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The potential therapeutic roles of
Rho GTPases in substance
dependence

Qin Ru, Yu Wang, Enyuan Zhou, Lin Chen* and Yuxiang Wu*

Department of Health and Physical Education, Jianghan University, Wuhan, China

Rho GTPases family are considered to be molecular switches that regulate various
cellular processes, including cytoskeleton remodeling, cell polarity, synaptic
development and maintenance. Accumulating evidence shows that Rho GTPases
are involved in neuronal development and brain diseases, including substance
dependence. However, the functions of Rho GTPases in substance dependence
are divergent and cerebral nuclei-dependent. Thereby, comprehensive integration
of their roles and correlated mechanisms are urgently needed. In this review,
the molecular functions and regulatory mechanisms of Rho GTPases and their
regulators such as GTPase-activating proteins (GAPs) and guanine nucleotide
exchange factors (GEFs) in substance dependence have been reviewed, and this
is of great significance for understanding their spatiotemporal roles in addictions
induced by different addictive substances and in different stages of substance
dependence.

Rho GTPases, substance dependence, GTPase-activating proteins, guanine nucleotide
exchange factors, cytoskeleton remodeling

1. Introduction

The Ras-like superfamily G proteins are monomer proteins of approximately 21 kDa that
function as molecular switches to regulate a wide range of primary and versatile cellular
processes (Shutes and Der, 2004; Gao et al., 2019; Casalou et al., 2020). There are nine major
subgroups in the Ras-like superfamily, including Ras, Rab, and Rho families (Figure 1). Even
between distantly related clades, members in the Ras-like superfamily share 65-85% amino-acid
sequence similarity (Rojas et al., 2012). This extreme conservation is inconsistent with their roles
in fundamental cellular functions such as F-actin dynamics and endo/exocytosis. The Ras-like
proteins rely on their structural changes between guanosine triphosphate (GTP)-binding
conformation and guanosine diphosphate (GDP)-binding conformation, acting as binary
signaling switches biochemically, and transmitting upstream signals to downstream molecules
(Bosco et al., 2009; Raimondi et al., 2011).

Among Ras-like superfamily, the Rho family (Rho GTPases) with 22 members are primary
regulators of the cytoskeleton remodeling, cell adhesion, polarity, and locomotion processes
(Vega and Ridley, 2007). Rho GTPases are divided into nine subfamilies (Rac, Rho, RhoD,
Cdc42, RhoH, RhoF, Rnd, Miro, and RhoBTB) according to their structure and function
differences (Vega and Ridley, 2007). Like other members of Ras superfamily, most Rho GTPases
cycle between an active GTP-bound state in the cell membrane and an inactive GDP-bound
state in the cytoplasm. Activated Rho GTPases can contact with a variety of downstream
effectors that regulates numerous cellular functions, such as cytoskeleton remodeling, cell
motility, cell polarity, vesicle transport, cell adhesion and other essential life processes (Jung
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The composition of Ras-like superfamily. There are nine major subgroups in the Ras-like superfamily, including Ras, Rab, and Rho families. Rho
GTPases can be divided into 9 subfamilies (Rac, Rho, RhoD, Cdc42, RhoH, RhoF, Rnd, Miro, RhoBTB) according to their structural and functional

etal., 2020; Figure 2). Therefore, they are considered to be molecular
switches of receptor signaling pathways on the surface of synapses,
and contribute significantly in regulating the synaptic structure and
neuron development, and are closely related to cognitive and
emotional disorders and neurodegenerative diseases.

The high relapse rate of substance addiction mainly lies in the fact
that addiction will form lasting, stubborn and environment-related
memories in the human brain. The continuous morphological
plasticity of dendritic spines and the functional plasticity of excitatory
synaptic transmission may be the neurobiological mechanism of the
abnormal behaviors induced by addictive substances. Preliminary
studies showed that Rho GTPases might participate in the acquisition
and extinction of addictive substances-associated contextual memory
(Tuetal., 2019; Zhao et al., 2019). Therefore, in this review, we focused
on several extensively investigated Rho GTPases involved in substance
addiction. By detecting expression levels of these Rho GTPases and
potential protein-protein interactions, we attempted to explore how
these Rho GTPases and their modulators regulate specific signaling
pathways spatiotemporally to affect changes in neuron structure and
functional plasticity, thus participating in the pathological process of
substance addiction.

2. The regulation of Rho GTPases

The activities of Rho GTPases are mainly controlled by three
classes of regulators. The first-class is Rho GTPases guanine nucleotide
exchange factors (Rho GEFs). Rho GEFs are classified into two
subclasses, including dedicator of cytokinesis (DOCK)-related
proteins (Benson and Southgate, 2021) and Dbl-like proteins, whose
structure has similarity to the Dbl (diffuse B-cell lymphoma) protein
(Jaiswal et al., 2013). Most Rho GEFs share a Dbl homology (DH)
domain (170-190 amino acids) and Pleckstrin homology (PH)
domain (approximately 100 amino acid). DH domain is responsible
for the guanine nucleotide exchange activity on Rho GTPases, and the
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binding of DH domain to GTPases promotes the combination of Rho
GTPase to GTP and catalyzes its conformational change, which can
then activate a set of downstream effectors for signal transduction
(Jaiswal et al., 2013). The PH domain anchors GEFs to the membrane
by interacting with specific lipids on the membrane, then induces
orientational and/or conformational changes on the membrane
surface and activates Rho GTPase by aligning the DH domain to a
particular cytoskeletal position to mediate cell transformation (Zheng
et al.,, 1996; Baumeister et al., 2003). Rho GTPase activating proteins
(Rho GAPs), which are negative regulatory factors, promote the
hydrolysis of GTP into GDP within the Rho GTPase and inactivate
the Rho GTPase to terminate signal transduction (Amin et al., 2016).
Rho GAPs have a conserved catalytic domain named Rho GAP
domain (approximately 190 amino acids), which can supply a
conserved “arginine finger” Apart from conserved Rho GAP domains,
Rho GAPs have several structural domains and sequence motifs,
which take part in subcellular localization, lipid membrane
association, and the connection to upstream signals (Jaiswal et al.,
2014). Only a tiny amount of Rho GTPases are activated under normal
physiological conditions, and the inactive Rho GTPases are associated
with Rho GTPases guanine nucleotide dissociation inhibitors (Rho
GDIs), which can isolate Rho GTPases in their GDP bound, inhibit
the dissociation of GDP from Rho GTPase and stabilize the
inactivation state of Rho GTPase (Matsuda et al., 2021). GDIs can
be classified according to the specificity of G proteins, however, not all
G proteins have GDIs (for example, the Rho and Rab families have
GDIs, but the Ras family does not). Although different GDIs have
some common structural and functional features, they usually have
unrelated amino acid sequences, indicating that GDIs have appeared
independently in the evolutionary process. To date, 3 Rho GDIs, 72
Rho GAPs, and 82 Rho GEFs have been identified in humans
(Tcherkezian and Lamarche-Vane, 2007; Garcia-Mata et al., 2011;
Amin et al., 2016; Fort and Blangy, 2017; Table 1). It is worth noting
that post-translational modifications such as ubiquitination and
phosphorylation can also regulate the activities of Rho GTPases
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FIGURE 2

The main function of Rho GTPases. Rho GTPases cycles between an active GTP-bound state in the cell membrane and an inactive GDP-bound state in
the cytoplasm, and the activity of Rho GTPases is regulated by Rho GTPases guanine nucleotide exchange factors (Rho GEFs), Rho GTPase activating
proteins (Rho GAPs), and Rho GTPases guanine nucleotide dissociation inhibitors (Rho GDIs). Rho GEFs catalyze the conformational change of Rho
GTPases and activate Rho GTPases. Rho GAPs facilitate the hydrolysis of GTP into GDP within Rho GTPases, and deactivate Rho GTPases. Rho GDIs
inhibit the dissociation of GDP from Rho GTPases and stabilize the inactivation of Rho GTPases. Rho GTPases act as important molecular switches to
transmit signals to downstream effectors that regulates numerous cellular functions, such as cytoskeleton remodeling, cell adhesion and other
essential life processes.

(Abdrabou and Wang, 2018; Jung et al., 2020). These post-translational
modifications and the regulators as mentioned above cooperatively

Table 1 Addiction related Rho GTPase and their regulators.

(s RUESY SIS determine the activation status, concentration, localization, and ability
Addiction related Rho p RHOD, RACI, RAC2, to bind downstream molecules of Rho GTPases.
GTPase RHOA, CDC42, RHOB
FARP1, ARHGEF9,
ARHGEF38, ALS2, 3. The role of Rho GTPases on the
N aruceriz arucerz, | Fegulation of synaptic plasticity
Addiction related Rho
13 PLEKHG2, ARHGEF3,
OFFs ARHGEF1, ARHGEF6, Synaptic connections between neurons are crucial to all aspects of
AKAP13, SPATAI3, neural activity and are therefore precisely regulated. Synaptic plasticity
RASGRF2 is the activity-dependent changes in the strength and efficacy of
ARHGAP39, OPHNI, synaptic transmission across the synapses, and these changes are
Addiction related Rho BCR, ARHGAP?2S, thought to underlie the neurobiology of addiction (Magee and
GAPs 7 SRGAP2, SRGAP3, Grienberger, 2020; Mateos-Aparicio and Rodriguez-Moreno, 2020).
ARHGAPS The excitatory synapses of major neurons in the brain are mostly
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located at the tips of dendritic spines, which are dynamic structures,
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and the rapid remodeling of dendritic spines is essential for synaptic
formation, function, and plasticity. Inappropriate dendritic spinous
morphogenesis may lead to impaired information processing in the
brain. Therefore, abnormal dendritic spines are associated with many
neurodevelopmental, neuropsychiatric, and neurodegenerative
diseases, and dendritic spine morphology can be a proxy for synaptic
strength (Tolias et al., 2011). Dendritic spines are highly enriched in
filamentous actin (F-actin), and the rapid remodeling of actin
cytoskeleton determines the morphologic change ability of dendritic
spines. Therefore, Rho-GTPases, which are well-known for their
ability to control actin cytoskeleton dynamics, are undoubtedly an
important part of the regulatory mechanism of dendritic spines
morphogenesis (Duman et al., 2022). Ras-related C3 botulinum toxin
substrate 1 (Racl), cell division control protein 42 homolog (Cdc42)
and Ras homolog family member A (RhoA) are the most studied
members of the Rho GTPase family, and Racl and Cdc42 promote the
formation, growth and maintenance of spine, while RhoA has opposite
effects (Govek et al., 2005). For instance, cofilin cuts off F-actin,
creating new barbed end for polymerization or causing actin
depolymerization, which is necessary to regulate the density and
morphology of mature spine (Cao et al., 2017). Serine/threonine
kinase PAKI is the main downstream effect of Racl and Cdc42. Racl
and Cdc42 induce phosphorylation of LIMK and cofilin through
PAK1 to inhibit cofilin activity, while inhibition of cofilin
phosphorylation and F-actin polymerization resulted in loss of
dendritic spines (Yang et al., 2018). The Arp2/3 complex is one of the
most important intracellular actins nucleators, which forms actin
networks and caps the ends of actin filaments (Chou and Wang, 2016),
therefore, Arp2/3 is necessary for the formation and remodeling of
actin cytoskeleton to regulate spine morphology and function. The
function of the Arp2/3 complex is highly regulated by nucleation
promoters such as Wiskott-Aldrich Syndrome protein (WASP) or
WASP-family verprolin homologous protein 2 (WAVE2) (Stradal and
Scita, 2006). Cdc42 activates Arp2/3 through N-WASP, which drives
actin polymerization and dendritic spine development in neurons
(Hasegawa et al., 2022). Similarly, Racl regulates Arp2/3 mediated
actin polymerization by activating WAVE2 through IRSp53, and is
involved in the formation and development of synapses (Ding et al.,
2022). Rho-GTPases are essential for regulating excitatory synaptic
formation and plasticity of mature synapses in neurodevelopment
(Figure 3). Chronic substance dependence leads to behavioral,
morphological and neurochemical plasticity changes that underlie
compulsive drug-seeking behavior and relapse after withdrawal.
Identifying and reversing the synaptic plasticity associated with
addiction is considered a potential intervention strategy for drug
addiction (Smith and Kenny, 2018; Speranza et al., 2021).

