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Abstract

Neurons rely on their cytoskeleton to give them shape and stability, and on cytoskeletal dynamics
for growth and synaptic plasticity. Because drug addiction is increasingly seen as the inappropriate
learning of strongly reinforcing stimuli, the role of the cytoskeleton in shaping drug memories has
been of increasing interest in recent years. Does the cytoskeleton have an active role in shaping
these memories, and to what extent do alterations in the cytoskeleton reflect the acute actions of
drug exposure, or homeostatic reactions to the chronic exposure to drugs of abuse? Here we will
review recent advances in understanding the role of the cytoskeleton in the development of drug
addiction, with a focus on actin filaments, as they have been studied in greater detail.

Introduction

The cytoskeleton, consisting of microtubules, intermediate, and actin filaments is
indispensable for any eukaryotic cell. In neurons, these cytoskeletal elements give the cell
dynamic structure and are involved in a myriad of processes, including developmental ones
like axon pathfinding and synapse formation [1], as well as functional processes like long-
term potentiation (LTP) [2,3] or dendritic spine growth and morphology [4]. The latter
processes seem to be especially relevant to drug abuse, as ‘inappropriate’ learning of
strongly reinforcing cues is a hallmark in the development of addiction [5], and changes in
the number of dendritic spines have long been known to occur after repeated exposure to
drugs of abuse [6].

Effects of drug exposure on the cytoskeleton
Early findings

Chronic alcohol consumption causes changes in the cytoskeleton of liver cells [7]. For
example, tissue samples from patients suffering from alcoholic liver disease revealed a shift
from polymerized microtubules to free tubulin [8] and the redistribution of intermediate
filaments [9]. Also, long-term ethanol consumption in rats decreased the attachment of their
hepatocytes to numerous substrates, a process dependent on the actin cytoskeleton [10].
While these defects have been described consistently, it remained unclear whether they
represent a cellular reaction to long-term, toxic ethanol exposure in the liver, the major site
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of ethanol catabolism, or whether these ethanol-induced cytoskeletal changes are
representative of global cytoskeletal dysfunction occurring in other areas of the body, like
the central nervous system, that contribute to the development of alcohol addiction.

Effects on cultured CNS cells

Chronic exposure of primary astrocytes to ethanol (30 mM for 7 days) alters the actin
cytoskeleton, with a noted reduction of actin stress fibers and an increase in filamentous
actin (F-actin) near the plasma membrane [11]. The Rho-family of small GTPases (including
RhoA, Rac, and Cdc42) are key regulators of actin dynamics [12]. The ethanol-induced
changes in actin are likely due to a chronic ethanol-induced decrease in RhoA activity, since
treatment with lysophosphatic acid (LPA), an activator of RhoA [11], or transfection with
activated RhoA [13] blocks the ethanol-induced effects. Also, astrocyte cultures treated
acutely with ethanol (100 mM for 10 minutes) have reduced stress fibers [13,14], suggesting
a rapid change in RhoA activity. One potential mechanism for reduced RhoA activity is via
upregulation of p190RhoGAP, a GTPase activating protein (GAP) that converts active
RhoA-GTP to inactive RhoA-GDP. Chronic alcohol exposure increases p190RhoGAP
activity and redistributes it to the plasma membrane [15], but the precise mechanism(s)
remains unclear. Nevertheless, these data suggest that acute ethanol has a negative effect on
F-actin stability, and that the long-term increases in plasma membrane actin filaments seen
may be a compensatory reaction to prolonged ethanol exposure.

