcement.”
These actions of CREB seem to involve both major sub-
types of NAc medium spiny neurons, those that express
predominantly D, versus D, dopamine receptors.”
Interestingly, a large body of literature has shown that
CREB, acting in hippocampus and amygdala, is a key
molecule in behavioral memory.”*' This broad role in
addiction and behavioral memory likely reflects the fact
that neurons are imbued with a finite number of molec-
ular mechanisms with which to adapt to a constantly
changing environment.

Target genes for CREB that mediate this behavioral
phenotype have been identified through genome-wide
assays as well as more selected efforts.'*'**> One example
is the opioid peptide dynorphin: stimulant induction of
dynorphin expression in NAc neurons, mediated via
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CREB, increases dynorphin activation of k opioid recep-
tors on VTA dopamine neurons and thereby suppresses
dopaminergic transmission to the NAc and impairs
reward.” Several other CREB targets have been shown
to be important for drug-induced synaptic plasticity, as
discussed below. While CREB is also activated in several
other brain regions by stimulants and opiates,”* less is
known about the behavioral consequences of this effect
and the target genes through which they occur. Likewise,
less is known about CREB’s role in mediating the
actions of other drugs of abuse.”

AFosB

Acute exposure to virtually any drug of abuse induces
all Fos family transcription factors in NAc and several
other brain regions. This induction is rapid but also
highly transient, with Fos protein levels reverting to nor-
mal within 8 to 12 hours. Uniquely among these Fos fam-
ily proteins is AFosB, a truncated product of the FosB
gene, which by virtue of its unusual stability, gradually
accumulates through a course of repeated drug exposure
and becomes the predominant Fos protein expressed
under these conditions.”?** Moreover, because of this sta-
bility, levels of AFosB persist for weeks after drug with-
drawal. Such chronic induction of AFosB has been
demonstrated for virtually all drugs of abuse* and, for
most drugs, is selective for D1-type NAc neurons.** It
has also been demonstrated in human addicts.” A large
body of literature has demonstrated that such AFosB
induction in D,-type NAc neurons increases an animal’s
sensitivity to drug as well as natural rewards and pro-
motes drug self-administration, presumably through a
process of positive reinforcement (see refs 34 to 38).
Interestingly, drug induction of AFosB in NAc is more
dramatic in adolescent animals, a time of greater addic-
tion vulnerability,” and its induction by nicotine has
been shown to mediate nicotine’s gateway-like enhance-
ment of cocaine reward.”

As for CREB, numerous target genes for AFosB have
been identified in NAc by use of candidate gene and
genome-wide approaches.””” While CREB induces
dynorphin, AFosB suppresses it, which contributes to
AFosB’s pro-reward effects.* Another AFosB target is c-
Fos: as AFosB accumulates with repeated drug exposure
it represses c-Fos and contributes to the molecular
switch whereby AFosB is selectively induced in the
chronic drug-treated state.” Many other AFosB targets
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have been shown to mediate the ability of certain drugs
of abuse to induce synaptic plasticity in the NAc and
associated changes in the dendritic arborization of NAc
medium spiny neurons, as will be discussed below.

The functional consequences of AFosB induction in
other brain regions is less well understood, although its
induction in orbitofrontal cortex (OFC) has been stud-
ied in some detail. Here, AFosB mediates tolerance that
occurs to the cognitive-disrupting effects of cocaine dur-
ing a course of chronic exposure, and this adaptation is
associated with increased cocaine self-administration.**
Genome-wide assays have suggested several potential
target genes that mediate these effects.” Despite AFosB’s
unique temporal properties, and the knowledge that it is
induced in traditional memory circuits (eg, hippocam-
pus), there has not yet been an exploration of the role of
AFosB in behavioral memory, an interesting subject for
future research.

Epigenetic mechanisms

In more recent years, studies of transcription have been
pushed one step further to epigenetics* (see Figure 1),
which can be broadly defined as a change in gene
expression that occurs in the absence of a change in
DNA sequence. Epigenetic mechanisms control the
packaging of DNA within a cell nucleus via its interac-
tions with histones and many other types of nuclear pro-
teins, which together comprise chromatin. Gene expres-
sion is controlled by the state of this packaging through
the covalent modification of histones, other proteins, and
DNA itself. As just some examples, acetylation of his-
tones tends to promote gene activation, methylation of
histones can either promote gene activation or repres-
sion depending on the Lys residue undergoing this mod-
ification, and methylation of DNA is generally associ-
ated with gene repression although certain variant forms
of methylation (eg, 5-hydroxymethylation) may be asso-
ciated with gene activation.