4. Rho GTPases and substance
dependence

Abnormal morphology and density of dendritic spines could
be observed in patients and animals with addiction (Beltran-Campos
etal,, 2015; Yin et al,, 2020), accompanied by abnormal expression and
activation level of Rho GTPase and its regulatory factors (Cahill et al.,
2018). Regulation of Rho GTPase activities is very crucial for treating
substance dependence (Table 2).
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4.1. Rho GTPases and mesolimbic
dopamine (DA) system

Dopamine (DA) has long been considered as an important
regulatory neurotransmitter, regulating salience encoding, memory
expression, reward prediction, and addiction (Langdon and Daw,
2020; Lin et al., 2020, 2021). Both reward and aversion stimuli activate
dopaminergic neurons and promote the release of DA (Lin et al., 2020;
Liu et al, 2022). The mesolimbic DA system, the dopaminergic
neurons in the ventral tegmental area (VTA) project to the brain
regions involved in emotional, motivational, and executive functions
such as the nucleus accumbens (NAc), amygdale, and prefrontal
cortex (PFC) (Serafini et al., 2020). In the field of substance
dependence, the mesolimbic DAsystem is the common pathway for
addictive substances to induce reward effect, and it is involved in the
positive reinforcement effect, pathological memory, craving caused by
addictive substances, and emotional reactions such as anxiety and fear
after withdrawal (Natividad et al., 2012). Addictive substances can
directly or indirectly excite VTA and cause a rapid and extensive DA
release, thereby producing a rewarding effect (di Volo et al., 2019;
Christoffel et al., 2021). Repeated DA treatments, which could mimic
the increase of DA in synaptic transmission, increased the dendritic
branching spine density of primary cortex neurons (Li J. et al., 2015).
The application of DA can significantly activate Racl whereas decrease
RhoA activity (Li J. et al., 2015). At the same time, SCH23390, the
inhibitor of dopamine receptor 1 (DRDI1), could inhibit the
morphogenesis of dendrites and spines induced by DA treatment, and
SKF81297, an agonist of DRDI, could promote neuronal
morphogenesis (Li . et al., 2015). Further results have shown that the
activation of Racl had a positive effect on DA-induced morphogenesis,
while the activation of RhoA has a negative effect, and Racl could
interact with RhoA and then inhibit RhoA activity (Li J. et al,, 2015),
indicating the activation of Racl was a necessary condition for DA to
induce RhoA inactivation, and Racl and RhoA had different roles in

the regulation of dendritic morphogenesis following DA stimulation.

4.2. Rho GTPases in morphine dependence

Growing evidence indicated that Rho GTPases were intracellular
targets of addictive substances and were involved in drug-induced
dendritic spines morphogenic changes and behavior changes. After
morphine conditional place preference (CPP) training, the number of
hippocampal thin dendritic spines was significantly reduced, and the
expression of RhoA on synapses increased, and morphine-induced
CPP could be prevented by microinjection of the Rho-associated
protein kinase 1 (ROCK) inhibitor H1152 to block RhoA signaling
(Fakira et al., 2016), showing that the RhoA/ROCK signaling pathway
was involved in the formation of morphine-induced place preference,
and local inhibition of this pathway in the hippocampus completely
prevents morphine-associated environmental cues (Figure 4).
did not alter the
synaptoneurosomal expression of the RhoA pathway, the increased

Although acute morphine withdrawal

expression of the RhoA network in NAc has excessively engaged and
facilitated the selective elimination of thin spines on medium-sized
spiny neurons (MSNs) after 2 weeks of morphine withdrawal (Cahill
et al., 2018), suggesting heightened RhoA signaling pathway had a
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FIGURE 3
Rho GTPases-related signaling pathways. Glutamate and brain-derived neurotrophic factor (BDNF) could bind to their corresponding receptors and
activate Rho GEFs, leading to Rho GTPases activation. Rho GEFs including Tiam 1, Kakirin 7, and Vav2 could activate Rac 1 and participate in
cytoskeleton remodeling and synapse development through PAK/LIMK/Cofilin pathway and IRSP53/WAVE2 pathway. Rho GEF Intersection can
activate N-WASP to regulate cytoskeleton remodeling by activating another GTPases Cdc42. ARGEF15 is also involved in this process by activating Rho
A and its downstream ROCK.

potential contribution to the elimination of thin spines during the
protracted stages of morphine withdrawal.

PEC receives dopaminergic projection from VTA and is an
important brain region in the reward circuit of drug addiction. The
excitability of neurons in PFC is affected by the amplitude of action
potential afterhyperpolarization, suggesting that they may be regulated
by small conductance calcium activated potassium (SK) channels
(Shan et al., 2019), which may influence somatic excitability by
promoting afterhyperpolarization and regulating synaptic plasticity. It
has been shown that the excitability of the fifth layer of pyramidal
neurons in infralimbic (IL) regions of the PFC was decreased at 1
week after withdrawal from morphine CPP training, and the
expression of the SK3 and activated-Racl were enhanced compared
to controls (Qu et al., 2020). Meanwhile, NSC23766, one of Racl
inhibitors, could disrupt SK current and increase neuronal firing,
while downregulation of Racl reduced the expression of SK channels
in IL and inhibited morphine-induced CPP (Qu et al.,, 2020),
indicating that Racl signaling pathway reduced neuronal excitability
by regulating SK channel in PFC after morphine withdrawal, and this
could help shed light on the mechanisms of opioid dependence and
the development of treatment strategies.

Frontiers in Molecular Neuroscience

Although the current neurobiological mechanism of opioid
abuse is primarily related to synaptic plasticity of dopaminergic and
glutaminergic neurons, this drug-induced plasticity may also
be enhanced by glial cell activity. More and more evidence showed
that glial cells, including oligodendrocytes, astrocytes and
microglia, participate in cognitive impairment-and drug-induced
neuronal plasticity changes, through the activity of cytokines and
neurotrophins (Rahman et al., 2022). Chronic morphine therapy
induces activation of astrocytes and microglia (Valentinova et al.,
2019). In addition to affecting neuronal plasticity, Rac activity in
glial cells is also involved in morphine addiction. Repeated
morphine exposure could induce the activation of astrocytes and
microglia in vivo, and promote the release of cytokines and
glutamate from neurons. At the same time, morphine could induce
morphological changes of cultured microglia from bipolar rod-like
shapes or globular to lamellipodial and flat, with membrane ruffling
at the edge, which was colocalized with Rac (Takayama and Ueda,
2005). These results indicated that Rac activation was involved in
morphine-induced changes in neuronal synaptic plasticity and glial
which all
abnormal behaviors.

cell activation, affected morphine induced
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Table 2 Roles of Rho GTPases in substance dependence.

Substance

Behavior test

Strain

Nuclei or cell
lines

Changes of Rho
GTPases

10.3389/fnmol.2023.1125277

References

Morphine Conditioned place C57BL/6 mice Hippocampus Number of dendritic Fakira et al. (2016)
preference spines & Rho A {
ROCK{
Withdrawal C57BL/6] mice Nucleus accumbens Spines on medium-sized Cahill et al. (2018)
spiny neurons { Rho A
i
Conditioned place Sprague Dawley rats Prefrontal cortex Racl § Qu et al. (2020)
preference and
withdrawal
Heroin Self-administration Sprague Dawley rats Dorsal hippocampus RhoB{t ROCK{ Chen et al. (2017)
Self-administration Sprague Dawley rats Dorsal hippocampus Racl © Chen et al. (2017)
F-actin/G-actin{}
Behavioral sensitization C57BL/6] mice Nucleus accumbens Racl § Zhu et al. (2016)
Cocaine Goal-directed action C57BL/6] mice Prelimbic prefrontal Number of dendritic Swanson et al. (2017)
cortex spines &, ROCK{
Locomotor activity C57BL/6] mice Prefrontal cortex ROCK{ DePoy et al. (2013)
Acute injection CD-1 mice Dorsal striatum, Rnd3¢ Marie-Claire et al. (2007)
prefrontal cortex and
hippocampus
Locomotor sensitization C57BL/6] mice x 129 Nucleus accumbens Rho-GEF Kalirin-74 Kiraly et al. (2010) and Ma
mice etal. (2012)
Withdrawal Sprague Dawley rats Nucleus accumbens Kalirin-74 Rac- Wang et al. (2013)
14PAKS
Self-administration, Mice Nucleus accumbens RhoGEF PDZ{} RhoA{} Cahill et al. (2016)
locomotor activity and Raplbf
conditioned place
preference
Behavioral sensitization C57BL/10 mice Nucleus accumbens RhoGEF Vav2{ Zhu et al. (2015)
and conditioned place
preference
Amphetamine Cells SK-N-SH cells RhoA ¢t ROCK4$ Wheeler et al. (2015)
Swiss-Webster mice Midbrain slices RhoA ¢t ROCK4$ Wheeler et al. (2015)
Methamphetamine Rearing and sniffing Sprague-Dawley rats Nucleus accumbens ROCK{ Narita et al. (2003)
Conditioned place C57BL/6] mice Nucleus accumbens Racl{ PAK14 and Tu et al. (2019) and Zhao
preference Cdc428 etal. (2019)
Neurotoxicity Sprague Dawley rats Hippocampus RhoA¢, ROCK{r, Xue et al. (2019)
cofilinft, p-cofilinf
Nicotine Neurotoxicity Cells PC 12 cells RhoA{}, ROCK4$ Fukuda et al. (2005)
Alcohol Alcohol preference Wistar rats Striatum ROCKZY Kurt et al. (2015)
Alcohol preference Wistar rats Hippocampus ROCK{ Kurt et al. (2015)
Self-administration Drosophila Racld Butts et al. (2019)
Sedation Drosophila RhoGAP18b{ Racld Rothenfluh et al. (2006)
RhoAl Cdc424
Self-administration Drosophila Arf6{+ Racl{ Peru et al. (2012)