There are fewer studies on the effects of ethanol on the neuronal cytoskeleton; however,
there are many neuronal proteins that are directly or indirectly regulated by the F-actin
cytoskeleton and/or ethanol. Chronic treatment of the secretory cell line, PC12, with ethanol
(100 mM for 4 days) inhibits nicotine and potassium-induced dopamine release and
breakdown of F-actin, suggesting that chronic ethanol causes a stabilization of the actin
cytoskeleton [16]. These experiments employed a high chronic dose of ethanol, and the
effects may reflect a cellular adaptation to the exposure. In agreement with such an
interpretation are findings that prolonged EtOH treatment (50 mM for 4 days) of primary
hippocampal neurons increases punctate F-actin staining that is apposed by PSD95 puncta,
suggesting an increase in synaptic contacts. Acute ethanol directly binds and inhibits NMDA
receptors (NMDAR) [17], a key molecule in the induction of LTP and behavioral plasticity
[18]. Treating the cultured neurons with the NMDAR antagonist, APV, also increases F-
actin/PSD95 puncta, while the addition of the agonist NMDA in the presence of ethanol
prevents the increase in F-actin/PSD95 puncta [19]. This suggests that the cells compensate
for ethanol’s continued inhibition of the NMDAR with a homeostatic adaptation, which
includes increases in F-actin and NMDAR abundance.

Does ethanol also have acute effects on the neuronal actin cytoskeleton? A brief, 30 second,
pre-exposure of cultured cerebellar granule cells to ethanol potentiates subsequent NMDAR
inhibition by ethanol, even when the pretreatment is applied intracellularly [20]. Phalloidin,
an F-actin stabilizer, prevents this potentiation, while latrunculin A (latA), an actin
depolymerizer, mimics the effect [20+]. These findings suggest that acute ethanol leads to F-
actin instability, which in turn causes decreases in NMDAR current, a notion also supported
by data from Eps&knock out mice (see below).

It is worth noting that not all findings support an acute negative effect of ethanol on
neuronal F-actin, which is followed by a homeostatic increase under chronic exposure (eg.
[21]). These discrepancies may reflect the exact exposure conditions (dose and length), and/
or the tissue examined (cell type, anatomical location /77 vivo, and even subcellular location),
highlighting the fact that proper function of the cytoskeleton is essential for many different
cellular functions.
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Mutations in cytoskeleton regulators

Clearly, drug exposure can have diverse effects on the cytoskeleton of exposed CNS cells,
including changes /n vivo (see below, and [22,23] for examples with ethanol). Recently,
findings using organisms with genetic alterations in cytoskeletal organizing proteins have
emerged that underscore the /n vivo relevance of these processes in drug relevant behaviors.
One of the first reports showing that mutations in actin regulators affect behavioral drug
responses centered on Drosophila white rabbit mutations [24¢]. The white rabbit gene
encodes three distinct isoforms of RnoGAP18B, a GTPase activating protein of the Rho-
family. One of these isoforms is involved in the extent of ethanol-induced hyperactivity in
flies, whereas a second one controls ethanol-induced sedation via Rhol and/or Racl /n vivo
[24+]. Racl works together with the membrane-curvature associated BAR domain protein
Arfaptin and another small GTPase, Arf6, to regulate ethanol-induced sedation [25]. Arf6 is
an important regulator of the actin cytoskeleton and membrane trafficking at the plasma
membrane [26], including endocytosis and recycling of the mu-opioid receptor [27], a well-
known receptor molecule involved in addiction to numerous drugs [28,29]. Interestingly,
both RhoGAP18B, and Arf6 are required in the adult nervous system, as only adult, but not
developmental expression is able to rescue the ethanol-sedation phenotypes [24¢,25].

Effects converging on NMDAR

The fly arouser gene encodes the homolog of EPS8. arouser mutants are sensitive to ethanol-
induced sedation, and the gene regulates sensitivity downstream of the mitogen-activated
protein kinase (MAPK) Erk [30]. Mammalian EPS8 is a known regulator of the actin
cytoskeleton, both via growth factor triggered activation of Rac, as well as via its direct actin
capping activity. £ps8 knock-out mice are resistant to ethanol-induced loss-of-righting, and
they drink more ethanol and show increased ethanol-preference in a 2-bottle choice test
[31+¢]. Upon ethanol exposure, acute cerebellar slices from wild-type mice show a rundown
in NMDAR current, while primary cerebellar granule cells from wild-type mice show a
decrease in F-actin staining. Both of these responses are blunted in £ps8knock outs [31ee],
suggesting that F-actin stability is required for proper NMDAR function and behavioral
ethanol responses /n vivo.

