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Psychostimulants robustly induce alterations in neuronal structural plasticity throughout
brain reward circuits. However, despite our extensive understanding of how these circuits
modulate motivated behavior, it is still unclear whether structural plasticity within these
regions drives pathological behavioral responses in addiction. Although these structural
changes have been subjected to an exhaustive phenomenological characterization, we
still have a limited understanding of the molecular mechanisms regulating their induction
and the functional relevance of such changes in mediating addiction-like behavior. Here we
have highlighted the known molecular pathways and intracellular signaling cascades that
regulate psychostimulant-induced changes in neuronal morphology and synaptic restructur-
ing, and we discuss them in the larger context of addiction behavior.

Addiction is characterized by persistent drug-
seeking behavior and a high frequency of

relapse. The repercussions of such drug seeking
and relapse behavior place a strong economic,
social, and health burden on all levels of soci-
ety. In fact, the World Drug Report estimates
that 5% of the world’s population use illicit
drugs, placing a suggested socioeconomic bur-
den of several hundred billion U.S. dollars an-
nually (UNODC 2010). Unfortunately, there
are still relatively few effective therapeutic in-
terventions available for the treatment of sub-
stance abuse. This has led to a concerted effort
to reveal the molecular and cellular basis of
addiction (Hyman and Malenka 2001; Nestler
2001, 2004; Koob and Le Moal 2005; Hyman
et al. 2006; Kauer and Malenka 2007; Kalivas
2009; Luscher and Malenka 2011; Wolf 2011),

to enable the development of novel pharma-
cotherapeutic agents and treatment strategies
(Nestler 2002; O’Brien 2008; Wessell and Ed-
wards 2010).

A defining hallmark of drug abuse is com-
pulsive and persistent drug-seeking behavior at
the expense of negative emotional, physical, and
social consequences. This persistent behavior
has led to the hypothesis that drugs of abuse
have the capacity to provoke long-lasting
changes to the brain, which underlie pervasive
and uncontrolled addiction-related behavioral
phenotypes. This is supported by findings that
chronic exposure to all known addictive sub-
stances results in dramatically altered patterns
of gene expression in key brain reward centers.
Similarly, early investigations established that
one of the more robust forms of neuronal
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plasticity associated with repeated psychosti-
mulant administration is a long-lasting restruc-
turing of neuronal arbors and dendritic spines
(Robinson and Kolb 1997) (for a description
of dendritic spine morphology, see Box 1). It
is now evident that brain reward pathways—
centered on dopaminergic projections from

the ventral tegmental area (VTA) and glutama-
tergic projections from the prefrontal cortex
(PFC), amygdala (Amy), and hippocampus
(Hipp) to the nucleus accumbens (NAc)—are
plastic and therefore undergo changes (Fig. 1).
Despite an extensive literature detailing the
various contributions of these circuits toward

BOX 1. DENDRITIC SPINE MORPHOLOGY
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Psychostimulant-induced structural plasticity is generally characterized by three parameters: (1) den-
dritic spine density, (2) dendritic spine size and shape (morphology), and (3) dendritic arborization or
complexity. Recent advances in methodology have greatly increased our ability to identify more
discrete and subtle changes in dendritic spine morphology. Rather than simply measuring spine
density, these tools allow for the characterization of dendritic spines by type (i.e., thin, mushroom,
or stubby) or volume, which more accurately reflects the functional relevance of experience-
dependent plasticity (Petrak et al. 2005; Holtmaat and Svoboda 2009). Furthermore, synaptic activity
at individual dendritic spines is directly coupled to structural reorganization (Matsuzaki et al.
2004). (A) A three-dimensional re-creation of a Lucifer yellow (LY) filled dendritic segment from a
medium spiny neuron (MSN) located in the NAc. As can be easily observed, there is a large dynamic
continuum along which dendritic spine morphology falls. (B) Stubby spines, or spines whose total
length is nearly equal to their spine head diameter, are the least well understood. They are most
prominent during development and are generally considered to be immature and plastic synaptic
elements, while also strongly coupled to their parent dendrite (Schmidt and Eilers 2009). This

strong coupling suggests that changes in frequency
of stubby spines may disproportionally impact
neuronal excitability relative to other spine types
(Noguchi et al. 2005). Furthermore, the lack of a
spine neck is believed to preclude direct innerva-
tions by inhibitory connections. It is critical to
point out that most common methods for assess-
ing spine morphology (i.e., Golgi-Cox stain) are
unable to detect stubby spines reliably. (C ) Thin
spines, whose total length is greater than their
head width and head width is greater than their
neck width, are also considered to be immature,
plastic elements. (D) Mushroom spines, whose
head width is greater than their neck width, are
considered to be the most stable and nonplastic
spine types along the continuum. Mushroom
spines also show increased AMPAR frequency
along the postsynaptic density (PSD), relative
to stubby spines. Owing to their differential
physiological properties, these kinds of detailed

morphological assessments of
spines are more accurate than
total spine density. (Panel A is
modified, with permission, from
Russo et al. 2010.)
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motivated behavior, it is still unclear to what
extent dendritic spine plasticity drives the path-
ological behavior evident in addiction. Likewise,
the exhaustive phenomenological characteriza-
tions of psychostimulant-induced structural
plasticity have not translated into a detailed
mechanistic understanding of such plasticity.

Recently, there have been a few studies iden-
tifying more causal gene regulatory networks
that drive structural plasticity to control addic-
tion behavior. Intriguingly, the temporal pat-
terns of drug-induced gene expression changes
are very transient and do not fully explain
the long-lived alterations in addiction-related

behavior. Rather, it is thought that regulation
of biochemical and molecular signals, induced
during early phases of drug administration in
vulnerable populations, facilitates the transition
to addiction by inducing more permanent
morphological and functional alterations to
neuronal populations that control addictive be-
haviors. Evidence points toward unique epige-
netic and transcriptional mechanisms by which
cocaine modulates posttranslational histone
architecture at the fosB promoter to enhance
expression of the transcription factor DFosB.
This results in direct regulation of downstream
transcriptional targets such as nuclear factor-
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Figure 1. Neural circuitry implicated in reward and underlying addiction. Several brain regions are directly
involved in modulating reward and are associated with the pathology of substance abuse disorders. Dopami-
nergic VTA projection neurons (dotted purple lines) innervate the NAc and mPFC, as well as the hippocampus
and amygdala. GABAergic afferents from the NAc (some direct and some indirect) (solid blue line) provide
inhibitory feedback to dopaminergic VTA neurons. Excitory glutamatergic afferents (solid red lines) project to
the NAc from the mPFC, hippocampus, and amygdala, as well as glutamatergic innervation of the VTA by the
amygdala and hippocampus. Each region contains specialized cell types believed to play crucial roles in both
natural reward phenomena and addiction-related phenotypes. These cell types, color-coded in the key, include
amygdala (green) and NAc (purple) medium spiny neurons, mPFC (pink) and hippocampal CA3 (blue)
pyramidal neurons, and VTA dopamine neurons (orange). Not shown are serotonergic projections from the
DR and noradrenergic projections from the LC. Psychostimulants, as well as other drugs of abuse, robustly
modulate the structural plasticity of individual neurons within these regions. Nissl-stained coronal sections of
the (A) mPFC, and (B) NAc, with the left hemisphere of each marked schematically to represent subregions of
interest. mPFC, Medial prefrontal cortex; NAc, nucleus accumbens; C-P, caudate-putamen; VP, ventral pal-
lidum; LH, lateral hypothalamus; VTA, ventral tegmental area; SNr, substantia nigra; DR, dorsal raphe; LC, locus
coeruleus; ACA, anterior cingulated; PL, prelimbic cortex; IL, infralimbic cortex; NAcc, nucleus accumbens core;
NAcs, nucleus accumbens shell. (Adapted, with permission, from Russo et al. 2009.)
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kB (NFkB), cyclin-dependent kinase (Cdk5),
and myocyte enhancing factor 2 (MEF2), con-
sequentially leading to various alterations in
structural plasticity through several intracellular
mechanisms that modulate cytoskeletal remod-
eling. In this article, we describe these molecular
findings in the greater context of structural plas-
ticity and explore their physiological relevance
to drug addiction, and then highlight key areas
for future investigation.