4.3. Rho GTPases in heroin dependence

A key point with substance dependence is that abuse usually

occurs in specific situations, therefore, exposure to the environment

Frontiers in Molecular Neuroscience

associated with addictive substance can increase craving and the odds

of relapse, even after long-term withdrawal (Hitchcock and Lattal,

2018). Many brain regions play a role in environmental context-

induced reinstatement of drug seeking and relapse, including dorsal
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Changes of Rho GTPases expression in brain induced by opioids. In the mesolimbic dopamine system, the dopaminergic neurons in the ventral
tegmental area (VTA) project to the brain regions involved in emotional, motivational, and executive functions such as the nucleus accumbens,
hippocampus, dorsal striatum and prefrontal cortex. Opioids such as morphine and heroin abuse lead to changes in expressions of Rho GTPases in the
mesencephalic limbic dopamine system, which in turn cause cytoskeleton remodeling and synaptic morphological and functional changes of
dopamine neurons, leading to addiction and relapse. Arrows are used to represent changes in Rho GTPases and their downstream molecules in
different brain regions caused by addictive substances, with upward arrows indicating increased expression and downward arrows indicating
decreased expression. The color of the Rho GTPases and their downstream molecules coincides with the color of the brain regions in which they are
differentially expressed. For example, the pink Racl in the left panel indicates changes in Racl expression in the prefrontal cortex (also the pink brain
region) caused by morphine, and the upward arrow in the back indicates increased Racl expression in the prefrontal cortex caused by morphine.
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and ventral PFC, dorsal striatum, basolateral amygdala and
hippocampus (Marchant et al., 2015; Pelloux et al., 2018; Sun and
Giocomo, 2022). Among them Hippocampus is crucial for developing
and retrieving contextual and spatial memories (Sun and Giocomo,
2022). The dorsal hippocampus (DH) is the physiological basis for the
learning of associations between the environmental context and
unconditioned stimuli (such as drug use), and it is involved in
mediating drug-taking and drug-seeking behavior and relapse (Chen
etal., 2017; Hitchcock and Lattal, 2018). The expression of RhoB was
increased in the DH of heroin self-administering rats, whereas
blocking the RhoB/ROCK network could attenuate context-induced
heroin relapse (Chen et al., 2017; Figure 4), which indicated that the
RhoB pathway in the DH was necessary for the retrieval (recall) of
addiction memory.

Racl was also particularly needed in cytoskeleton remodeling of
the dendritic spine. DNA methylation is an essential mechanism for
controlling gene expression, and it is essential for long-term synaptic
plasticity. Calcium/calmodulin-dependent kinases (CaMKs) have
become fundamental molecules that control spinal morphogenesis
and dendritic development (Chang et al., 2019; Wang et al., 2019;
Shibata et al., 2021). CaMKII is critical to the plasticity of activity-
dependent spines (Yasuda et al., 2022). In addition to CaMKII,
neurons also contain other CaMK cascades, facilitated by CaMK
kinase (CaMKK) and its major downstream targets. Self-
administration of heroin increased the expression of CaMKK1, which
in turn activated its downstream target CaMKIa. The CaMKK1/
CaMKIa pathway activated Racl via interacting with PIX (Rac GEF)
to regulate actin cytoskeleton remodeling in the DH and behavioral
plasticity (Chen et al., 2021). Repeated self-administration of heroin
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caused the activation of Racl and the ratio of F-actin to G-actin in the
DH increased significantly, indicating that the actin cytoskeleton was
remodeled (actin polymerization). More importantly, bilateral
intra-DH injection of NSC23766 significantly blocked actin
polymerization and inhibited heroin self-administration (Chen et al.,
2021), demonstrating that the upregulation of CaMKK]1 in the DH
was related to the motivation of heroin intake, and CaMKK1/
CaMKIo/Racl pathway was required for the cytoskeleton remodeling
and heroin addiction behavior of rats. However, Autism susceptibility
candidate 2 (AUTS2) could inhibit the initiation and expression of
heroin-induced behavioral sensitization via elevating Racl activation
in NAc (Zhu et al.,, 2016). These results demonstrate that actin
cytoskeleton remodeling is necessary for heroin addiction and
hyperactive behavior, though the Racl signaling pathway may play
different roles in different regions.

4.4. Rho GTPases in cocaine dependence

“Goal-directed” actions, the ability to choose actions based on
expected consequences, are critical for the survival of individuals,
which means that their performance is sensitive to the change in the
connections between the action and its results. Habit-based stimulus-
induced reward seeking at the expense of “goal-directed” response
strategies may play an etiological role in the development and
maintenance of substance dependence, especially for cocaine
addiction (Everitt and Robbins, 2016). The cortex-dorsomedial
striatum circuit is critical to the acquisition of “goal-directed” actions
(Hart et al., 2014), and lesions of the prelimbic cortex impaired the
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ability of laboratory animals to choose actions based on previously
encoded action-outcome associations (Corbit and Balleine, 2003),
indicating the prelimbic prefrontal cortex is essential for making
“goal-oriented” decisions. Swanson et al. found that decision-making
strategies could be predicted by dendrite spine density, and the
intensity of action-outcome conditioning correlated with dendrite
spine density in the prelimbic cortex, suggesting that the structural
plasticity of prelimbic cortical neurons may play critical roles in the
generation of “goal-directed” actions (Swanson et al., 2017). Systemic
and local prelimbic cortical injection of the fasudil (ROCK inhibitor)
could block the habitual response to food and cocaine in an actin
polymerization-dependent manner, and temporarily reduce dendritic
spine densities in prelimbic cortex in the process of consolidating new
action-outcome associations (Swanson et al., 2017), demonstrating
that blocking Rho/ROCK could impact the habit-based behaviors,
including in the context of cocaine habits. HA-1077 (ROCK inhibitor)
treatment during the adolescent period exaggerated cocaine-induced
locomotor activity in adulthood, and administration of HA-1077 in
adulthood had no psychomotor consequences in mice (DePoy et al.,
2013), suggesting that early-life ROCK inhibition for destabilizing
dendritic spines could confer cocaine vulnerability.

Cocaine addiction leads to persistent alterations in the brain’s
reward system, including increased dendrites and spine density on
MSNs in the NAc and glutamatergic projection neurons in the PFC
and ventral hippocampus (Li et al., 2012; Barrientos et al., 2018).
Except Rho/ROCK pathway, the members of the Rnd subfamily also
play essential roles in the regulation of actin cytoskeleton. Different
from other small Rho GTPases, members of the Rnd subfamily (Rnd1,
Rnd2, and Rnd3) do not hydrolyze GTP, therefore, Rnd proteins are
not regulated by GAPs, and might be mainly regulated by
transcriptional modulation (Chardin, 2003). Rnd3 is ubiquitously
expressed, while Rnd1 and Rnd2 are mainly expressed in the brain.
Studies have shown that Rndl promoted the maturation of the
dendrite spine, Rnd2 stimulated dendrite branching, and Rnd3
regulated cytoskeleton remodeling and cell migration. The level of
Rnd3 mRNA in the dorsal striatum, PFC and, hippocampus was
significantly increased after the cocaine injection (Marie-Claire et al.,
2007; Figure 5). Considering the role of the Rnd subfamily in actin
cytoskeleton modulation and synaptic plasticity, cocaine regulation of
Rnd3 gene expression suggests that Rnd3 is involved in the growth of
neurites and modification of dendritic branches induced by cocaine
abuse (Marie-Claire et al., 2007). With limited research progress in
this field, it would be significant to study the direct relationship
Rnd3 and
morphologic changes.

between cocaine addiction and neuronal

As positive regulators of Rho GTPases, Rho GEFs also become
central regulators of synaptic actin dynamics. Kalirins, a well-known
subfamily of Rho-GEFs promote the exchange of GDP and GTP,
thereby stimulating the activity of specific Rho GTPases (Paskus et al.,
2020). Kalirin-7 (Kal-7) is located on the postsynaptic side of
excitatory synapses, and it is the most abundant Kalirin subtype in
adult rodent brains. Kal-7 could activate Racl, RhoA, and RhoG and
is critical to the formation and stability of dendritic spines (Ma, 2010;
Mazzone et al., 2012). The binding of the PH domain of Kal-7 and the
NR2B (one of glutamate receptor NMDAR subunits) was necessary
for synaptic plasticity (Kiraly et al., 2011). Chronic cocaine induced
an increased expression of Kal-7 in the NAc of wild-type mice, and

overexpression of Kal-7 in cultured MSNs increased the density of
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dendritic spine, while knocking out of Kal-7 inhibited the increase in
spine density after cocaine treatment, indicating that Kal-7 was
supposed to be indispensable for increases of dendritic spine density
induced by cocaine (Kiraly et al., 2010; Ma et al., 2012). Lack of Kal-7
did not influence acute locomotor response to cocaine, but it could
increase cocaine locomotor sensitization and self-administration
(Kiraly etal., 2010, 2013; LaRese et al., 2017). After 2 weeks withdrawal
from repeated cocaine injections, the levels Kal-7 and the activation
of its downstream effectors such as Racl and PAK in the NAc were
increased, while the surface expression of glutamate receptor AMPAR
and spine density also increased (Wang et al., 2013). Kal-7 knockdown
eliminated the increased expression of AMPAR and spine density, and
Kal-7 knockdown rats also exhibited locomotor sensitization,
however, incentive sensitization, which was assessed by the speed rats
learned to self-administer a threshold dose of cocaine, was impaired
severely (Wang et al., 2013). Blockade of NR2B with ifenprodil also
inhibited locomotor hypersensitization of cocaine in Kal-7*° mice
(LaRese et al., 2017). These results indicated that Kal-7/Rac1/PAK
pathway coordinated glutamate receptors to increase dendritic spine
density during cocaine withdrawal, while incentive sensitization and
locomotor sensitization may involve divergent mechanisms.