Actin regulation mutants and cocaine

Kalirin is a guanine nucleotide exchange factor (GEF) for the Rho-family, which has
numerous isoforms. One of them, Kalirin-7 (Kal7), activates Racl and is highly enriched in
the postsynaptic density (PSD) of rat cerebral cortex [32]. In the conditioned place
preference paradigm (CPP), cocaine is used as the reinforcing cue for animals to form a
place memory. Knock out mice of Kal7, Ka/7<©, show reduced CPP [33], possibly as a
result of decreased Racl levels. The mutants also have reduced levels of the NMDAR
subunit NR2B, and the reduction of CPP seen in wild type mice injected with the NR2B-
specific blocker ifenprodil is occluded in Ka/7<© mice [34¢]. These data again underscore
the connection between the actin cytoskeleton, NMDAR, and drug-induced behavioral
plasticity.

While above studies imply that Racl activity is required for CPP, another study reported that
cocaine transiently reduces active Racl in the nucleus accumbens (NAc), and this inhibition
is required for the establishment of cocaine reward in the CPP assay, as transient activation
of Racl at the time of drug exposure (7.5 mg/kg) actually inhibits formation of CPP [35ee].
The transient (15 min) reduction in Racl activity after repeated cocaine is accompanied by a
longer-lasting decrease (>4 hr) in cofilin phosphorylation (P-cofilin) [35e¢]. Cofilin is a key
downstream effector of active Rac. In its unphosphorylated state, cofilin severs actin
filaments and increases actin cytoskeletal dynamics [36]. P-cofilin can be triggered by
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RhoA/Rho kinase or Rac/Pak/Limk signaling cascades and prevents severing, leading to
increased F-actin stability. Expression of either dominant-negative Racl or constitutively-
active cofilin (which cannot be phosphorylated) facilitates CPP acquisition to a subthreshold
dose of cocaine (4 mg/kg) [35e¢]. These data suggest that a dynamic actin cytoskeleton is
needed for conditioning to cocaine. Prior experiments also suggested that actin dynamics are
important in cocaine-induced reinstatement [37¢]. Rats that were extinguished from cocaine
self-administration show enhanced cocaine-induced reinstatement of lever pressing if they
are injected with a peptide (derived from cofilin) inhibiting Limk, or with the actin
depolymerizer, latA [37¢]. Lastly, MEF2 mutant mice have dificits in cocaine-CPP, and the
gene targets for this transcription factor include the actin regulators N-WASP, Wave3, and
Profilinl [38e].

A link from drugs and actin to dendritic spines?

The aforementioned experiments support the importance of the actin cytoskeleton in drug-
mediated behavioral plasticity, but how are actin and drugs of abuse linked to neuronal and
dendritic plasticity? This could occur by means of increasing any of the following: 1) total
length and complexity (eg. branching) of the dendrite [39], 2) size and strength of individual
spines [4], and/or 3) the number and density of spines along the dendrite [40]. All of these
possibilities require the appropriate dynamic regulation of the actin cytoskeleton. Numerous
studies have analyzed these changes in the context of drug abuse (see [41] for a recent
review), but most have focused on spine density.