Epigenetics is an appealing mechanism because, in
other systems, for example, developmental and cancer
biology, certain epigenetic modifications can be per-
manent. For this reason, epigenetics has been pursued
both in learning and memory models (eg, refs 45-48)
as well as in addiction;** in both systems profound
changes have been reported in histone acetylation and
methylation and in DNA methylation. As just one
example, the histone methyltransferase, G9a, is impli-

cated in both memory* and addiction.”'** In addiction
models, G9a expression is downregulated in NAc in
response to stimulant or opiate drugs of abuse and this
has been shown to enhance the rewarding effects of
these drugs.”** Interestingly, cocaine suppression of
G9Ya is mediated by AFosB. G9a catalyzes the dimethy-
lation of Lys9 of histone H3 (H3K9me2), a major
mediator of gene repression. ChIP-chip or ChIP-seq
(chromatin immunoprecipitation followed, respec-
tively, by promoter chips or high-throughput sequenc-
ing) has been used to obtain genome-wide maps of the
genes in NAc that display altered H3K9me? after stim-
ulant or opiate exposure.’*>” By overlapping these
gene lists with genome-wide lists of gene expression
changes, and with genome-wide maps of many other
forms of epigenetic modifications (eg, AFosB binding,
CREB binding, other histone modifications, etc),”* it
should be possible to identify an increasingly complete
set of genes that are regulated by drugs of abuse and
to understand the underlying epigenetic mechanisms
involved.

Another form of epigenetic regulation implicated in
memory and addiction is the generation of microRNAs.
These small, noncoding RNAs bind to complementary
regions of mRNAs and thereby suppress their transla-
tion or induce their degradation. Deletion of Argonaut,
a protein crucial for the processing of miRNAs, alters
behavioral responses to cocaine, with distinct effects
observed for D1- versus D2-type medium spiny neu-
rons.* Several specific miRNAs have likewise been
shown to be regulated by drug exposure and, in turn, to
influence behavioral responses to the drugs (eg, refs
55,56). It will be exciting in future studies to identify the
mRNA targets of these miRNAs and characterize how
they affect the addiction process.

Synaptic plasticity

The same general types of synaptic modifications at glu-
tamatergic synapses, which have been implicated in hip-
pocampus and amygdala in behavioral memory (see
other articles in this issue), have similarly been shown to
occur in brain reward regions in addiction models and
to be important in mediating the addiction process.””*
Such drug-induced synaptic plasticity has been described
in several brain regions, however, we concentrate here
on NAc where most of the research has focused to date
(Figure 2).
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Initial experiments demonstrated that repeated exposure
to stimulant drugs of abuse induces an LTD (long-term
depression)-like state at glutamatergic synapses in the
NAc.” However, more recent work has demonstrated
such plasticity to be highly time-dependent, with LTD
occurring early after the last cocaine exposure evolving
into more of an LTP (long-term potentiation)-like state
after longer withdrawal time points.®® This work, which
to date has been carried out primarily using investigator-
administered—as opposed to self-administered—drugs,
has defined the need for more systematic investigations
in self-administration models that track the forms of
synaptic plasticity that occur at glutamatergic synapses in
NAc over a detailed time course from acquisition of self-
administration to its maintenance, through different
times of withdrawal and extinction, and in response to

Chronic cocaine
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0% Glutamate 8 Heteromeric
NMDA receptor
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relapse-evoking stimuli. Work to date has also defined
some of the molecular mechanisms that contribute to this
drug-induced synaptic plasticity, including the trafficking
of AMPA receptors to the synapse perhaps mediated in
part via CaMKII (Ca*/calmodulin-dependent protein
kinase II) phosphorylation of certain AMPA receptor
subunits as well as altered expression of AMPA receptor
subunits (eg, 60,62-65, Figures 2 and 3). A role for CREB
and AFosB has been implicated in these phenomena, as
well as in associated changes in the morphology of glu-
tamatergic synapses (see below). For example, GluA1 is
a target for CREB in NAc, where GluA2 and CaMKII
are both targets of AFosB, in this brain region.*-%%¢
Moving forward, it will be important to link specific
adaptations to time-dependent changes in synaptic func-
tion and behavioral features of addiction.