The synaptic structure and function of NAc MSNs in the early and
late stages during cocaine withdrawal had opposing alterations. For
instance, the observation of de novo thin spine formation at early time
points indicated weakened synapses, while the increased formation of
mushroom dendritic spines and related strengthened synapses were
seen at later time points. After long-term exposure to cocaine, the
level of PDZ-RhoGEF (one of the RhoGEFs, encoded by Arhgef11
gene) in the cytoplasm of NAc MSNs decreased, and the level of
PDZ-RhoGEF in the nucleus increased (Cahill et al., 2016). This
change was related to the increase in the levels of active RhoA in the
nucleus, which in turn promoted the formation of F-actin. Meanwhile,
the mRNA level and the synaptoneurosomal fraction level of Raplb,
which belongs to the Rap subfamily, were selectively increased after
cocaine exposure, and further studies demonstrated that the elevated
levels of active RhoA and Rap1b were related to the upregulation of
PDZ-RhoGEF (Cahill et al., 2016). NAc infusion of Rap1b inhibitor
GGTI-298 reduced locomotor activity and CPP induced by cocaine,
and Rap1b could activate the PI3K-Akt-mTOR pathway, which, in
turn, promoted the formation of thin spines at early time points of
cocaine withdrawal. On the contrary, the activity of this pathway was
reversed at late time points of cocaine withdrawal, resulting in the
formation of mushroom spines (Cahill et al., 2016). These findings
reveal the key role of biaxial synaptic expression of PDZ-RhoGEF/
Rap1b in cocaine addiction. Although the actin dynamic changes that
occur early and late time points appear to be different, synaptic
remodeling during this process is a potential example of
“superplasticity;” with the initial formation of new fine spines early
providing sites where subsequent dendritic spine maturation occurs
(Wright et al., 2020).

Dopamine transporter (DAT)-mediated DA reuptake is one of the
most critical mechanisms for substance dependence. Vav2 belongs to
the VAV family with guanine nucleotide exchange activity. Compared
with wild-type mice, the surface expression of DAT in the NAc of
cocaine-treated Vav2~- mice was significantly reduced, along with
reduced DA levels and diminished behavioral response to cocaine
(Zhu et al,, 2015), demonstrating that Vav2 was a key factor of DAT
trafficking and cocaine abuse.
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FIGURE 5
Changes of Rho GTPases expression in brain induced by psychostimulants. Dopamine plays a role in the brain’s reward system, helping to reinforce
certain behaviors that result in reward. Dopaminergic neuronal projections from the ventral tegmental area (VTA) to the nucleus accumbens, dorsal
striatum and hippocampus, and prefrontal cortex underlie the neurobiology of this process. Psychostimulants such as cocaine and amphetamine lead
to abnormal expressions of Rho GTPases (Rho A, Racl, Rnd3) and their regulators (Kalirin-7, Vav2) in the above regions, which take part in the
reinforcement, withdrawal and relapse of psychostimulants addiction. Arrows are used to represent changes in Rho GTPases and their regulators in
different brain regions caused by addictive substances, with upward arrows indicating increased expression and downward arrows indicating
decreased expression. The color of the Rho GTPases and their downstream molecules coincides with the color of the brain regions in which they are
differentially expressed.

4.5. Rho GTPases in amphetamine
dependence

Amphetamine is a psychostimulant that can increase DA
content in the synaptic cleft by inhibiting DA reuptake in
dopaminergic neuron terminals, and DAT is the crucial target of
amphetamine actions during addiction. Different from cocaine and
other psychostimulants, amphetamine can serve as a DAT substrate
to stimulate the endocytosis of DAT in the plasma membrane. For
instance, after injections of amphetamine (2 mg/kg), the level of
DAT on the cell membrane of the midbrain slice significantly
decreased (Saunders and Galli, 2015; Wheeler et al., 2015), which
may be the key mechanism that leads to addiction. Wheeler et al.
demonstrated that amphetamine rapidly stimulated DAT trafficking
through a clathrin-independent, dynamin-dependent process in
midbrain slices and cultured dopamine neurons, and this effect was
mediated by activation of the RhoA (Wheeler et al, 2015).
Inhibiting RhoA activity by C3 exotoxin, ROCK inhibitor Y27632,
or a dominant-negative RhoA could block amphetamine-induced
DAT internalization and dopamine uptake. Amphetamine also
stimulated the accumulation of cAMP and PKA-dependent
inactivation of RhoA, thus regulating the timing and stability of the
effect of amphetamine on DAT internalization through the
interaction of PKA and RhoA signaling pathways (Wheeler et al.,
2015). The regulation of Rho activation/inactivation sequence
which
neurotransmitters and drugs could affect the response of

provided a mechanism through endogenous

dopaminergic neurons to amphetamine (Figure 5).
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Similar to DAT, which is responsible for maintaining the DA
concentration in the synaptic cleft, excitatory amino acid transporters
(EAATs) are responsible for regulating the concentration of
extracellular glutamate, which determines the spatial and temporal
precision of glutamate neurotransmission and limits the excitotoxic
effects of glutamate. EAAT3 is found predominantly in neurons and
is the main subtype of glutamate transporter in dopaminergic neurons
(Shin et al., 2020). Amphetamine stimulated the internalization of
EAATS3, which was dependent on the activation of a RhoA, dynamin,
and the expression of DAT, and decreased glutamate uptake in
cultured neurons (Underhill et al., 2014). EAAT3 Trafficking from the
cytomembrane after amphetamine treatment enhanced glutamate
synaptic transmission by reducing glutamate clearance, proving a new
mechanism for amphetamine to regulate midbrain glutamate activities.

NAc injection of ROCK inhibitor Y27632 significantly suppressed
the increase of extracellular DA levels and behaviors induced by
methamphetamine (METH) (Narita et al., 2003). METH regulated the
Racl and Cdc42 signaling pathways oppositely, and inhibiting the
Racl signaling and activating the Cdc42 signaling were crucial to CPP
and structural plasticity induced by METH. DRD1 activated both the
Racl and Cdc42 signaling, while DRD2 activated Cdc42 signaling but
inhibited Racl signaling, thereby mediating METH-induced CPP and
structural plasticity (Tu et al., 2019). These results showed both DRD1
and DRD2 in the MSNs of NAc regulated METH-induced locomotor
activation, CPP, and dendritic and spine remodeling, however the
possible mechanisms may differ.

The acquisition of METH-related addiction memory increased
the thin dendritic spine density of DRD1-and DRD2-MSNs and it
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decreased the activity of Racl and the expressions of its downstream
p-PAK, p-Cofilin, and p-LIMK, whereas overexpression of Racl
accelerated the extinction of METH-associated contextual memory.
Additionally, although NAc microinjection of Racl inhibitor or
activator was not sufficient to interrupt the reconsolidation of METH-
associated contextual memory, the pharmacological activation of
Racl in the NAc also promoted the elimination of thin spines and the
extinction of METH-associated contextual memory. It was worth
noting that Racl had an effect on the spine plasticity of DRD1-MSNs
induced by METH, but had no effect on DRD2-MSNs. These findings
indicated that Racl might play an opposite role in the acquisition and
extinction of METH-related contextual memory, and the role of
Racl in METH-related spine remodeling is also cell-specific,
indicating that Racl may be a potential therapeutic target for reducing
METH relapse (Zhao et al., 2019).

In addition to addiction and hyperactivity, METH is highly
neurotoxic to the central nervous system. METH significantly
(BBB)
cytoskeleton remodeling, and reduced levels of tight junction (T])

increased blood-brain barrier permeability, induced
proteins in the hippocampus. The expressions of RhoA, ROCK,
myosin light chain (MLC), p-MLC, cofilin, p-cofilin, and matrix
metalloproteinase (MMP)-9 were all up-regulated, indicating that the
RhoA/ROCK pathway was activated after METH treatment. After
pretreatments with RhoA or ROCK inhibitors, the expressions of
above-mentioned proteins significantly decreased, and the expressions
of TJ proteins were increased, while the rearrangement F-actin
cytoskeleton was suppressed and the permeability of rat brain
microvascular endothelial cells was also reduced. These results
indicated that METH could induce cytoskeleton rearrangement and
TJ protein down-regulation via activating the RhoA/ROCK pathway,
and then increase the permeability of BBB (Xue et al., 2019).

The neurotoxicity caused by METH abuse is associated with
neurodegenerative damage in various brain regions such as the
hippocampus and dorsal striatum. For instance, METH can cause
dopaminergic neurons apoptosis, and using small interfering RNA to
silence ROCK2 could increase cell viabilities and reduce apoptosis of
PCI12 cells (Yang et al., 2013), showing that ROCK2 may be a possible
target for the treatment of METH-induced neurotoxicity. METH
induced cytomorphological changes on human neuroblastoma
SH-SY5Y cells including macropinocytosis through actin-dependent
endocytosis (Nara et al., 2010). Further study showed that
macropinosomes formed after METH exposure colocalized with
activated Ras and activated Racl, and both Racl inhibitor and Ras
inhibitor significantly suppressed the formation of macropinosomes.
Meanwhile, the levels of lysosomal-associated membrane proteins
increased gradually in a time-dependent manner after METH
exposure, while the proteolytic activities of cathepsin L were
significantly suppressed, indicating that lysosomal function was
inhibited. These results indicate that inhibition of lysosomal function
through Ras-and Racl-mediated macropinocytosis is at least partially
involved in cytotoxic effects of METH (Nara et al., 2012).