BASIC NEUROANATOMY OF REWARD
CIRCUITRY

The neurobiological substrates modulating nat-
ural reward learning and motivated behavior are
some of the most evolutionarily conserved in
the mammalian brain and function to direct
our resources toward procuring food and repro-
duction (Walker et al. 1996). Drugs of abuse
such as amphetamine and cocaine usurp this
basic function, essentially hijacking the circuitry
via induction of maladaptive plasticity (Kauer
and Malenka 2007; Kalivas et al. 2009; Chen
et al. 2010; Russo et al. 2010; Van den Oever
et al. 2010; Badiani et al. 2011; Luscher and
Malenka 2011; Sulzer 2011). As mentioned
above, the dopaminergic mesolimbic pathway
and its associated neuroanatomical structures
are heavily implicated in drug-induced neuro-
pathology (Fig. 1). Dopaminergic afferents pro-
ject from the VTA and release dopamine on
MSNs in the NAc, as well as limbic and cortical
regions such as the amygdala and prefrontal
cortex, respectively. Other monoaminergic nu-
clei, including serotonergic projections from
the dorsal raphe (DR) and noradrenergic pro-
jections from the locus coeruleus (LC), exert
profound influence over reward-related behav-
ior. Similarly, a number of glutamatergic nu-
clei also innervate the NAc, including the medi-
al PFC (mPFC), orbital PFC (oPFC), anterior
cingulate cortex (ACC), hippocampus, amyg-
dala, and thalamus. Although psychostimulants
have been shown to induce plasticity through-
out most of these regions, the ensuing sections
focus primarily on the prefrontal cortical re-
gions and limbic accumbal regions because the

majority of currently available data originates
from these brain structures.

The PFC is commonly broken into two ma-
jor subsections—the mPFC and oPFC—that
have unique patterns of connectivity and behav-
ioral control depending on the cortical layers
and cell types being examined (Fig. 1B) (Ongur
and Price 2000; Dalley et al. 2004). To date, mor-
phological changes have only been identified
in glutamatergic pyramidal neurons, despite
the fact that there is a significant population
of GABAergic interneurons in these cortical
structures. Future studies are needed to ex-
amine whether there are any stimulant-induced
changes in dendritic branching or size, because
these neurons do not contain specialized spine
structures.

The NAc consists of two anatomically dis-
tinct structures, the core and shell regions (Jon-
gen-Relo et al. 1993, 1994), which receive dif-
ferential afferent innervation (Brog et al. 1993)
and project to separate neuroanatomical struc-
tures (Fig. 1A) (Heimer et al. 1991). Not sur-
prisingly, cocaine and amphetamine regulate
synaptic, structural, and behavioral plasticity
differentially between the core and shell subre-
gions (Kourrich and Thomas 2009; Dumitriu et
al. 2012). This remarkable diversity of neuroan-
atomical and structural complexity is further
layered in the NAc by multiple neuronal cell
types, primarily identified as either MSNs ex-
pressing Drd1 (MSN-Drd1) or Drd2 (MSN-
Drd2) receptors, aspiny cholinergic interneu-
rons, or GABAergic interneurons. The Drd1-
and Drd2-expressing MSNs are estimated to
constitute .95% of the total striatal neuronal
population. These MSNs are supplemented by a
much smaller and sparsely distributed popula-
tion of aspiny cholinergic interneurons believed
to be ,1% of the total striatal neuronal popu-
lation (Rymar et al. 2004), which have also been
identified as expressing Drd2 mRNA (Le Moine
et al. 1990).

Lastly, there are three distinct GABAergic in-
terneuron populations (Kawaguchi et al. 1995;
Tepper et al. 2010), which do not express ei-
ther Drd1 or Drd2 receptors (Bertran-Gonzalez
et al. 2008) and are believed to make up �3%
of all striatal neurons (Rymar et al. 2004). This
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neuronal complexity has vastly inhibited pro-
gress. It has only been in the last several years
that cell-type specificity has been accounted
for in structural studies, and still greater specif-
icity is needed. There is also a need to expand our
understanding of structural plasticity within cell
types outside of the PFC and NAc, which have
received the majorityof scientific scrutiny. In the
following subsections, we synthesize this con-
stantly evolving literature and identify areas for
future investigation.

STRUCTURAL PLASTICITY IN THE
PREFRONTAL CORTEX

In general, results from rodent studies have con-
sistently shown that psychostimulants increase
dendritic spine density in glutamatergic corti-
cal pyramidal neurons of the mPFC (see Table 1
for references and summary). It is worth men-
tioning that nonhuman primate studies using
Rhesus macaques show that both experimenter-
administered and self-administered amphet-
amine significantly decreased mPFC dendritic
spine density (Selemon et al. 2007; Coutinho
et al. 2008). This dichotomy is interesting, al-
though significant differences exist between the
drug regimens and withdrawal period between
these species-divergent studies and warrant fur-
ther investigation (Table 1). Data are less con-
clusive when the oPFC is examined, finding
that both self-administered and experiment-
er-administered amphetamine or cocaine can
either decrease dendritic spine density (Crom-
bag et al. 2005; Singer et al. 2009) or induce no
change at all (Ferrario et al. 2005). Although
data on dendritic arborization and complexity
are less readily available, they are in agreement
with the dendritic spine density data showing
increased arborization and complexity (Robin-
son and Kolb 2004).

To the best of our knowledge, all psycho-
stimulant-induced structural plasticity within
the cortex has been examined by Golgi-Cox
stain, which is now considered a low-resolution
methodology for structural analysis. New high-
er-fidelity methods described in Box 2, such
as DiI or Lucifer yellow filling, may allow for a
more detailed cell-type-specific understanding

of PFC structural dendritic spine dynamics. To
date, work has focused exclusively on glutamate
pyramidal cells, and it is unclear whether
GABAergic interneurons undergo similar struc-
tural plasticity. Lastly, the PFC is potentially
located close enough to the brain surface for
successful two-photon live imaging experi-
ments in animals over time (Box 2). These types
of longitudinal assessments of spine plasticity
could give us an unprecedented understand-
ing of how spines form and retract during the
many complex phases of addiction and greatly
enhance our understanding of structural plas-
ticity in addiction.