Chronic cocaine
+ 2-4 wk wd

Cocaine challenge
+ 0-1 day wd

@ postsynaptic density 8 Actin filament

Figure 2. Model of addiction-related synaptic and structural plasticity in nucleus accumbens (NAc). Chronic exposure to cocaine results in a time-depen-
dent and transient reorganization of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic acid (NMDA)
glutamate receptors at NAc medium spiny neuron (MSN) synapses, as well as structural changes in the spine head of NAc MSNs that corre-
late with distinct forms of synaptic plasticity. For example, chronic cocaine induces surface expression of NMDA receptors, silent synapse
formation and long-term depression (LTD) at early withdrawal time points. During more prolonged withdrawal (wd), these synaptic changes
reverse with the result being increased expression of surface AMPA receptors, a consolidation of the synapse into a mushroom-shaped spine
and long-term potentiation (LTP). These effects rapidly revert back again upon exposure to a challenge dose of cocaine leading to restruc-

turing of the spine into thin spines and a depression of synaptic strength.
Reproduced from ref 82: Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC, Nestler EJ. The addicted synapse: mechanisms of synaptic and structural plas-
ticity in nucleus accumbens. Trends Neurosci. 2010;33:267-276. Copyright © Elsevier 2010
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Figure 3. Molecular mechanisms underlying cocaine induction of dendritic spines on nucleus accumbens (NAc) medium spiny neurons. A) shows cocaine-
induced increases in dendritic spine number that can be blocked by viral overexpression of G9a or JunD (an antagonist of AP1-mediated tran-
scription), or mimicked by viral overexpression of FosB. B) Regulation of AMPA receptor (AMPAR) trafficking and of the actin cytoskeleton
(left), as well as regulation of the transcription of glutamate receptors and actin regulatory proteins (eg, as mediated via AFosB, right) have
been shown to play important roles in mediating cocaine’s regulation of NAc dendritic spine density. LIMK, LIM domain kinase; RAC, Ras-
related C3 botulinum toxin substrate.

Reproduced from ref 44: Robison AJ, Nestler EJ. Transcriptional and epigenetic mechanisms of addiction. Nat Rev Neurosci. 2011;12:623-637. Copyright © Nature
Publishing Group 2011
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New experimental tools are making it possible for the
first time to define with increasing precision which par-
ticular circuits display these forms of synaptic plasticity
and what behavioral abnormalities they mediate. For
example, the shell and core subregions of NAc display
differences in drug-induced synaptic plasticity, as do D1-
versus D2-type medium spiny neurons within each sub-
region."% | jkewise, optogenetic experiments have

BDNF

SN
IRS2-2_

K+ K+ K+

mTORC2

% B

Chronic morphine

provided novel insight into the contribution of a partic-
ular form of synaptic plasticity (eg, LTD) at specific pop-
ulations of glutamatergic synapses in NAc, for example,
those arising from medial PFC versus basolateral amyg-
dala versus ventral subiculum (the major output of hip-
pocampus).®™ Ultimately, it will be necessary to overlay
drug-induced molecular adaptations in each of these
afferent neurons with synapse-specific adaptations that

DA
release

& kB 00 DA
oo BDNF
22 GABA

0 K+ channel M Eking

Figure 4. Working model of chronic morphine-induced adaptations in ventral tegmental area (VTA) dopamine neurons. Chronic morphine decreases
VTA dopamine (DA) soma size yet increases neuronal excitability, while dopamine transmission to the nucleus accumbens is decreased. The
net effect of morphine is a less responsive reward pathway, ie, reward tolerance. Downregulation of IRS2-AKT signaling in VTA mediates the
effects of chronic morphine on soma size and electrical excitability; the effect on excitability is mediated via decreased y-aminobutyric acid
(GABA)A currents and suppression of K* channel expression. Morphine-induced downregulation of mTORC2 activity in VTA is crucial for these
morphine-induced morphological and physiological adaptations as well as for reward tolerance. In contrast to mTORC2, chronic morphine
increases MTORC 1 activity, which does not influence these morphine-induced adaptations. BDNF, brain-derived neurotrophic factor; IRS, insulin

receptor substance; mTORC, mTOR complex; AKT, protein kinase B

Reproduced from ref 77: Mazei-Robison MS, Koo JW, Friedman AK, et al. Role for mTOR signaling and neuronal activity in morphine-induced adaptations in ven-
tral tegmental area dopamine neurons. Neuron. 2011;72:977-990. Copyright © Cell Press 2011
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occur in their postsynaptic dendrites to compile a com-
plete understanding of how drugs of abuse modify the
brain’s circuitry to drive particular aspects of the
addicted state. This endeavor will require a greater
appreciation of drug-induced plasticity at inhibitory
synapses within these same brain regions, an area that
has received very little attention to date.”