4.6. Rho GTPases in alcohol dependence

Alcohol has been widely abused in many cultures for centuries,
and drinking alcohol is related to the risk of chronic diseases including
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mental and behavioral disorders, liver cirrhosis, and cardiovascular
diseases. Studies have found that the activity of ROCK in the striatum
of rats was significantly reduced after being exposed to alcohol, while
that in the hippocampus was significantly increased (Kurt et al., 2015),
indicating that alcohol had different effects on the Rho/ROCK
pathway in different brain regions. Racl and its target cofilin could
bi-directionally change the experience-dependent alcohol preference.
Dominant-negative Racl or activated cofilin in the mushroom bodies
of Drosophila led to faster acquisition of experience-dependent
alcohol preference, while activated Racl or dominant-negative cofilin
eliminated alcohol preference, suggesting the activation state of Racl
and cofilin were key factors to determining the rate of acquisition of
alcohol preference and actin dynamics regulation played critical roles
in the development of voluntary self-administration in Drosophila
(Butts et al., 2019).

Low doses of alcohol (15% alcohol in the preference assays;
Butts et al., 2019) caused disinhibition and hyperactivity (increased
locomotion), while higher doses (alcohol vapors; Rothenfluh et al.,
2006) led to dyskinesia and subsequent sedation. Small GTPase
Arf6 acts downstream of Racl and Arfaptin and functions in the
nervous system of adults. Arfaptin can directly bind to the activated
Racl and Arf6, and Arfaptin and Arf6 mutations caused
hypersensitivity to alcohol-induced sedation, demonstrating that
the conservative Racl/Arfaptin/Arf6 pathway was the main
mediator of behavioral responses to alcohol in Drosophila (Peru
etal., 2012).

The biological response to alcohol is highly conserved, and the
reduced response to the sedative effects of alcohol indicates an
increased risk of alcohol dependence in humans. RhoGAP18B is one
of Rho GAPs and also affects the sensitivity to alcohol. Blockage of
RhoGAP18B has strong resistance to the sedative effect of alcohol, and
could enhance the GTPase activities of human Cdc42 and Rac, but has
no impacts on RhoA. This resistance can be inhibited by decreasing
the levels of RhoA or Racl, indicating these GTPases were involved in
the behavioral response to alcohol (Rothenfluh et al., 2006). The loss-
of-function mutation in cofilin led to decreased alcohol-sensitivity
and synergistic effect with RhoGAP18B, and the RhoGAP18B-PA
subtype acted on Cdc42, while PC and PD activated cofilin through
Racl and Rho, indicating that different RhoGAP18B subtypes acted
on different Rho GTPases subgroups to regulate actin polymerization
and depolymerization, and alcohol-induced behaviors (Ojelade
etal., 2015).

The central nervous system has mechanisms to ensure the process
of forming appropriate neuron polarity and regulating the growth
time of the processes, and alcohol can destroy these mechanisms and
alter the normal establishment of neuronal polarity. For instance,
cultured pyramidal neurons of the fetal rat hippocampus developed
abnormally small dendritic branches after being exposed to alcohol in
the early stages of cultivation (Clamp and Lindsley, 1998), and long
term alcohol treatment led to a reduction in the total length of
dendrites, the number of dendrites and the number of synapses (Yanni
and Lindsley, 2000). Ca* signaling pathway is a key regulator of axon
growth and guidance, altered Ca®* signaling in growth cone were
associated with abnormal neuromorphogenesis caused by fetal alcohol
exposure (Mah et al., 2011). Alcohol exposure inhibited Rac1/Cdc42
activation induced by BDNF in a dose-dependent manner, and in the
early stages of hippocampus development, alcohol inhibited growth
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cone signaling through regulating the activities of small Rho GTPases
(Lindsley et al., 2011), suggesting alcohol may destroy the effect of
neurotrophic factors on axon growth and guidance. Exposure 7-day-
old rat pups to alcohol inhibited the formation of neurite and
activation of Racl in cerebellar granule neurons, demonstrating that
Rho GTPases played a regulatory role in the differentiation of
cerebellar neurons, and alcohol-related impairment of Rac1 signaling
may be one of the causes of brain defects observed in fetal alcohol
syndrome (Joshi et al., 2006).

4.7. Rho GTPases in nicotine dependence

Nicotine dependence is one of the most expensive health
problems worldwide. A microarray study on the time-course of
acute response to nicotine in the VTA of mice showed that RhoA
expression levels increased significantly with the duration of
nicotine treatment, and one SNP of RhoA gene, rs2878298, showed
a highly significant genotypic association with the initiation of
smoking and nicotine dependence (Chen et al., 2007). Given the
role of RhoA in cytoskeleton rearrangement and formation of
dendritic spines, these results suggested RhoAs regulation of
neuroplasticity may be involved in nicotine abuse. Tyrosine
hydroxylase (TH) is a key rate-limiting enzyme in the biosynthesis
of catecholamine such as DA. Nicotine could significantly activate
RhoA and increase the expression and enzyme activity of TH in
culture rat pheochromocytoma PC 12 cells, and treatment with
Y27632 or C3 toxin significantly to block RhoA signaling
remarkably inhibited the nicotine-induced increase of TH and
catecholamine biosynthesis in PC12 cells (Fukuda et al., 2005),
indicating RhoA may be involved in the increase of catecholamine
neurotransmitters such as dopamine caused by nicotine and the
activation of reward circuits.

5. Considerations for clinical use and
outlook

The Rho/ROCK pathway is abnormally activated in various
diseases of the central nervous system, and blocking of the Rho/
ROCK pathway has been shown to be effective in animal models of
Alzheimer’s disease, neuropathic pain and stroke (Mueller et al.,
2005). ROCK was also abnormally expressed in many brain regions
of the addicted animals, therefore, inhibitors of ROCK may also
have the potential to treat drug abuse. To date, only two inhibitors
of ROCK, fasudil (Eril®) and its derivative ripasudil (Glanatec®),
have been approved for clinical use. Fasudil is a small molecule
ROCK inhibitor, which was first approved in 1995 in Japan for the
prevention and treatment of cerebral vasospasm and subarachnoid
hemorrhage (Abedi et al,, 2020). Fasudil has been proved to
stimulate neuroregeneration and prevent neurodegeneration in
many neurological diseases (Tatenhorst et al., 2016). Fasudil could
enhance action-outcome memory, leading to “goal-directed”
behavior in mice, otherwise the mice would express “stimulus-
response” habits, and fasudil can also prevent the habitual response
to cocaine, and this effect would persist over a period of time based
on the polymerized state of actin (Swanson et al., 2017). Fasudil
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administration could significantly ameliorate spatial learning and
memory disorders and reduce the increase of inflammatory
cytokines levels induced by smoking in the hippocampus, which
may be related to the regulation of the Rho/ROCK/NF-kB pathway
(Xueyang et al., 2016). In 2014, Pharmaceuticals and Medical
DevicesAgency of Japan approved Ripasudil as an ophthalmic
solution for the treatment of glaucoma with increased intraocular
pressure (Koch et al., 2018). However, there have been no reports
of ripasudil and drug addiction. RhoA activation may be involved
in the up-regulating of the expression and activity of ileal P-gp
protein, resulting in a decrease in the analgesic effect of oral
morphine (Kobori et al., 2012), and inhibition of RhoA activation
by rosuvastatin not only delayed, but also partially reversed the
morphine tolerance (Li Y. et al., 2015).

Substance dependence is associated with mental disorders such as
depression and anxiety, which are major factors leading to compulsive
drug seeking and relapse. Opipramol, a sigma-1 receptor agonist, is
approved in some European countries to treat anxiety disorders and
depression. It has been reported that chronic opipramol administration
could reduce cocain-seeking behavior in self- self-administrated rats.
Further results suggested that Racl played a key role in the effect of
opipramol on drug seeking, affecting the susceptibility of addicted rats
to opipramol (Bareli et al., 2021b). As a drug used in clinical practice,
opipramol reduced Racl and inhibited cocaine relapse, indicating its
potential as a candidate for the treatment of substance dependence.
Opipramol combined with baclofen significantly reduced cravings and
depressive symptoms in substance abusers, according to a preliminary,
double-blind, controlled clinical investigation. These findings suggest
that opipramol and baclofen could be candidates for treatment in
patients with substance abuse and comorbidities for mood/anxiety
disorders, which may help improve their addiction status and promote
rehabilitation (Bareli et al.,, 2021a).

Although there are preclinical studies that support the beneficial
effects of Racl, RhoA/ROCK inhibitors on drug abuse, human clinical
studies and data confirming their beneficial effects are limited. More
clinical trials are needed to determine whether fasudil or opipramol
show beneficial effects in the treatment of drug dependence clinically
and to research and develop more effective Rho GTPase-
related compounds.

6. Conclusion

Accumulating studies have indicated that the Rho GTPases
family and their regulatory factors regulators, in particular GEFs and
GAPs, play crucial roles in substance dependence, which provide
novel insights into the treatment. However, our work cannot tell the
whole story because more and more findings are being discovered
about the role of Rho GTPases and their regulators and effects in
substance dependence, and even more have yet to be revealed. The
cell specificity and brain region specificity of Rho GTPases indicate
we remain far from a complete understanding of how they operate
spatially and temporally in neuronal structure and function in
substance dependence. A better understanding of regulatory
mechanisms of these Rho GTPases will certainly highlight novel
therapeutic targets and interventions for the treatment of
substance dependence.

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1125277
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ruetal.

Author contributions

QR, LC, and YXW designed the study and wrote the manuscript.
All authors contributed to the article and approved the final version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant No. 81971775) to LC and (Grant No.
82071970) to YXW, the Young Talents Project of Hubei Provincial
Health Commission (Grant No. WJ2021Q053) to QR, and the Science
and Technology Project of Jianghan University (Grant No.
2022SXZX25).