STRUCTURAL PLASTICITY IN THE
NUCLEUS ACCUMBENS

The majority of data available on psychostimu-
lant-induced structural plasticity are from anal-
ysis of MSNs in the NAc. Historically, when
assessed by Golgi-Cox stain, both amphetamine
and cocaine induce robust increases in dendritic
spine density and dendritic branching in the
NAc core and shell (for references and sum-
mary, see Table 1) (Robinson and Kolb 2004).
Recent advances in transgenic technology have
allowed us to examine detailed cell-type-specif-
ic morphology of Drd1- and Drd2-receptor-ex-
pressing MSNs in the NAc core and shell. Some
studies have identified robust restructuring
of only Drd1-MSNs within several days of re-
peated psychostimulant administration, both
throughout the NAc core and shell (Dobi et al.
2011) and in the shell specifically (Kim et al.
2011). Conversely, others have found that co-
caine causes an initial increase in dendritic spine
density on MSNs in both the core and shell, but
only dendritic alterations on the Drd1-receptor-
expressing MSNs are shown to persist 1 mo later
(Lee et al. 2006). This theme, that Drd1-MSN
alterations are more common and possibly per-
sistent following psychostimulant administra-
tion, has been observed in other forms of plas-
ticity and may present an important and
selective feature of addiction neurophysiology
(Lobo et al. 2010; Lobo and Nestler 2011). Sim-
ilarly, although there is no clear consensus, a
general trend has become apparent whereby

Psychostimulant-Induced Structural Plasticity

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a011957 5

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



Table 1. Review of recent findings on psychostimulant-induced structural plasticity in the PFC and NAc

References Species Gender Drug Route (dose) Withdrawal Method Location Result

Prefrontal cortex
Crombag et al. 2005 Rat, SD

adult
Male Amphetamine SA (0.125 mg/infusion)

2 h/d, 2–3 wk
28 d Golgi

(2D)
mPFC
oPFC

Increased spine density
Decreased spine density

Ferrario et al. 2005 Rat, Wistar
adult

Male Cocaine SA (0.4 mg/kg per
infusion)
1 h/d, 6 d/wk, 3 wk

28 d Golgi
(2D)

mPFC
oPFC

Increased spine density
No change

Cocaine SA (0.4 mg/kg in 50 mL/
infusion)
6 h/d, 6 d/wk, 3 wk

28 d Golgi
(2D)

mPFC
oPFC

Increased spine density
No change

Selemon et al. 2007 Rhesus
young
adult

Mixed Amphetamine IM (escalating, 0.1–
1.0 mg/kg)
5 d/wk, 6 wk

3–3.5 yr Golgi
(2D)

mPFC
oPFC

Decreased spine density
—

Coutinho et al. 2008 Rhesus
age not
stated

Not
stated

Amphetamine SA (0.75 mg/kg per
infusion)
4 d/wk, 32 wk

Not stated Golgi
(2D)

mPFC
oPFC

Decreased spine density
—

Singer et al. 2009 Rat, SD
adult

Mixed Amphetamine IP (1.0 mg/kg)
1 injection/d, 1 wk

14–21 d Golgi
(2D)

mPFC

oPFC

Increased spine density (apical
dendrites only)

Decreased spine density (apical
and basilar dendrites)

Amphetamine Intra-VTA (2.5 mg/0.5 mL
per side)
3 bilaeral injections,
each 3 d apart

14–21 d Golgi
(2D)

mPFC

oPFC

Decreased spine density (apical
and basilar dendrites)

Increased spine density (apical and
basalar dendrites)

Nucleus accumbens
Crombag et al. 2005 Rat, SD

adult
Male Amphetamine SA (0.125 mg/infusion)

2 h/d, 2–3 wk
28 d Golgi

(2D)
Shell
Core

Increased spine density
—

Ferrario et al. 2005 Rat, Wistar
adult

Male Cocaine SA (0.4 mg/kg in 50 mL/
infusion)
1 h/d, 6 d/wk, 3 wk

28 d Golgi
(2D)

Shell
Core

Increased spine density
Increased spine density
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Cocaine SA (0.4 mg/kg in 50 mL/
infusion)
6 h/d, 6 d/wk, 3 wk

28 d Golgi
(2D)

Shell
Core

Increased spine density
Increased spine density (greater

than short access)
Lee et al. 2006 Mouse, SW

adolescent
Male Cocaine IP (30 mg/kg)

1 injection/d, 5 d/wk,
4 wk

2 d DiI
(2D)

Combined Drd1-MSN: increased spine
density (driven by thin and
mushroom)

Drd2-MSN: increased spine
density (driven by stubby and
mushroom)

Cocaine IP (30 mg/kg)
1 injection/d, 5 d/wk,
4 wk

30 d DiI
(2D)

Combined Drd1-MSN: increased spine
density (spine morphology not
reported)

Drd2-MSN: no change
Pulipparacharuvil

et al. 2008
Mouse,

C57B6/J
adult

Male Cocaine IP (15 mg/kg)
1 injection/d, 28
consecutive days

1 d GFP
(2D)

Combined Increased spine density

Chen et al. 2008 Rat, SD
adolescent

Male Cocaine SC (40 mg/kg)
1 injection/d, 7
consecutive days

8 d Golgi
(2D)

Shell
Core

—
Increased spine density

Kim et al. 2009 Mouse, SW
adolescent

Male Methylphenidate IP (15 mg/kg)
1 injection/d, 14
consecutive days

2 d DiI
(2D)

Combined Drd1-MSN: increased spine
density (driven by thin, moreso
in NAc shell)

Drd2-MSN: increased spine
density in NAc shell only (thin
and stubby)

Cocaine IP (15 mg/kg)
1 injection/d, 14
consecutive days

2 d DiI
(2D)

Combined Drd1-MSN: increased spine
density

Drd2-MSN: increased spine
density in NAc shell only (thin
and stubby)

Singer et al. 2009 Rat, SD
adult

Mixed Amphetamine IP (1.0 mg/kg)
1 injection/d, 1 wk

14–21 d Golgi
(2D)

Combined Increased spine density
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Table 1. Continued

References Species Gender Drug Route (dose) Withdrawal Method Location Result

Amphetamine Intra-VTA (2.5 mg/0.5 mL
per side)
3 bilateral injections,
each 3 d apart

14–21 d Golgi
(2D)

Combined Decreased spine density

Shen et al. 2009 Rat, SD
adult

Male Cocaine IP (30 mg/kg)
1 injection/d, 1 wk

21 d DiI
(2D)

Shell
Core

—
No change in spine density, but

increase in spines with large
heads

Russo et al. 2009 Mouse,
C57B6/J
adult

Male Cocaine IP (20 mg/kg)
5 over 3 consecutive days

4 h GFP
(2D)

Combined Increased spine density

Toda et al. 2010 Rat, SD
adult

Male Cocaine IP (30 mg/kg)
1 injection/d, 1 wk

21 d DiI
(3D)

Shell
Core

—
No change

Maze et al. 2010 Mouse,
C57B6/J
adult

Male Cocaine IP (20 mg/kg)
5 over 3 consecutive days

4 h GFP
(2D)

Combined Increased spine density

Cocaine IP (30 mg/kg)
1 injection/d, 14
consecutive days

4 d GFP
(2D)

Combined Increased spine density

Ren et al. 2010 Mouse,
C57B6/J
adult

Male Cocaine IP (20 mg/kg)
1 injection/d, 28
consecutive days

1 d Golgi
(2D)

Shell
Core

Increased spine density
—

Kiraly et al. 2010 Mouse,
C57B6/J
adult

Male Cocaine IP (20 mg/kg)
1 injection/d, 4 or 8
consecutive days

30 min DiI
(2D)

Shell
Core

—
Increased spine density and spine

head volume in 8-d group
LaPlant et al. 2010 Mouse,

C57B6/J
adult

Male Cocaine IP (20 mg/kg)
5 over 3 consecutive days

4 h GFP
(2D)

Combined Increased spine density
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Cocaine IP (20 mg/kg)
1 injection/d, 7
consecutive days

4 h and
24 h

LY
(3D)

Shell

Core

Increased spine density at both
time points (driven by thin
spines)