Whole cell plasticity

While the majority of research involving neurophysio-
logical changes in neurons in drug abuse phenomena, as
in learning and memory phenomena, has focused on
synaptic plasticity, there is increasing evidence for the
importance of whole cell plasticity as well. Whole cell
plasticity, also referred to as homeostatic plasticity,”
involves changes in the intrinsic excitability of an entire
nerve cell in a manner that it is not synapse-specific.
Given that certain features of drug addiction involve
enhanced or reduced sensitivity to a drug, it makes sense
that enhanced or reduced electrical excitability of cer-
tain nerve cells contributes to these behavioral adapta-
tions.”

The best established example of whole cell plasticity to
a drug of abuse is the ability of chronic opiates to
increase the intrinsic excitability of noradrenergic neu-
rons of the locus coeruleus (LC).” This increased
excitability is mediated via CREB and its induction of
certain isoforms of adenylyl cyclase, which drive
increased firing of LC neurons perhaps through the
induction of Na+ channels.””” This hyperexcitabilty of
LC neurons represents a classic mechanism of tolerance
and dependence and drives some of the signs and symp-
toms of opiate withdrawal. Interestingly, CREB medi-
ates a similar form of whole cell plasticity in NAc
medium spiny neurons, which are also rendered hyper-
excitable by chronic exposure to drugs of abuse via
CREB.” It will thus be critical in future investigations to
understand how CREB-mediated synaptic plasticity of
glutamatergic synapses on NAc medium spiny neu-
rons®* summates with CREB-mediated intrinsic hyper-
excitability of these neurons™ to control behavioral fea-
tures of addiction.

Another example of whole cell plasticity in addiction
models is the hyperexcitability of VTA dopamine neu-
rons that occurs after chronic exposure to opiate drugs
of abuse.”” This adaptation, which has been linked to
morphological changes in these nerve cells (see next sec-

tion), is not mediated by CREB but achieved instead via
regulation of neurotrophic signaling cascades, as
described below.

Morphological plasticity and
neurotrophic mechanisms

Increasing evidence, much of it from studies of hip-
pocampal and cerebral cortical neurons, has shown that
changes in synaptic plasticity are associated with mor-
phological changes at synapses. For example, LTD and
the generation of silent synapses are associated with the
formation of thin or stubby dendritic spines, whereas
LTP is associated with larger, mushroom-shaped
spines.”™ It is thus interesting that the drug abuse field
has focused on drug-induced changes in dendritic spines
for >15 years. Chronic exposure to stimulant drugs of
abuse increases the dendritic spine density of medium
spiny neurons of the NAc, a change that predominates
for D1-type neurons.”** Induction of spines has been
associated for the most part with sensitized behavioral
responses to these drugs, although some evidence con-
flicts with this view.

As with studies of synaptic plasticity, however, far more
work is needed to systemically define the changes in den-
dritic spines that occur during a course of drug self-
administration, withdrawal, and relapse. Studies to date,
involving investigator- and self-administered drug, sug-
gest very different spine changes occurring at different
withdrawal time points and in NAc shell versus core sub-
regions.®™ It will also be important to define the precise
molecular mechanisms by which cocaine or another stim-
ulant produces these time-dependent and cell-type spe-
cific effects. AFosB has been shown to be both necessary
and sufficient for the induction of immature spines on
D1-type NAc neurons.”" Such regulation occurs in con-
cert with cocaine and AFosB regulation of several pro-
teins known to control the reorganization of the actin
cytoskeleton. As just one example, transcriptional regu-
lation of several guanine nucleotide exchange factors and
GTPase activating proteins poises Racl, a small GTPase,
for transient decreases in activity in response to each
cocaine exposure, and such pulsatile decreases in Racl
activity have been shown, using optogenetic control of
Racl, to mediate induction of immature spines.” These
effects of Racl presumably occur through its control of
cofilin and other actin regulatory proteins, which have
also been shown to mediate cocaine regulation of spine
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growth.”® However, it is important to emphasize that this
is just one pathway involved in cocaine’s regulation of
immature spines, since several other proteins have been
shown to play an essential role as well, including CDK5
(cyclin-dependent kinase-5), CaMKII, NFxB, MEF2,
CREB, G9a, and DNMT3 (DNA methyltransferase 3a),
to name a few.2*°179% [nterestingly, cocaine regulation
of several of these genes, including induction of CDKS,
CaMKII, and NF«xB, and repression of G9a, is also medi-
ated via AFosB.***!