References

Abdrabou, A., and Wang, Z. (2018). Post-translational modification and subcellular
distribution of Racl: An update. Cells 7:263. doi: 10.3390/cells7120263

Abedi, F, Hayes, A. W,, Reiter, R., and Karimi, G. (2020). Acute lung injury: The
therapeutic role of Rho kinase inhibitors. Pharmacol. Res. 155:104736. doi: 10.1016/j.
phrs.2020.104736

Amin, E., Jaiswal, M., Derewenda, U., Reis, K., Nouri, K., Koessmeier, K. T, et al.
(2016). Deciphering the molecular and functional basis of RhoGAP family proteins: A
systematic approach toward selective inactivation of rho family proteins. J. Biol. Chem.
291, 20353-20371. doi: 10.1074/jbc.M116.736967

Bareli, T., Ahdoot, H. L., Ben Moshe, H., Barnea, R., Warhaftig, G., Gispan, I, et al.
(2021a). Novel opipramol-baclofen combination alleviates depression and craving and
facilitates recovery from substance use disorder-an animal model and a human study.
Front. Behav. Neurosci. 15:788708. doi: 10.3389/fnbeh.2021.788708

Bareli, T., Ahdoot, H. L., Ben-Moshe, H., Barnea, R., Warhaftig, G., Maayan, R.,
et al. (2021b). Chronic opipramol treatment extinguishes cocaine craving through
Racl in responders: A rat model study. Addict. Biol. 26:e13014. doi: 10.1111/
adb.13014

Barrientos, C., Knowland, D., Wu, M. M. ], Lilascharoen, V., Huang, K. W,
Malenka, R. C., et al. (2018). Cocaine-induced structural plasticity in input regions to
distinct cell types in nucleus accumbens. Biol. Psychiatry 84, 893-904. doi: 10.1016/j.
biopsych.2018.04.019

Baumeister, M. A., Martinu, L., Rossman, K. L., Sondek, J., Lemmon, M. A., and
Chou, M. M. (2003). Loss of phosphatidylinositol 3-phosphate binding by the
C-terminal Tiam-1 pleckstrin homology domain prevents in vivo Racl activation
without affecting membrane targeting. J. Biol. Chem. 278, 11457-11464. doi: 10.1074/
jbc.M211901200

Beltran-Campos, V., Silva-Vera, M., Garcia-Campos, M. L., and Diaz-Cintra, S.
(2015). Effects of morphine on brain plasticity. Neurologia 30, 176-180. doi: 10.1016/j.
nrl.2014.08.004

Benson, C. E., and Southgate, L. (2021). The DOCK protein family in vascular
development and disease. Angiogenesis 24, 417-433. doi: 10.1007/s10456-021-09768-8

Bosco, E. E., Mulloy, J. C., and Zheng, Y. (2009). Racl GTPase: A “Rac” of all trades.
Cell Mol. Life Sci. 66, 370-374. doi: 10.1007/s00018-008-8552-x

Butts, A. R,, Ojelade, S. A., Pronovost, E. D., Seguin, A., Merrill, C. B, Rodan, A. R,,
etal. (2019). Altered actin filament dynamics in the drosophila mushroom bodies lead
to fast acquisition of alcohol consumption preference. J. Neurosci. 39, 8877-8884. doi:
10.1523/JNEUROSCI.0973-19.2019

Cahill, M. E,, Bagot, R. C., Gancarz, A. M., Walker, D. M., Sun, H., Wang, Z. J., et al.
(2016). Bidirectional synaptic structural plasticity after chronic cocaine administration
occurs through Rap 1 small GTPase signaling. Neuron 89, 566-582. doi: 10.1016/j.
neuron.2016.01.031

Cahill, M. E,, Browne, C. J., Wang, J., Hamilton, P. ]., Dong, Y., and Nestler, E. J. (2018).
Withdrawal from repeated morphine administration augments expression of the RhoA
network in the nucleus accumbens to control synaptic structure. J. Neurochem. 147,
84-98. doi: 10.1111/jnc.14563

Cao, E, Zhou, Z., Pan, X,, Leung, C., Xie, W, Collingridge, G., et al. (2017).
Developmental regulation of hippocampal long-term depression by cofilin-mediated
actin  reorganization.  Neuropharmacology 112, 66-75. doi:  10.1016/j.
neuropharm.2016.08.017

Casalou, C,, Ferreira, A., and Barral, D. C. (2020). The role of ARF family proteins and
their regulators and effectors in cancer progression: A therapeutic perspective. Front.
Cell Dev. Biol. 8:217. doi: 10.3389/fcell.2020.00217

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1125277

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Chang, J. Y., Nakahata, Y., Hayano, Y., and Yasuda, R. (2019). Mechanisms of
Ca®”'calmodulin-dependent kinase II activation in single dendritic spines. Nat.
Commun. 10:2784. doi: 10.1038/s41467-019-10694-z

Chardin, P. (2003). GTPase regulation: Getting aRnd Rock and Rho inhibition. Curr.
Biol. 13, R702-R704. doi: 10.1016/j.cub.2003.08.042

Chen, X, Che, Y., Zhang, L., Putman, A. H., Damaj, L., Martin, B. R,, et al. (2007).
RhoA, encoding a Rho GTPase, is associated with smoking initiation. Genes Brain
Behav. 6, 689-697. doi: 10.1111/§.1601-183X.2006.00296.x

Chen, Z. G,, Liu, X., Wang, W,, Geng, E, Gao, J., Gan, C. L,, et al. (2017). Dissociative
role for dorsal hippocampus in mediating heroin self-administration and relapse
through CDK5 and Rho B signaling revealed by proteomic analysis. Addict. Biol. 22,
1731-1742. doi: 10.1111/adb.12435

Chen, Z. G., Wang, Y. ], Chen, R. S, Geng, E, Gan, C. L., Wang, W. S, et al. (2021).
Ube 2b-dependent degradation of DNMT?3a relieves a transcriptional brake on opiate-
induced synaptic and behavioral plasticity. Mol. Psychiatry 26, 1162-1177. doi: 10.1038/
541380-019-0533-y

Chou, E S., and Wang, P. S. (2016). The Arp2/3 complex is essential at multiple stages
of neural development. Neurogenesis 3:e1261653. doi: 10.1080/23262133.2016.1261653

Christoffel, D. J., Walsh, J. ., Hoerbelt, P, Heifets, B. D., Llorach, P, Lopez, R. C., et al.
(2021). Selective filtering of excitatory inputs to nucleus accumbens by dopamine and
serotonin. Proc. Natl. Acad. Sci. U. S. A. 118:¢2106648118. doi: 10.1073/pnas.2106648118

Clamp, P. A, and Lindsley, T. A. (1998). Early events in the development of neuronal
polarity in vitro are altered by ethanol. Alcohol. Clin. Exp. Res. 22, 1277-1284. doi:
10.1111/j.1530-0277.1998.tb03909.x

Corbit, L. H., and Balleine, B. W. (2003). The role of prelimbic cortex in instrumental
conditioning. Behav. Brain Res. 146, 145-157. doi: 10.1016/j.bbr.2003.09.023

DePoy, L. M., Noble, B., Allen, A. G., and Gourley, S. L. (2013). Developmentally
divergent effects of Rho-kinase inhibition on cocaine-and BDNF-induced behavioral
plasticity. Behav. Brain Res. 243, 171-175. doi: 10.1016/j.bbr.2013.01.004

di Volo, M., Morozova, E. O., Lapish, C. C., Kuznetsov, A., and Gutkin, B. (2019).
Dynamical ventral tegmental area circuit mechanisms of alcohol-dependent dopamine
release. Eur. J. Neurosci. 50, 2282-2296. doi: 10.1111/ejn.14147

Ding, B., Yang, S., Schaks, M., Liu, Y., Brown, A. ], Rottner, K., et al. (2022). Structures
reveal a key mechanism of WAVE regulatory complex activation by Racl GTPase. Nat
Commun 13:5444. doi: 10.1038/s41467-022-33174-3

Duman, J. G., Blanco, E A., Cronkite, C. A., Ru, Q., Erikson, K. C., Mulherkar, S., et al.
(2022). Rac-maninoff and Rho-vel: The symphony of Rho-GTPase signaling at excitatory
synapses. Small GTPases 13, 14-47. doi: 10.1080/21541248.2021.1885264

Everitt, B. J., and Robbins, T. W. (2016). Drug addiction: Updating actions to habits to
compulsions ten years on. Annu. Rev. Psychol. 67, 23-50. doi: 10.1146/annurev-
psych-122414-033457

Fakira, A. K., Massaly, N., Cohensedgh, O., Berman, A., and Moron, J. A. (2016).
Morphine-associated contextual cues induce structural plasticity in hippocampal CA1
pyramidal neurons. Neuropsychopharmacology 41, 2668-2678. doi: 10.1038/npp.2016.69

Fort, P, and Blangy, A. (2017). The evolutionary landscape of Dbl-Like Rho GEF
families: Adapting eukaryotic cells to environmental signals. Genome Biol. Evol. 9,
1471-1486. doi: 10.1093/gbe/evx100

Fukuda, T., Takekoshi, K., Nanmoku, T., Ishii, K., Isobe, K., and Kawakami, Y. (2005).
Inhibition of the RhoA/Rho kinase system attenuates catecholamine biosynthesis in PC
12 rat pheochromocytoma cells. Biochim. Biophys. Acta 1726, 28-33. doi: 10.1016/j.
bbagen.2005.08.008

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1125277
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/cells7120263
https://doi.org/10.1016/j.phrs.2020.104736
https://doi.org/10.1016/j.phrs.2020.104736
https://doi.org/10.1074/jbc.M116.736967
https://doi.org/10.3389/fnbeh.2021.788708
https://doi.org/10.1111/adb.13014
https://doi.org/10.1111/adb.13014
https://doi.org/10.1016/j.biopsych.2018.04.019
https://doi.org/10.1016/j.biopsych.2018.04.019
https://doi.org/10.1074/jbc.M211901200
https://doi.org/10.1074/jbc.M211901200
https://doi.org/10.1016/j.nrl.2014.08.004
https://doi.org/10.1016/j.nrl.2014.08.004
https://doi.org/10.1007/s10456-021-09768-8
https://doi.org/10.1007/s00018-008-8552-x
https://doi.org/10.1523/JNEUROSCI.0973-19.2019
https://doi.org/10.1016/j.neuron.2016.01.031
https://doi.org/10.1016/j.neuron.2016.01.031
https://doi.org/10.1111/jnc.14563
https://doi.org/10.1016/j.neuropharm.2016.08.017
https://doi.org/10.1016/j.neuropharm.2016.08.017
https://doi.org/10.3389/fcell.2020.00217
https://doi.org/10.1038/s41467-019-10694-z
https://doi.org/10.1016/j.cub.2003.08.042
https://doi.org/10.1111/j.1601-183X.2006.00296.x
https://doi.org/10.1111/adb.12435
https://doi.org/10.1038/s41380-019-0533-y
https://doi.org/10.1038/s41380-019-0533-y
https://doi.org/10.1080/23262133.2016.1261653
https://doi.org/10.1073/pnas.2106648118
https://doi.org/10.1111/j.1530-0277.1998.tb03909.x
https://doi.org/10.1016/j.bbr.2003.09.023
https://doi.org/10.1016/j.bbr.2013.01.004
https://doi.org/10.1111/ejn.14147
https://doi.org/10.1038/s41467-022-33174-3
https://doi.org/10.1080/21541248.2021.1885264
https://doi.org/10.1146/annurev-psych-122414-033457
https://doi.org/10.1146/annurev-psych-122414-033457
https://doi.org/10.1038/npp.2016.69
https://doi.org/10.1093/gbe/evx100
https://doi.org/10.1016/j.bbagen.2005.08.008
https://doi.org/10.1016/j.bbagen.2005.08.008

Ruetal.