—
Deng et al. 2010 Mouse,

C57B6/J
adult

Male Amphetamine IP (3 mg/kg)
1 injection/d, 21
consecutive days

1 d Golgi
(2D)

Shell
Core

Increased spine density
—

Dobi et al. 2011 Mouse, SW
adult

Mixed Cocaine IP (30 mg/kg, novel cage)
1 injection/d, 5 d/wk,
4 wk

2 d DiI
(2D)

Combined Drd1-MSN: increased spine
density (driven by thin/wide
spines in core)

Drd2-MSN: no change
Cocaine IP (30 mg/kg, novel cage)

1 injection/d, 5 d/wk,
4 wk

30 d DiI
(2D)

Combined Drd1-MSN: no change
Drd2-MSN: no change

Martin et al. 2011 Mouse,
C57B6/J
adult

Male Cocaine IP (30 mg/kg)
1 injection/d, 5 d/wk,
4 wk

3 d Golgi
(2D)

Shell
Core

Increased spine density
No change

Kim et al. 2011 Mouse,
C57B6/J
adolescent

Male Cocaine IP (15 mg/kg)
1 injection/d, 5
consecutive days

1 d GFP
(2D)

Shell

Core

Drd1-MSN: increased spine
density (no effect in Drd2-
MSNs)

—
Wissman et al. 2011 Rat, SD

adult
Male
Female

Cocaine IP (15 mg/kg)
1 injection/d, 5 d/wk,
5 wk

17–21 d DiI
(2.5D)

Shell

Core

Increased in males, not females
(females have larger spine
heads)

Increased density in male/female,
greater in females (larger heads)

For a review of findings before 2004, please see Robinson and Kolb (2004). Although most psychostimulants have been found to induce robust

restructuring, the type of psychostimulant (i.e., cocaine or amphetamine), regimen of administration (i.e., experimenter-administered or self-

administered), route of administration (i.e., intravenous [IV] vs. intraperitoneal [IP]), and the brain region and cell type examined can determine the

specific structural changes observed. It is critical that we recognize the vast differences in methodology used across studies, which make it exceedingly

difficult to compare results directly. This is further disadvantaged by the diversityof structural modifications seen across, and evenwithin, subregions

of brain reward areas.
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BOX 2. MODERN METHODS FOR ANALYSIS OF STRUCTURAL PLASTICITY

Recent advances in the methods used to visualize and analyze dendritic spines, such as ionophoretic
cell loading of fluorescent dyes like Lucifer yellow (LY) (Dumitriu et al. 2011) and diolistic ballistic
gene gun delivery of the lipophilic carbocyanide dye Dil (Shen et al. 2008), coupled with 3D
rendering of dendritic segments via confocal microscopy, have greatly increased our ability to
identify more discrete and subtle changes in dendritic spine morphology. Before these develop-
ments, the highest-resolution techniques available were either Golgi-Cox staining or viral-mediated
gene transfer of fluorescent proteins (xFP). Although both of these earlier methods are relatively
effective and inexpensive, Golgi-Cox staining does not confer the fidelity required to identify
stubby spines or determine dendritic spine head volume and neck length reliably, and viral GFP
lacks the ability to examine dendritic branching. However, a great strength of viral-mediated gene
transfer is the ability to probe and manipulate specific gene targets and their mechanistic roles in
structural plasticity. A comparison of NAc MSNs, imaged at 40�, after (1A) cell loading of LYor (1B)
herpes simplex viral (HSV)-mediated gene transfer of GFP. The close-ups of dendritic segments
below, imaged at 100�, show representative levels of detail provided by each technique. Scale
bar, 5 mm. LY and Dil can be used to selectively target and identify cell-type-specific structural
plasticity through (2A) direct injections of LYor gene gun labeling with Dil in NAc MSNs expressing
GFP in either Drd1 or Drd2 neurons. (2B) The analysts of LY- and Dil-labeled neurons are greatly
aided by using semiautomated heuristical software (such as NeuronStudio and Filament/IMARIS),
which renders the dendritic segments in 3D and has the ability to classify spine types and volumes
without experimenter bias. (2C ) An LY loaded dendritic segment from an NAc MSN rendered in 3D in
NeuronStudio is shown. The techniques mentioned above, although powerful, are contained to fixed
tissue and therefore offer only a brief snapshot into the temporal dynamics of structural plasticity.
Two-photon microscopy allows for thick section resolution of spines in live tissue preparations to
study the functional relevance of structural plasticity. (3A) Areas of the cortex, such as the mPFC, are
proximal to the brain surface and within range of imaging by two-photon microscopy for longitudinal
studies. (3B) A representative two-photon image or a z-stack, and (3C ) a dendritic segment from a
cortical pyramidal neuron. Although longitudinal imaging in the NAc is extremely difficult, novel
technologies such as microendoscopy (Barretto et al. 2011) with high-resolution microlenses
(Barretto et al. 2009) may one day make it possible to conduct live imaging of NAc MSN spine
plasticityover time. (4A,B) Ex vivo NAc slice preparations enable direct examination of the functional
significance of structural plasticity using calcium indicator dyes and genetically encoded calcium
indicators. A combinatorial approach, using real-time observation of structure and function via
calcium imaging, will provide a detailed understanding of how stimulants control excitatory trans-
mission. (4C,D) Glutamate stimulation of an NAc MSN results in rapid calcium signaling within
spine and neurites. (Panels 1 and 2 adapted, with permission, from Russo et al. 2010.)
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increases in dendritic spine density are driven
predominantly by an increase in thin immature
spines (Lee et al. 2006; Kim et al. 2009b; LaPlant
et al. 2010; Dobi et al. 2011; Dumitriu 2012).
This finding is in line with current electrophys-
iological data, which suggest that psychostimu-
lants induce a generally more plastic system as-
sociated with long-term depression (LTD) at
these more immediate time points following
cessation of drug administration, or drug chal-
lenge. (Thomas et al. 2000, 2008; Thomas and
Malenka 2003).

Although much is known regarding struc-
tural adaptations in GABAergic NAc MSN pro-
jection neurons, we know relatively little regard-
ing structural plasticity of other cell types, such
as the cholinergic or GABAergic interneurons.
It is clear that the sparsely distributed NAc cho-
linergic interneurons are activated by cocaine
self-administration (Berlanga et al. 2003) and
are required for both natural reward learning
(Pratt and Kelley 2004; Pratt et al. 2007) and
the reinforcing effects of cocaine (Crespo et al.
2006; Witten et al. 2010). However, it is not
known how, or even if, drugs of abuse induce
restructuring in these neurons. There is an
even greater paucity of data on the role that
GABAergic interneurons play in psychostimu-
lant-induced synaptic, structural, and behav-
ioral plasticity. Given this, we need a more de-
tailed understanding, not only of the structural
changes induced in interneurons by psychosti-
mulants, but also of their functional relevance in
driving addiction-like behavior.