Spine density and locomotor sensitization

Repeated administration of stimulants like cocaine or amphetamine leads to sensitization of
their locomotor-stimulating effects, i.e. the same drug dose causes greater locomotor
activation. Because such drug exposures very often lead to an increase in spine density in
the NAc (reviewed in [6]), the two phenomena were initially suggested to be causally
linked. However, numerous recent findings with various mutants have raised questions
about this link. In Ka/7<C mutants, for example, basal spine density in the NAc is normal,
but unlike in wild-type mice, repeated cocaine injections (20 mg/kg for 4-8 days) fail to
increase spine density in the Ka/7<©[33], suggesting a critical role for Kalirin-7 (and
Racl?) in this process. Interestingly, even in the absence of the spine increase in the NAc,
the Kal7C mice show increased locomotor sensitization behavior, suggesting a functional
disconnect between cocaine-induced increases in spine density and sensitized behavior. The
first hints of such a functional disconnect between spines and behavior came from studies on
the MEF2 transcription factors [38] and cyclin-dependent kinase 5 [42—44], which revealed
that experimental conditions that blocked the cocaine-induced increase in NAc spine density
result in enhanced locomotor sensitization. Since then, many other molecular manipulations
have revealed a similar inverse relationship between spines and behavior, including MeCP2,
Dnmt3a, CREB, SynCAM1, and FMRP ([45-49] and unpublished findings (FMRP), LN
Smith and CW Cowan). On the surface, this would argue that the drug-induced spine
changes are not required for the behavioral plasticity and may be an epiphenomenon.
Considering the reported decrease in excitability of prefrontal cortical neurons after chronic
drug exposure [50,51], the reduced presynaptic function after chronic cocaine (J Jedynak,
MJ Thomas and CW Cowan, unpublished findings), the noted transient decrease in
postsynaptic function [52-54] and the emergence of new silent synapses [55], it is
interesting to speculate that the chronic cocaine-induced increase in dendritic spine density/
size [6], surface AMPA receptors [56], and occlusion of LTP in the NAc [57] represent
homeostatic reactions that attempt to normalize/stabilize excitatory synaptic connectivity
and circuit function. These changes might promote drug withdrawal behaviors (e.g. craving),
limit long-term circuit changes, or be functionally unrelated phenomenon.
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Conclusions

Structural plasticity of neurons is undoubtedly a key contributor in the development of
addicted behaviors, though it remains to be seen whether we currently have the spatial
resolution to isolate and characterize the relevant synaptic connections that mediate the
behavioral adaptations. What we do know is that cytoskeletal dynamics are a necessary
component of these synaptic changes. In a meta-analysis of nine mouse strains that show
significant differences in voluntary ethanol consumption, two of the three most
overrepresented genome annotations of the gene transcripts that correlate with drinking were
“regulation of the actin cytoskeleton” and “MAPK signaling/ERK pathway”, implying that
these pathways might predispose animals towards voluntary ethanol consumption [58]. As
discussed here, the cytoskeleton plays a crucial role in neuronal, dendritic, and behavioral
plasticity seen in addicted animals. Recent work suggests that the small GTPases RhoA
(regulating actin dynamics) and Ras (an upstream activator of MAPK/ERK signaling) are
activated locally in dendritic spines upon induction of LTP, and then diffuse out of these
spines to facilitate further plasticity in nearby spines micrometers away, and over longer
time spans of minutes [59,60]. These findings reiterate the strong connection between
learning and memory, synaptic plasticity mediated by cytoskeletal dynamics, and the
acquisition of drug addiction.
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Figure 1.

Model of acute ethanol effects on NMDAR in dendritic spines. Ethanol directly inhibits
NMDAR at high doses, and at lower doses leads to relocation of p190RhoGAP to the
plasma membrane, which causes RhoA inactivation, cofilin activation, loss of filamentous
actin, and a decrease in NMDAR at the plasma membrane.
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Figure2.

Drug-induced structural plasticity in NAc medium spiny neurons. Many reports have found
diverse effects that depend on variables such as anatomical region (core, or shell), neuronal
subtype (D1, versus D2 dopamine receptor), duration of drug exposure (acute, chronic, or
chronic followed by withdrawal) and others. The exact behavioral consequence of the
structural changes observed remains elusive.
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