Surprisingly, opiate drugs of abuse exert the opposite
effect and reduce dendritic spine density of NAc
medium spiny neurons.” Little is known about the
behavioral consequences of this adaptation and the
underlying molecular mechanisms involved. This phe-
nomenon is, however, surprising, given that CREB and
AFosB are induced by both stimulants and opiates and
are both implicated in stimulant-mediated induction of
NAc dendritic spine density. This raises the question of
how opiates suppress NAc spine density despite their
induction of these factors.

The other major form of morphological plasticity seen in
drug abuse models is the physical reduction in cell soma
size of VTA dopamine neurons induced by chronic opi-
ate administration.””” A similar adaptation occurs in
response to cannabinoids.” This shrinkage of VTA
dopamine neurons, which occurs with opiate self-admin-
istration” and has been documented in human heroin
addicts examined postmortem,” seems to mediate reward
tolerance and is associated with reduced dopamine
release in the NAc. Considerable evidence now indicates
that this reduction in cell soma size is mediated by opiate
suppression of brain-derived neurotrophic factor (BDNF)
expression within these neurons. We have directly linked
this opiate-induced withdrawal of BDNF support, and
VTA neuron shrinkage, to reduced activity of down-
stream BDNF signaling cascades in VTA dopamine neu-
rons, specifically reduced activity of IRS2 (insulin recep-
tor substrate-2), AKT (a serine-threonine kinase), and
TORC?2 (target of rapamycin-2, which is insensitive to
rapamycin).””* We have also linked this downregulation
of BDNF signaling directly to the increased excitability
that morphine induces in these neurons, as noted ear-
lier.””™ Indeed, the decreased cell soma size and increased
excitability are tightly coupled, as induction of one leads
to the other and vice versa. This control over cell excitabil-
ity involves suppression of K* channels and of GABA ,
current in these neurons.

Translational research

This role for BDNF in controlling morphine responses
at the level of the VTA contrasts with its very different
involvement in the actions of cocaine and other stimu-
lants. Stimulants induce BDNF signaling to the NAc, an
effect due to increased local synthesis of BDNF as well
as increased release from several afferent regions.”
Moreover, increased BDNF signaling in NAc, but not in
the VTA, has been shown to promote the behavioral
effects of these drugs including their self-administra-
tion.”” The opposite regulation of BDNF signaling in
the VTA-NAc pathway by opiates versus stimulants
raises the possibility that such differences mediate the
drugs’ opposite regulation of NAc dendritic spines, a
possibility now under investigation.

Future directions

The above narrative underscores the tremendous
advances that have been made in understanding the
molecular and cellular adaptations that occur in brain
reward regions in response to repeated exposure to a
drug of abuse, and in relating individual adaptations to
certain behavioral features of addiction syndromes in
animal models. Despite these advances, major questions
remain. Most of our existing knowledge focuses on the
VTA and NAc, with much less information available
about other key limbic brain regions that are also cru-
cial for drug addiction. In addition, all experimental
demonstrations of the causal role of a molecular-cellu-
lar adaptation in a drug-related behavior have manipu-
lated individual adaptations one at a time. To manipu-
late numerous adaptations at the same time is clearly far
more difficult, but it is also essential, since we know that
drugs produce a large number of disparate types of
changes even within individual neurons, which likely
summate in complicated ways to influence behavior.
Such a systems biology approach will be crucial to ulti-
mately cracking the biological underpinnings of addic-
tion. Finally, efforts to understand the molecular-cellu-
lar mechanisms of memories related to addiction find
themselves at the point at which all other efforts to
understand the biological basis of behavioral memory
now struggle: our ability to relate biological phenomena
to complex behavioral memory remains extremely diffi-
cult. Overcoming this divide represents perhaps the
greatest challenge in the neurosciences.
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Bases celulares de la memoria en las
adicciones