OTHER DRUGS OF ABUSE AND
NONDRUG STIMULI

Other drugs of abuse, such as opiates, halluci-
nogens, and cholinergic agonists like nicotine,
have also been found to affect structural plastic-
ity robustly. Nicotine enhances dendritic spine
density in the NAc and PFC with some reports
suggesting that the magnitude is greater than
that of cocaine (Brown and Kolb 2001). Phen-
cyclidine causes similar increases in spine den-
sity in the NAc core and mPFC (Flores et al.
2007), whereas 3,4-methylenedioxymetham-
phetamine (MDMA; ecstasy) increases spine

density in the NAc core, shell, and mPFC (Ball
et al. 2009). Although a detailed examination
of these effects are outside the scope of this
article (for review, see Russo et al. 2010; Badiani
et al. 2011), it is worth noting that opiates such as
heroin and morphine appear to exert entirely
opposite structural effects compared with psy-
chostimulants. That is, in the NAc, mPFC, and
VTA, chronic opiate administration results in
both decreased dendritic arborization com-
plexity and dendritic spine density or reduced
soma size (Sklair-Tavron et al. 1996; Robinson
and Kolb 1999; Robinson et al. 2002; Russo et al.
2007; Mazei-Robison et al. 2011). However,
these opposing structural effects correlate with
similar behavioral phenotypes induced by psy-
chostimulant administration, such as acutely
enhanced locomotor response, chronic reward
sensitization (Russo et al. 2009a; Xia et al. 2011),
self-administration, and withdrawal-induced
dysphoria (Koob and Le Moal 2005). Moreover,
regardless of whether the opiate produces behav-
ioral sensitization or tolerance, the correspond-
ing structural changes are the same. How such a
paradoxical effect exists is still a very open de-
bate, and an area of active research.

It is worth noting that several nonpharma-
cological manipulations, such as stress or envi-
ronmental enrichment, have the capacity to af-
fect dendritic complexity and dendritic spine
density in the mesolimbic reward circuitry (Jo-
hansson and Belichenko 2002; Lewis 2004; Chr-
istoffel et al. 2011). A number of disease states
associated with cognitive dysfunction such as
Fragile X, autism spectrum disorder, and schiz-
ophrenia show severe deficits in synaptic and
structural plasticity (Penzes et al. 2011). Fur-
thermore, stress engages a cross-sensitization
mechanism to enhance psychostimulant abuse
vulnerability and relapse potential (Marinelli
and Piazza 2002; Lu et al. 2003; Covington
et al. 2011). It is hypothesized that common
mechanisms that increase dendritic spine den-
sity in the NAc might be important for these
behavioral cross-sensitization mechanisms. A
recent study showed that chronic social defeat
stress, which induces sensitization, also induces
spine formation through an NFkB-dependent
mechanism (Christoffel et al. 2011). A similar
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NFkB-dependent mechanism is also necessary
for cocaine-induced changes to dendritic spine
density (Russo et al. 2009b). Whether these
changes act through a shared common mecha-
nism to explain depression and addiction co-
morbidity, or merely complement each other,
still remains to be determined.

SEX DIFFERENCES AND STRUCTURAL
PLASTICITY

Lastly, one often underrepresented characteris-
tic of addiction research is the sexually dimor-
phic effect of psychostimulants and other drugs
of abuse in both humans and animals. Behav-
ioral and pharmacological investigations have
found diverse sex differences in psychostimulant
addiction liability (Becker and Hu 2008). For
example, female rats acquire cocaine self-ad-
ministration (Lynch and Carroll 1999) and co-
caine-induced place preference (Russo et al.
2003a,b) more rapidly and with lower cocaine
doses than male rats. Females are also more likely
to relapse after periods of abstinence (Lynch and
Carroll 2000). It has been suggested that sexually
dimorphic responses are due to sex differences
in gonadal hormones, monoaminergic levels,
metabolic processes, or D1 receptor sensitivity
(Sell et al. 2000; Festa et al. 2004; Nazarian et al.
2004). More recently, a structural and functional
basis for these behavioral differences has been
identified in the NAc, where cocaine promotes
greater induction of dendritic spine density and
proportionally more large spines in both the
core and shell in female compared with male
rats (Forlano and Woolley 2010). Cocaine also
promotes a larger increase in miniature excitato-
ry postsynaptic current (EPSC) frequency, a
functional correlate of increased spine density
along with enhanced behavioral sensitization
(Wissman et al. 2011). Although these findings
are not unexpected, they do illustrate the neces-
sity to include sex as a variable in experimental
design and interpretation of existing data. Con-
sidering that existing work has been performed
in both male and female subjects (Table 1), often
without considering sex as a separate variable, it
is worth reexamining what influence this has
had on data interpretation.

MECHANISMS OF PSYCHOSTIMULANT-
INDUCED NEUROADAPTATION

It is commonly suggested that addiction is a dis-
ease marked by extreme forms of pathological
learning (Hyman et al. 2006). Learning phe-
nomena are postulated to correlate with forms
of synaptic plasticity, most notably, long-term
potentiation (LTP) and LTD. Interestingly, LTP
and LTD are established regulators of cell mor-
phology (for review, see Carlisle and Kennedy
2005; Bourne and Harris 2007). That is, in gen-
eral, LTD induction results in shrinkage and re-
traction of dendritic spines and their presynaptic
contacts (Nagerl et al. 2004; Becker et al. 2008),
whereas LTP induction results in new spine for-
mation or enlargement of preexisting spines
(Matsuzaki et al. 2004; Nagerl et al. 2004). There-
fore, it is believed that the synaptic strengthening
of an immature thin spine into a more stable
and functional mushroom spine involves an
activity-dependent mechanism that recruits
intracellular structural and molecular machin-
ery (Holtmaat and Svoboda 2009). Mechanisti-
cally, LTP and LTD are believed to initiate this
dendritic spine restructuring through the acti-
vation of signaling pathways that recruit numer-
ous cytoskeletal-associated proteins, altering
their synthesis and location along dendritic seg-
ments (Tada and Sheng 2006). The end point of
this recruitment is the polymerization of pre-
existing actin cytoarchitecture and the con-
sequent internalization or insertion of a-ami-
no-3-hydroxl-5-methyl-4-isoxazole-propionate
(AMPA) glutamate receptors into the postsyn-
aptic density (PSD) (see Box 2 for description)
(Harris et al. 1992). Spinogenesis and stabiliza-
tion of thin spines into mushroom spines is as-
sociated with an enlarged PSD and increased
AMPA receptor surface expression that lasts for
months (Holtmaat et al. 2005; Zuo et al. 2005),
presenting a molecular substrate underlying
long-term behavioral maladaptations such as
those seen in addiction. Thus, leading theories
on drug addiction suggest that drugs of abuse
hijack molecular and cellular processes, such as
these, leading to persistent maladaptive behav-
ioral responses in addiction (Hyman and Ma-
lenka 2001; Hyman et al. 2006).
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The temporal regulation of synaptic and
structural plasticity suggests that dendritic spine
morphology exists along an ever-changing con-
tinuum (Fig. 2). Acutely following cocaine ad-
ministration there is an increase in thin spines
(Shen et al. 2009) that is paralleled by induction
of LTD and behavioral sensitization (Thomas
et al. 2001), which might reflect the development
of silent synapses (Kerchner and Nicoll 2008).
Although the majorityof glutamatergic synapses
contain both AMPA and N-methyl-D-aspartate
(NMDA) receptors, silent synapses appear to

functionally contain only NMDA receptors
and typically do not operate in response to
AMPA-mediated activity (Liao et al. 1995). In-
deed, exposure to cocaine robustly generates im-
mediate and relatively short-lived silent synapses
in the NAc by membrane insertion of NR2B-
containing NMDARs (Huang et al. 2009), in a
cAMP-element binding protein (CREB)-depen-
dent manner (Brown et al. 2011). Interestingly,
silent synapses do not contribute significantly to
the overall tone of an EPSC, because AMPA-me-
diated, rather than NMDAR-mediated, currents

Nucleus accumbens medium spiny neuron

Heteromeric 
AMPA receptors

Heteromeric
NMDA receptors

Glutamate

Chronic psychostimulant
1-d withdrawal

Control

Presynapse

Silent synapse 
generation

Presynapse

Presynapse

Chronic psychostimulant
4-wk withdrawal

GluA2-lacking
AMPAR insertion

NR2B-containing 
NMDAR insertion

Postsynaptic 
density

A

B

C

?