Gao, Z., Xing, K., Zhang, C., Qj, J., Wang, L., Gao, S., et al. (2019). Crystal structure
and function of Rbj: A constitutively GTP-bound small G protein with an extra Dna]
domain. Protein Cell 10, 760-763. doi: 10.1007/s13238-019-0622-3

Garcia-Mata, R., Boulter, E., and Burridge, K. (2011). The ‘invisible hand’: Regulation
of RHO GTPases by RHOGDIs. Nat. Rev. Mol. Cell Biol. 12, 493-504. doi: 10.1038/
nrm3153

Govek, E. E., Newey, S. E., and Van Aelst, L. (2005). The role of the Rho GTPases in
neuronal development. Genes Dev 19, 1-49. doi: 10.1101/gad.1256405

Hart, G., Leung, B. K., and Balleine, B. W. (2014). Dorsal and ventral streams: The
distinct role of striatal subregions in the acquisition and performance of goal-directed
actions. Neurobiol. Learn. Mem. 108, 104-118. doi: 10.1016/j.nlm.2013.11.003

Hasegawa, K., Matsui, T. K., Kondo, J., and Kuwako, K. I. (2022). N-WASP-Arp2/3
signaling controls multiple steps of dendrite maturation in Purkinje cells in vivo.
Development 149:dev201214. doi: 10.1242/dev.201214

Hitchcock, L. N., and Lattal, K. M. (2018). Involvement of the dorsal hippocampus in
expression and extinction of cocaine-induced conditioned place preference.
Hippocampus 28, 226-238. doi: 10.1002/hipo.22826

Jaiswal, M., Dvorsky, R., and Ahmadian, M. R. (2013). Deciphering the molecular and
functional basis of Dbl family proteins: A novel systematic approach toward classification
of selective activation of the Rho family proteins. J. Biol. Chem. 288, 4486-4500. doi:
10.1074/jbc.M112.429746

Jaiswal, M., Dvorsky, R., Amin, E., Risse, S. L., Fansa, E. K, Zhang, S. C,, et al. (2014).
Functional cross-talk between ras and rho pathways: A Ras-specific GTPase-activating
protein (p120RasGAP) competitively inhibits the RhoGAP activity of deleted in liver
cancer (DLC) tumor suppressor by masking the catalytic arginine finger. J. Biol. Chem.
289, 6839-6849. doi: 10.1074/jbc.M113.527655

Joshi, S., Guleria, R. S., Pan, J., Bayless, K. J., Davis, G. E., Dipette, D., et al. (2006).
Ethanol impairs Rho GTPase signaling and differentiation of cerebellar granule neurons
in a rodent model of fetal alcohol syndrome. Cell Mol. Life Sci. 63, 2859-2870. doi:
10.1007/s00018-006-6333-y

Jung, H., Yoon, S. R., Lim, ], Cho, H. ], and Lee, H. G. (2020). Dysregulation of Rho
GTPases in human cancers. Cancers 12:1179. doi: 10.3390/cancers12051179

Kiraly) D. D., Lemtiri-Chlieh, F, Levine, E. S., Mains, R. E., and Eipper, B. A. (2011).
Kalirin binds the NR2B subunit of the NMDA receptor, altering its synaptic
localization and function. J. Newurosci. 31, 12554-12565. doi: 10.1523/
JNEUROSCI.3143-11.2011

Kiraly, D. D., Ma, X. M., Mazzone, C. M., Xin, X., Mains, R. E., and Eipper, B. A.
(2010). Behavioral and morphological responses to cocaine require Kalirin7. Biol
Psychiatry 68, 249-255. doi: 10.1016/j.biopsych.2010.03.024

Kiraly, D. D., Nemirovsky, N. E., LaRese, T. P,, Tomek, S. E., Yahn, S. L., Olive, M. E,
et al. (2013). Constitutive knockout of Kalirin-7 leads to increased rates of cocaine self-
administration. Mol. Pharmacol. 84, 582-590. doi: 10.1124/mol.113.087106

Kobori, T., Kobayashi, M., Harada, S., Nakamoto, K., Fujita-Hamabe, W., and
Tokuyama, S. (2012). RhoA affects oral morphine analgesia depending on functional
variation in intestinal P-glycoprotein induced by repeated etoposide treatment. Eur. J.
Pharm. Sci. 47, 934-940. doi: 10.1016/j.ejps.2012.08.019

Koch, J. C., Tatenhorst, L., Roser, A. E., Saal, K. A., Tonges, L., and Lingor, P. (2018).
ROCK inhibition in models of neurodegeneration and its potential for clinical
translation. Pharmacol. Ther. 189, 1-21. doi: 10.1016/j.pharmthera.2018.03.008

Kurt, A. H., Macit, E., Uzbay, T., and Buyukafsar, K. (2015). Effects of ethanol
withdrawal on the activity of rho-kinase in rat brain. Bratisl. Lek. Listy. 116, 490-493.
doi: 10.4149/BLL_2015_093

Langdon, A. J., and Daw, N. D. (2020). Beyond the average view of dopamine. Trends
Cogn. Sci. 24, 499-501. doi: 10.1016/j.tics.2020.04.006

LaRese, T. P, Yan, Y., Eipper, B. A., and Mains, R. E. (2017). Using Kalirin conditional
knockout mice to distinguish its role in dopamine receptor mediated behaviors. BMC
Neurosci. 18:45. doi: 10.1186/s12868-017-0363-2

Li, J., Gu, J., Wang, B., Xie, M., Huang, L., Liu, Y,, et al. (2015). Activation of dopamine
D1 receptors regulates dendritic morphogenesis through Racl and RhoA in prefrontal
cortex neurons. Mol. Neurobiol. 51, 1024-1037. doi: 10.1007/s12035-014-8762-1

Li, J., Liu, N,, Lu, K., Zhang, L., Gu, ], Guo, E, et al. (2012). Cocaine-induced dendritic
remodeling occurs in both D1 and D2 dopamine receptor-expressing neurons in the
nucleus accumbens. Neurosci. Lett. 517, 118-122. doi: 10.1016/j.neulet.2012.04.040

Li, Y, Shu, Y, Ji, Q, Liu, J., He, X,, and Li, W. (2015). Attenuation of morphine
analgesic tolerance by rosuvastatin in naive and morphine tolerance rats. Inflammation
38, 134-141. doi: 10.1007/s10753-014-0015-y

Lin, R,, Liang, J., and Luo, M. (2021). The raphe dopamine system: Roles in salience
encoding, memory expression, and addiction. Trends Neurosci 44, 366-377. doi:
10.1016/j.tins.2021.01.002

Lin, R, Liang, J., Wang, R., Yan, T, Zhou, Y., Liu, Y,, et al. (2020). The raphe dopamine
system controls the expression of incentive memory. Neuron 106, 498-514.e8. doi:
10.1016/j.neuron.2020.02.009

Lindsley, T. A., Shah, S. N, and Ruggiero, E. A. (2011). Ethanol alters BDNF-induced
Rho GTPase activation in axonal growth cones. Alcohol. Clin. Exp. Res. 35, 1321-1330.
doi: 10.1111/§.1530-0277.2011.01468 x

Frontiers in Molecular Neuroscience

13

10.3389/fnmol.2023.1125277

Liu, C,, Tose, A. J., Verharen, J. P. H., Zhu, Y,, Tang, L. W, de Jong, J. W, et al. (2022).
An inhibitory brainstem input to dopamine neurons encodes nicotine aversion. Newuron
110, 3018-3035.€7. doi: 10.1016/j.neuron.2022.07.003

Ma, X. M. (2010). Kalirin-7 is a key player in the formation of excitatory synapses in
hippocampal neurons. Scientific WorldJournal 10, 1655-1666. doi: 10.1100/tsw.2010.148

Ma, X. M., Huang, J. P, Xin, X, Yan, Y., Mains, R. E., and Eipper, B. A. (2012). A role
for kalirin in the response of rat medium spiny neurons to cocaine. Mol. Pharmacol. 82,
738-745. doi: 10.1124/mol.112.080044

Magee, J. C., and Grienberger, C. (2020). Synaptic plasticity forms and functions.
Annu. Rev. Neurosci. 43, 95-117. doi: 10.1146/annurev-neuro-090919-022842

Mah, S.J., Fleck, M. W,, and Lindsley, T. A. (2011). Ethanol alters calcium signaling in
axonal growth cones. Neuroscience 189, 384-396. doi: 10.1016/j.neuroscience.2011.05.042

Marchant, N. J., Kaganovsky, K., Shaham, Y., and Bossert, J. M. (2015). Role of
corticostriatal circuits in context-induced reinstatement of drug seeking. Brain Res.
1628, 219-232. doi: 10.1016/j.brainres.2014.09.004

Marie-Claire, C., Salzmann, J., David, A., Courtin, C., Canestrelli, C., and Noble, F.
(2007).  Rnd  family  genes are differentially  regulated by 3,
4-methylenedioxymethamphetamine and cocaine acute treatment in mice brain. Brain
Res. 1134, 12-17. doi: 10.1016/j.brainres.2006.11.065

Mateos-Aparicio, P., and Rodriguez-Moreno, A. (2020). Calcium dynamics and
synaptic  plasticity. ~ Adv.  Exp.  Med.  Biol. 1131, 965-984.  doi:
10.1007/978-3-030-12457-1_38

Matsuda, J., Asano-Matsuda, K., Kitzler, T. M., and Takano, T. (2021). Rho GTPase
regulatory proteins in podocytes. Kidney Int. 99, 336-345. doi: 10.1016/j.kint.2020.08.035

Mazzone, C. M., Larese, T. P, Kiraly, D. D., Eipper, B. A., and Mains, R. E. (2012).
Analysis of Kalirin-7 knockout mice reveals different effects in female mice. Mol.
Pharmacol. 82, 1241-1249. doi: 10.1124/mol.112.080838

Mueller, B. K., Mack, H., and Teusch, N. (2005). Rho kinase, a promising drug target
for neurological disorders. Nat. Rev. Drug. Discov. 4, 387-398. doi: 10.1038/nrd1719