Lo central de la drogadiccion, a pesar de la impor-
tancia de los numerosos factores psicosociales, es
que implica un proceso bioldgico. Un estado de
adiccion se define por la capacidad que tiene la
exposicion repetida a una droga de abuso para
inducir cambios en un cerebro vulnerable, el
impulso a la busqueda compulsiva y la obtencion de
drogas, y la pérdida de control sobre el uso de
éstas. En este articulo se examinan los tipos de
adaptaciones moleculares y celulares que ocurren
en regiones especificas del cerebro y que median
alteraciones conductuales asociadas con la adiccion.
Estas adaptaciones incluyen alteraciones en la
expresion génica, producidas en parte por meca-
nismos epigenéticos, en la plasticidad del funcio-
namiento neurofisiolégico de neuronas y sinapsis,
y en la plasticidad asociada con la morfologia neu-
ronal y sindptica mediada en parte por las sefiales
alteradas del factor neurotrdfico. Cada uno de estos
tipos de modificaciones inducidos por drogas se
puede considerar como una forma de "memoria
celular o molecular”. Sin embargo, llama la aten-
cién que la mayoria de las formas de plasticidad
relacionadas con la adiccion son muy similares a los
tipos de plasticidad que se han asociado con las for-
mas mas clasicas de "memoria conductual", lo que
refleja tal vez el repertorio limitado de los meca-
nismos de adaptacion de que disponen las neuro-
nas cuando se enfrentan con las exigencias del
medioambiente. Por ultimo, las adaptaciones mole-
culares y celulares relacionadas con las adicciones
incluyen la mayor parte de las mismas regiones del
cerebro que median las formas mas clasicas de la
memoria, lo que resulta consistente con la opinion
de que las memorias anormales son importantes
impulsoras de los sindromes adictivos. El propdsito
de estos estudios que buscan explicar las bases
moleculares y celulares de la adiccion a drogas es,
eventualmente, poder desarrollar pruebas diag-
ndsticas con bases bioldgicas, como también contar
con terapias mds efectivas para los trastornos adic-
tivos.

Les bases cellulaires de la mémoire dans les
addictions

Malgré I'importance de nombreux facteurs psy-
chosociaux, I'addiction a une drogue repose essen-
tiellement sur un processus biologique : I’'état de
dépendance se définit par la faculté d’une exposi-
tion répétée a une consommation de drogue a
provoquer des modifications dans un cerveau vul-
nérable conduisant a leur recherche et a leur prise
compulsive et a la perte du contréle de leur utili-
sation. Nous analysons ici les types d’adaptation
moléculaire et cellulaire qui interviennent dans
des régions cérébrales particulieres a I'origine des
anomalies du comportement addictif : ce sont des
altérations de I'expression génique dues en partie
a des mécanismes épigénétiques, a la plasticité du
fonctionnement neurophysiologique des neurones
et des synapses et a I’association d‘une plasticité
au niveau de la morphologie neuronale et synap-
tique due en partie a une modification de la trans-
mission du signal des facteurs neurotrophiques.
Chacun de ces types de modifications induites par
les drogues peut étre vu comme une forme de
« mémoire cellulaire ou moléculaire ». De plus, il
est frappant de voir que la plupart des formes de
plasticité liées a I’addiction sont trés semblables
aux types de plasticité associés aux formes plus
classiques de « mémoire comportementale », reflé-
tant peut-étre le caractére limité du répertoire des
mécanismes adaptatifs disponibles pour les neu-
rones lorsqu’ils font face aux défis environnemen-
taux. Finalement, les adaptations moléculaires et
cellulaires liées a I'addiction concernent la plupart
des mémes régions cérébrales impliquées dans les
formes plus classiques de mémoire, ce qui conforte
I’idée que des souvenirs anormaux sont d’impor-
tants vecteurs de syndromes de dépendance. Le
but de ces études, qui expliquent les bases molé-
culaires et cellulaires de la dépendance a une
drogue, est finalement de développer des tests
diagnostiques biologiques, ainsi que des traite-
ments plus efficaces pour les troubles addictifs.
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