?

Figure 2. Schematic of psychostimulant-induced synaptic and structural plasticity. (A) Repeated administration
of psychostimulants results in rapid, although transient, shifts in a-amino-3-hydroxl-5-methyl-4-isoxazole-
propionate (AMPA) glutamate receptor and N-methyl-D-aspartate (NMDA) receptor surface membrane ex-
pression in the postsynaptic density (PSD) of nucleus accumbens (NAc) medium spiny neurons (MSNs). These
shifts in receptor composition are coupled to alterations in dendritic spine structural plasticity, which correlate
with types of synaptic plasticity. (B) Specifically, acute withdrawal from chronic cocaine induces the formation of
thin spines and silent synapses via insertion of NR2B-containing NMDARs, as well as results in long-term
depression (LTD). (C) As the withdrawal period extends, GluA2-lacking AMPARs are inserted into the spine
head, and there is a shift toward mushroom spines with increased spine head diameter and enhanced long-term
potentiation (LTP). Acute reexposure to cocaine following extended withdrawal periods (not depicted above)
results in a rapid induction of thin spines and LTD, similar to what is observed in panel B. The role of presynaptic
structural plasticity is currently unknown.
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provide the majority of EPSC strength. NMDAR
contribution is limited to coincidence detection
of the activation state of an excitory synapse,
making them important substrates for LTP in-
duction. This has led to the hypothesis that silent
synapses act as modulators of metaplasticity,
providing a mechanism by which synapses can
be rapidly primed for subsequent changes in
plasticity such as LTP and LTD (Abraham and
Bear 1996; Malenka and Bear 2004; Marie et al.
2005). Induction of silent synapses immediately
following cocaine administration places the NAc
in a primed state and vulnerable to enhanced LTP
during withdrawal (Lee and Dong 2011).

This concept is corroborated by findings that
during cocainewithdrawal, there is an increase in
larger and more stable mushroom spines accom-
panied by the disappearance or retraction of thin
spines (Shen et al. 2009). However, in the sensi-
tization model, the majority of inserted AMPA
receptors are GluA2-containing. The switch to-
ward GluA2-lacking AMPA receptors has been
reported under extended access cocaine self-ad-
ministration models, and at longer time points.
GluA2-lacking AMPA receptors, which show in-
creased Ca2þ conductance and are associated
with increased synaptic strength, may play a
role in the long-lasting potentiation of glutama-
tergic synapses reported in self-administration
models (Boudreau and Wolf 2005; Boudreau
et al. 2007; Wolf and Tseng 2012). It is notewor-
thy that insertion and accumulation of GluA2-
lacking AMPARs in the NAc are partly depen-
dent on volitional control of psychostimulant
administration (McCutcheon et al. 2011). It
has been proposed that accumulation of NAc
GluA2-lacking AMPARs mediates the behavior-
al expression of incubation of cocaine craving,
potentially acting as a mechanism for the en-
hanced drug craving and relapse rates observed
clinically (Conrad et al. 2008; Pickens et al.
2011). As well, reexposure to acute cocaine fol-
lowing 2 or 4 wk of withdrawal results in a rapid
reduction in spine head diameter (Shen et al.
2009), decreased surface expressed AMPA re-
ceptors (Boudreau et al. 2007), and synaptic
strength depression (Kourrich et al. 2007). It
will be interesting to know whether incubation
following self-administration affects dendritic

spine structural plasticity mirroring these mo-
lecular and physiological changes (for referenc-
es, see previous section and Table 1).

Although much of our discussion has fo-
cused on postsynaptic plasticity, psychostimu-
lants also reduce cystine–glutamate exchange
and subsequently decrease the bioavailability
of extra-synaptic glutamate in the NAc (Baker
et al. 2003), possibly through a presynaptic
mechanism. The reduction of available extra-
synaptic glutamate results in decreased group
II metabotropic glutamate receptor (mGlurR)
activation, which under normal circumstances
acts to negatively regulate glutamate release (Ba-
ker et al. 2002; Xi et al. 2002), and in the presence
of cocaine challenge, allows for the normaliza-
tion of NAc glutamate tone (Pierce et al. 1996).
This imbalance in glutamatergic tone between
synaptic and nonsynaptic pools following drug
administration has been termed the glutamate
homeostasis hypothesis of addiction, and is be-
lieved to underlie, in part, how drugs of abuse
modulate neuroplasticity in the NAc (Kalivas
2009). In conjunction with the synaptic plastic-
ity mechanisms already mentioned, a delicate
regulatory network appears to guide how NAc
MSNs transition from their normal to the ad-
dicted state, taking into account extracellular
nonsynaptic glutamate levels and changes in
MSN intrinsic membrane excitability (Wolf
2011). Our understanding of the structural pre-
synaptic component is still far too limited and
should be a focus of future work.

MOLECULAR MECHANISMS OF
PSYCHOSTIMULANT-INDUCED
STRUCTURAL PLASTICITY

A question in the field has been how drugs of
abuse are capable of exerting long-lasting behav-
ioral control following their initial, relatively
transient, effects. The transient nature of gene
expression changes following acute drug admin-
istration, especially when compared clinically
with a lifetime of addiction, requires a mecha-
nism that allows for sustainable or sensitized
transcription events. Transcriptional regulators
such as transcription factors, histone modifica-
tions, and noncoding microRNAs have been
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found to potently regulate addictive behavior
and synaptic plasticity in response to psycho-
stimulants (Maze and Russo 2010). Such tran-
scriptional mechanisms allow not only for
steady-state regulation of mRNA expression,
but also may act as inducibility factors during
subsequent environmental stimulation (Robi-
son and Nestler 2011). This molecular memory
provides a conceptual framework for how pre-
vious life experiences, like adolescent or prena-
tal stress, can prime a system and influence
subsequent drug vulnerabilities. A considerable
body of work in animal models supports such
mechanisms following repeated psychostimu-
lant administration (Fig. 3). Several transcrip-
tion factors have been implicated in addiction,
including DFosB, CREB, MEF2, and NFkB (for
review, see Maze and Russo 2010; Robison and
Nestler 2011). Although these represent just a
narrow subset of known transcription factors
in the brain, they are robustly implicated in var-
ious aspects ofbehavioraland physiological plas-
ticity in response to psychostimulants. Here we
explore their direct roles in structural plasticity
(Fig. 3).

DFosB and Other FOS Family Proteins

DFosB, a member of the FOS family of imme-
diate early genes, represents one of the most
well-understood transcription factors mediat-
ing addiction (McClung et al. 2004). Although
all FOS family members are transientlyexpressed
following acute drug administration, DFosB
displays the unique trait of extended and accu-
mulated expression during repeated adminis-
tration (Hope et al. 1992). This vastly improved
stability is conferred by alternative splicing of
full-length FosB into its truncated DFosB iso-
form, severing two degron domains required for
proteosomal degradation and clearance (Carle
et al. 2007). This stability is further enhanced by
phosphorylation at serine 27, resulting in a mo-
lecular switch that presents one of the few truly
persistent molecular changes following drug ex-
posure, lasting weeks into withdrawal (Ulery-
Reynolds et al. 2009). This selective DFosB in-
duction is seen most robustly in the NAc, but
also observed in other reward areas such as the

PFC. Interestingly, in the NAc and dorsal stria-
tum, both self-administered and experimenter-
administered psychostimulants induce DFosB
to increase drug reward (Kelz et al. 1999; Colby
et al. 2003) via a Drd1-MSN selective mecha-
nism (Robison and Nestler 2011). This finding
is consistent with a recent report showing mor-
phological alterations occurring most robustly
and with the greatest persistence in Drd1-MSN
populations.

Although protein stability and accumula-
tion of DFosB are known to play a role in this
process, recent evidence also points to epigenetic
control of DFosB through a G9a-dependent
mechanism (Maze et al. 2010). G9a and G9a-
like protein (GLP) are lysine methyltransferases
(KMTs) that methylate and repress gene expres-
sion. Following repeated cocaine administra-
tion, there is a reduction in G9a and GLP, result-
ing in enhanced DFosB transcription. The sub-
sequent accumulation ofDFosB in the NAc leads
to the disinhibition and enhancement of den-
dritic spine density on NAc MSNs, possibly
through transcription of RhoGTPase and cyto-
skeleton-associated genes. Structurally, DFosB
is both sufficient and necessary for cocaine-in-
duced increases in dendritic spine density (Maze
et al. 2010). Through the use of large-scale mi-
croarray studies, we do, indeed, know that along
with roughly 25% of all genes regulated by co-
caine in the NAc, DFosB selectively modulates
several cytoskeleton-associated genes implicat-
ed in structural plasticity, such as cofilin, actin-
related protein 4 (ARP4), and activity-regulated
cytoskeletal protein (Arc) (McClung and Nestler
2003; Renthal et al. 2009). Small RhoGTPases
(discussed in detail below) upstream of ARP
and cofilin, which are required for actin cycling,
polymerization, and nucleation, are likewise
down-regulated by cocaine (Kim et al. 2009a).
This positions DFosB as a key director of psy-
chostimulant-induced plasticity.

Cyclic AMP Response Element Binding
Protein (CREB)

CREB is another transcription factor activated
in the NAc by drugs of abuse. Interestingly, as
opposed to DFosB, CREB activity is induced in

Psychostimulant-Induced Structural Plasticity
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Figure 3. Molecular mechanisms and signaling pathways implicated in psychostimulant-induced structural
plasticity. Several transcription factors, including, but not limited to, NFkB, DFosB, myocyte enhancing factor
2 (MEF2), and cyclic AMP response element binding protein (CREB), regulate dendritic spine structural and
synaptic plasticity. In addition to dopamine and opioid neurotransmission, brain-derived neurotrophic factor
(BDNF) and other neurotrophic signals regulate this transcriptional machinery via receptor tyrosine kinase-
modulated activation of phosphoinositide 3-kinase (PI3K), thymoma viral proto-oncogene (Akt), Ras-extra-
cellular regulated kinase (ERK), and NFkB pathways. The common downstream effectors of these signaling
cascades are believed to be, in large part, members of the small RhoGTPase family such as Ras-related C3
botulinum toxin substrate 1 (Rac1), which then alter actin cytoskeletal dynamics through downstream targeting
of PAK, LIMK, and ultimately cofilin. It is further speculated that NFkB activation may occur through a cytokine
receptor–dependent mechanism to control spine plasticity; however, this is yet to be proven empirically.
Psychostimulant-induced changes in structural plasticity therefore have many potential signaling mechanisms
through which to alter behavioral and molecular effects, often culminating in modulation of actin assembly and
cycling via altered gene expression. PLCg, phospholipase Cg; IkK, inhibitor of kB kinase; IkB, inhibitor of kB;
TrkB, tyrosine receptor kinase B; Drd, dopamine receptor; LIMK, lim domain kinase; WASP, Wiskott-Aldrich
Syndrome proteins; Cdk5, cyclin-dependent kinase-5.
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both Drd1-MSN and Drd2-MSN populations
in response to psychostimulants, ultimately
leading to decreased reward sensitivity (Carle-
zon et al. 1998, 2005). It is now understood
that cocaine-induced generation of NAc silent
synapses occurs through a CREB-dependant
transcriptional mechanisms that ultimately in-
creases synaptic incorporation of NR2B-con-
taining NMDARs (Brown et al. 2011). This re-
cent finding corroborates earlier experiments
implicating CREB activity as a positive regula-
tor of MSN excitability (Dong et al. 2006). Al-
though we do not understand precisely how
CREB may be modulating structural plastic-
ity in the NAc, there is evidence suggesting
that CREB can induce spinogenesis in other
brain areas (Murphy and Segal 1997), possibly
through transcriptional targets such as myocyte
enhancing factor 2C (MEF2C) and brain-de-
rived neurotrophic factor (BDNF). More di-
rectly, there is recent evidence implicating the
CREB-induced activation of miR-132 as critical
to spinogenesis via p250GAP (Wayman et al.
2008), a GTPase activating protein (GAP),
which inactivates the small RhoGTPase Rac1
through catalysis of conversion of GTP to GDP
(Impey et al. 2010). Similarly, cocaine regulates
other noncoding microRNAs such as miR-212,
which acts to amplify cocaine-induced CREB
signaling and results in a blunted behavior-
al response (Hollander et al. 2010), possibly
through a BDNF-dependent mechanism (Im
et al. 2010).

Nuclear Factor-kB (NFkB)

NFkB is a dimeric transcription factor com-
posed of five possible subunits, most notably
p65 and p50. When inactive, NFkB is seques-
tered in the cytoplasm by inhibitor of kB (IkB)
until phosphorylated by its upstream effecter
inhibitor of kB kinase (IkK) (Hacker and Karin
2006). Once phosphorylated, IkB is polyubi-
quitylated and degraded by proteosomes,
freeing NFkB subunits for translocation from
the cytoplasm into the nucleus, where they
can regulate transcriptional targets. p65-
containing NFkB complexes are selectively lo-
calized to synapses and upon activity-depen-

dent activation transported to the nucleus
(Meffert et al. 2003). Although initially identi-
fied as a transcription factor critical to immune
response (Cai 2009), a rapidly growing litera-
ture is directly implicating central nervous sys-
tem NFkB signaling in dendritic morphogene-
sis (Boersma et al. 2011; Gutierrez and Davies
2011). Along these lines, repeated cocaine ad-
ministration up-regulates NFkB signaling in the
NAc in a DFosB-dependent manner, and this
activity is required for cocaine-induced den-
dritic spine formation (Russo et al. 2009b). Un-
fortunately, we currently do not know what
structural plasticity target genes are regulated
by psychostimulant-induced NFkB regulation,
although this is an active area of research. Early
results suggest that both p65 and p50 subunits
bind to the Rac1 promoter, directly linking
NFkB to cytoskeletal remodelers (SA Golden
and SJ Russo, unpubl.). Future experiments
will seek to extend these findings to determine
whether psychostimulants control Rac1 expres-
sion through an NFkB mechanism.

Myocyte Enhancing Factor 2 (MEF2) and
Cyclin-Dependent Kinase 5 (Cdk5)

Although we have highlighted a few findings
above suggesting that cocaine-induced enhance-
ment of dendritic spine density controls aspects
of behavioral sensitization, a few recent reports
suggest that this simplified view is not the entire
story (Norrholm et al. 2003; Pulipparacharuvil
et al. 2008). In the NAc, cyclin-dependent ki-
nase 5 (Cdk5) is induced through a DFosB-de-
pendent mechanism following repeated cocaine
(Bibb et al. 2001; Kumar et al. 2005). Cdk5 is
known to modulate the activity of small Rho-
GTPases (Cheung and Ip 2007), and inhibition
of Cdk5 disrupts cocaine-induced dendritic
spine proliferation (Bibb et al. 2001; Norrholm
et al. 2003). Interestingly, cocaine-in-duced ac-
tivation of Cdk5, via phosphorylation, leads
to direct inhibition of MEF2 and proliferation
of dendritic spines. MEF2 inhibition by Cdk5
may allow for the transcription of actin cyto-
skeleton-associated target genes such as Wis-
kott-Aldrich Syndrome proteins (WASPs) and
WASP-family verprolin homologs (WAVEs),

Psychostimulant-Induced Structural Plasticity

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a011957 17

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



which contain MEF2 binding sites within the
proximal promoter regions. Similarly, Cdk5
can also directly regulate WAVE1 activity to pro-
mote spinogenesis (Kim et al. 2006). This pro-
vides a somewhat parallel mechanism by which
both Cdk5 and MEF2 can ultimately regulate
dendritic morphology.

Unexpectedly, both inhibition of Cdk5 and
activation of MEF2 enhance behavioral re-
sponses to cocaine administration, even though
they block cocaine-induced NAc dendritic spine
formation (Bibb et al. 2001; Benavides et al.
2007; Taylor et al. 2007; Meyer et al. 2008; Pu-
lipparacharuvil et al. 2008). This paradox sug-
gests that the central dogma whereby NAc den-
dritic spine density translates to behavioral
sensitization is not completely correct. Several
hypotheses attempt to account for these differ-
ences. Perhaps alterations in dendritic spine
density act as a homeostatic adaptation to com-
pensate for other physiological changes follow-
ing repeated cocaine use, such as extra-synaptic
glutamatergic tone and reduction in glutama-
tergic stimulation of MSNs by cortical prefron-
tal afferents. Conversely, perhaps the net effect
of repeated psychostimulant administration is
the induction of NAc dendritic spine prolifera-
tion, via DFosB, of multiple downstream targets
(i.e., NFkB, Cdk5, and MEF2, among others),
and the net behavioral consequence is sensitized
behavior. However, individual pathways such as
MEF2 and Cdk5, when examined in isolation
from the complete signaling cascade, elicit be-
havioral effects through their own diverse, and
not well understood, downstream molecular
pathways. Finally, it is still not clear whether
the effects of MEF2 and CDK5 act within
Drd1 or Drd2 cells to control spinogenesis and
sensitization. This highlights the need to better
understand, on a cell-type-specific basis, the
roles and transcriptional targets of individual
downstream effectors controlling synaptic and
structural plasticity.

Intracellular RhoGTPase Regulation

Small RhoGTPases are a subfamily of the Ras
superfamily of small guanosine triphosphates

(GTPases) and are key regulators of extracellu-
lar-stimulus-mediated signal transduction to
the actin cytoskeleton, where they directly in-
fluence actin polymerization and subsequent
structural plasticity (Etienne-Manneville and
Hall 2002). In the mammalian central nervous
system, their role has further been refined to
neuronal development, growth cone dynamics,
neuronal migration, and dendritic spine mor-
phogenesis (Linseman and Loucks 2008; Dietz
et al. 2012). With respect to their role in synaptic
and structural plasticity, the RhoGTPases Rac1,
Cdc42, and RhoA have been most heavily stud-
ied. In the broadest sense, Rac1/Cdc42 promote
spine formation and growth, whereas RhoA
tends to inhibit spine morphogenesis (Luo
2000; Negishi and Katoh 2005). In their basal
state, RhoGTPases are GDP-bound and inac-
tive, transitioning to their activate conforma-
tion by guanine nucleotide exchange factors
(GEFs) that catalyze the exchange of GDP for
GTP. Once GTP-bound, RhoGTPases form sig-
naling complexes with downstream targets,
leading to regulation of ADF/cofilin, the sub-
strate that actively polymerizes actin monomers
and provides the mechanical component need-
ed for synaptic restructuring (Sarmiere and
Bamburg 2004). GTPase-activating proteins
(GAPs) return RhoGTPases to their inactive
states by accelerating hydrolysis of GTP to
GDP. This complex regulatory network of
GEFs, GAPs, and GTPases allows for extremely
precise temporal and spatial control of actin dy-
namics (Tolias et al. 2011).

Recently, it has become apparent that drugs
of abuse directly regulate RhoGTPase signaling
proteins, as well as their upstream GEFs and
GAPs, to effect synaptic and structural plasticity.
Kalirin7 expression, a GEF localized to the PSD
that regulates Rac1 activation (Xie et al. 2007), is
robustlyenhanced in the NAc by cocaine admin-
istration. Interestingly, cocaine administration
favors expression of Kalirin7 and a splice vari-
ant, D-Kalirin7 (Mains et al. 2011), that can
distinctively regulate dendritic spine density
(Ma et al. 2008) and spine head diameter (Schil-
ler et al. 2008). In line with these findings, ka-
lirin7 knockout mice show reduced conditioned
place preference for cocaine and fail to show
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cocaine-induced increases in dendritic spine
density (Kiraly et al. 2010). The brain region
specificity and regulatory ability of kalirin7
splicing transcripts could reflect a novel molec-
ular switch for cocaine to regulate distinct struc-
tural plasticity events across brain regions.

Another GEF, Ras-GRF1, is also up-regulat-
ed in response to cocaine and known to regu-
late addiction-like behavior (Zhang et al.
2007). Constitutive overexpression of whole-
brain Ras-GRF1 enhances drug sensitization
and reward, whereas mice lacking Ras-GRF1
show attenuated sensitivity. Furthermore, Ras-
GRF1 is known to modulate DFosB expression,
which, in turn, can promote dendritic spine
formation (Maze et al. 2010). Although a great
deal less is known regarding the role of GAPs in
addiction, one study has identified mutations in
RhoGAP18B in Drosophila as critical to altering
drug-related behavioral sensitivity (Rothenfluh
et al. 2006). These early studies highlight the
potential importance of RhoGTPase family
members, and their associated upstream and
downstream targets, in modulation of synaptic
and structural plasticity following exposure to
drugs of abuse.

CLOSING REMARKS

As we have highlighted throughout this article,
psychostimulant-induced neural plasticity re-
flects one of the most enduring changes in the
brain associated with addiction and may explain
the persistent nature of the disease. Although
much progress has been made in understanding
its role, there is far more work to be done. For
example, although we have focused primarily on
structural plasticity in NAc and PFC, it is critical
to keep in mind that these circuits do not work
in isolation. Awhole-brain systems understand-
ing of psychostimulant-induced plasticity must
be applied to understand how the cellular and
molecular mechanisms within each cell type
control pathological behaviors relevant to ad-
diction. There is an overwhelming complexity
of molecular mechanisms controlling very dis-
tinct aspects of structural plasticity. Through re-
cent advances in “next-generation” sequencing
and cell-type-specific transcriptional profiling,

we can gain a far more detailed understanding
of the gene regulatory mechanisms controlled
by addictive drugs. As well, with new transgenic
techniques to label cell types combined with
high-resolution spine morphology assays, we
can greatly expand our knowledge of structural
plasticity beyond PFC glutamatergic pyramidal
neurons and NAc GABAergic spiny neurons,
which represent only a small fraction of the neu-
ronal cell types that undergo stimulant-induced
structural plasticity. Finally, although a few re-
cent studies have identified the functional cor-
relates of structural plasticity, we need far more
causal information to understand their role in
addictive behavior. By using viral gene transfer
and optogenetic techniques, we can define the
functional role of such plasticity within each
neuronal cell type on a circuit level. At such a
level, these investigations are needed for a con-
crete mechanistic understanding of plasticity in
addiction.
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