Nara, A., Aki, T., Funakoshi, T., and Uemura, K. (2010). Methamphetamine induces
macropinocytosis in differentiated SH-SY5Y human neuroblastoma cells. Brain Res.
1352, 1-10. doi: 10.1016/j.brainres.2010.07.043

Nara, A., Aki, T., Funakoshi, T., Unuma, K., and Uemura, K. (2012). Hyperstimulation
of macropinocytosis leads to lysosomal dysfunction during exposure to
methamphetamine in SH-SY5Y cells. Brain Res. 1466, 1-14. doi: 10.1016/j.
brainres.2012.05.017

Narita, M., Takagi, M., Aoki, K., Kuzumaki, N., and Suzuki, T. (2003). Implication of
Rho-associated kinase in the elevation of extracellular dopamine levels and its related
behaviors induced by methamphetamine in rats. J. Neurochem. 86, 273-282. doi:
10.1046/j.1471-4159.2003.01784.x

Natividad, L. A., Buczynski, M. W, Parsons, L. H., Torres, O. V., and O’Dell, L. E.
(2012). Adolescent rats are resistant to adaptations in excitatory and inhibitory
mechanisms that modulate mesolimbic dopamine during nicotine withdrawal. J.
Neurochem. 123, 578-588. doi: 10.1111/j.1471-4159.2012.07926.x

Ojelade, S. A., Acevedo, S. F, Kalahasti, G., Rodan, A. R, and Rothenfluh, A. (2015).
RhoGAPI18B isoforms act on distinct Rho-family GTPases and regulate behavioral
responses to alcohol via cofilin. PLoS One 10:¢0137465. doi: 10.1371/journal.
pone.0137465

Paskus, J. D., Herring, B. E., and Roche, K. W. (2020). Kalirin and Trio: RhoGEFs in
synaptic transmission, plasticity, and complex brain disorders. Trends Neurosci. 43,
505-518. doi: 10.1016/j.tins.2020.05.002

Pelloux, Y., Hoots, J. K., Cifani, C., Adhikary, S., Martin, J., Minier-Toribio, A., et al.
(2018). Context-induced relapse to cocaine seeking after punishment-imposed
abstinence is associated with activation of cortical and subcortical brain regions. Addict.
Biol. 23, 699-712. doi: 10.1111/adb.12527

Peru, Y., Colén de Portugal, R. L., Acevedo, S. E, Rodan, A. R., Chang, L. Y,
Eaton, B. A, et al. (2012). Adult neuronal Arf6 controls ethanol-induced behavior with
Arfaptin downstream of Racl and RhoGAP18B. J Neurosci 32, 17706-17713. doi:
10.1523/J]NEUROSCI.1944-12.2012

Qu, L., Wang, Y, Li, Y., Wang, X,, Li, N., Ge, S., et al. (2020). Decreased neuronal
excitability in medial prefrontal cortex during morphine withdrawal is associated with
enhanced SK channel activity and upregulation of small GTPase Racl. Theranostics 10,
7369-7383. doi: 10.7150/thno.44893

Rahman, M. M., Islam, M. R., Yamin, M., Islam, M. M., Sarker, M. T., Meem, A. F. K,,
et al. (2022). Emerging role of neuron-glia in neurological disorders: At a glance. Oxid.
Med. Cell Longev. 2022:3201644. doi: 10.1155/2022/3201644

Raimondi, E, Portella, G., Orozco, M., and Fanelli, F. (2011). Nucleotide binding
switches the information flow in ras GTPases. PLoS Comput. Biol. 7:e1001098. doi:
10.1371/journal.pcbi.1001098

Rojas, A. M., Fuentes, G., Rausell, A., and Valencia, A. (2012). The Ras protein
superfamily: Evolutionary tree and role of conserved amino acids. J. Cell Biol. 196,
189-201. doi: 10.1083/jcb.201103008

Rothenfluh, A., Threlkeld, R. J., Bainton, R. J., Tsai, L. T., Lasek, A. W,, and
Heberlein, U. (2006). Distinct behavioral responses to ethanol are regulated by alternate
RhoGAP18B isoforms. Cell 127, 199-211. doi: 10.1016/j.cell.2006.09.010

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1125277
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s13238-019-0622-3
https://doi.org/10.1038/nrm3153
https://doi.org/10.1038/nrm3153
https://doi.org/10.1101/gad.1256405
https://doi.org/10.1016/j.nlm.2013.11.003
https://doi.org/10.1242/dev.201214
https://doi.org/10.1002/hipo.22826
https://doi.org/10.1074/jbc.M112.429746
https://doi.org/10.1074/jbc.M113.527655
https://doi.org/10.1007/s00018-006-6333-y
https://doi.org/10.3390/cancers12051179
https://doi.org/10.1523/JNEUROSCI.3143-11.2011
https://doi.org/10.1523/JNEUROSCI.3143-11.2011
https://doi.org/10.1016/j.biopsych.2010.03.024
https://doi.org/10.1124/mol.113.087106
https://doi.org/10.1016/j.ejps.2012.08.019
https://doi.org/10.1016/j.pharmthera.2018.03.008
https://doi.org/10.4149/BLL_2015_093
https://doi.org/10.1016/j.tics.2020.04.006
https://doi.org/10.1186/s12868-017-0363-2
https://doi.org/10.1007/s12035-014-8762-1
https://doi.org/10.1016/j.neulet.2012.04.040
https://doi.org/10.1007/s10753-014-0015-y
https://doi.org/10.1016/j.tins.2021.01.002
https://doi.org/10.1016/j.neuron.2020.02.009
https://doi.org/10.1111/j.1530-0277.2011.01468.x
https://doi.org/10.1016/j.neuron.2022.07.003
https://doi.org/10.1100/tsw.2010.148
https://doi.org/10.1124/mol.112.080044
https://doi.org/10.1146/annurev-neuro-090919-022842
https://doi.org/10.1016/j.neuroscience.2011.05.042
https://doi.org/10.1016/j.brainres.2014.09.004
https://doi.org/10.1016/j.brainres.2006.11.065
https://doi.org/10.1007/978-3-030-12457-1_38
https://doi.org/10.1016/j.kint.2020.08.035
https://doi.org/10.1124/mol.112.080838
https://doi.org/10.1038/nrd1719
https://doi.org/10.1016/j.brainres.2010.07.043
https://doi.org/10.1016/j.brainres.2012.05.017
https://doi.org/10.1016/j.brainres.2012.05.017
https://doi.org/10.1046/j.1471-4159.2003.01784.x
https://doi.org/10.1111/j.1471-4159.2012.07926.x
https://doi.org/10.1371/journal.pone.0137465
https://doi.org/10.1371/journal.pone.0137465
https://doi.org/10.1016/j.tins.2020.05.002
https://doi.org/10.1111/adb.12527
https://doi.org/10.1523/JNEUROSCI.1944-12.2012
https://doi.org/10.7150/thno.44893
https://doi.org/10.1155/2022/3201644
https://doi.org/10.1371/journal.pcbi.1001098
https://doi.org/10.1083/jcb.201103008
https://doi.org/10.1016/j.cell.2006.09.010

Ruetal.

Saunders, C., and Galli, A. (2015). Insights in how amphetamine ROCKs (Rho-
associated containing kinase) membrane protein trafficking. Proc. Natl. Acad. Sci. U. S.
A. 112, 15538-15539. doi: 10.1073/pnas.1520960112

Serafini, R. A., Pryce, K. D., and Zachariou, V. (2020). The mesolimbic dopamine
system in chronic pain and associated affective comorbidities. Biol. Psychiatry 87, 64-73.
doi: 10.1016/j.biopsych.2019.10.018

Shan, L., Galaj, E., and Ma, Y. Y. (2019). Nucleus accumbens shell small conductance
potassium channels underlie adolescent ethanol exposure-induced anxiety.
Neuropsychopharmacology 44, 1886-1895. doi: 10.1038/s41386-019-0415-7

Shibata, A. C. E., Ueda, H. H., Eto, K., Onda, M., Sato, A., Ohba, T, et al. (2021).
Photoactivatable CaMKII induces synaptic plasticity in single synapses. Nat. Commun.
12:751. doi: 10.1038/s41467-021-21025-6

Shin, H.J,, Lee, S. Y., Na, H. S., Koo, B. W, Ryu, J. H., and Do, S. H. (2020). Effects of
tranexamic acid on the activity of glutamate transporter EAAT3. Anesth. Pain Med. 15,
291-296. doi: 10.17085/apm.20004

Shutes, A., and Der, C. J. (2004). Small GTPases. Amsterdam: Elsevier.

Smith, A. C. W, and Kenny, P. J. (2018). Micro RNAs regulate synaptic plasticity
underlying drug addiction. Genes Brain Behav. 17:e12424. doi: 10.1111/gbb.12424

Speranza, L., di Porzio, U,, Viggiano, D., de Donato, A., and Volpicelli, E. (2021).
Dopamine: The neuromodulator of long-term synaptic plasticity, reward and movement
control. Cells 10:735. doi: 10.1242/dev.201214

Stradal, T. E., and Scita, G. (2006). Protein complexes regulating Arp2/3-mediated
actin assembly. Curr. Opin. Cell Biol. 18, 4-10. doi: 10.1016/j.ceb.2005.12.003

Sun, Y., and Giocomo, L. M. (2022). Neural circuit dynamics of drug-context
associative learning in the mouse hippocampus. Nat. Commun. 13:6721. doi: 10.1038/
541467-022-34114-x

Swanson, A. M., DePoy, L. M., and Gourley, S. L. (2017). Inhibiting Rho kinase
promotes goal-directed decision making and blocks habitual responding for cocaine.
Nat. Commun. 8:1861. doi: 10.1038/s41467-017-01915-4

Takayama, N., and Ueda, H. (2005). Morphine-induced chemotaxis and brain-derived
neurotrophic factor expression in microglia. J. Neurosci. 25, 430-435. doi: 10.1523/
JNEUROSCI.3170-04.2005

Tatenhorst, L., Eckermann, K., Dambeck, V., Fonseca-Ornelas, L., Walle, H., Lopes da
Fonseca, T., et al. (2016). Fasudil attenuates aggregation of alpha-synuclein in models of
Parkinson’s disease. Acta Neuropathol. Commun. 4:39. doi: 10.1186/540478-016-0310-y

Tcherkezian, J., and Lamarche-Vane, N. (2007). Current knowledge of the large
RhoGAP family of proteins. Biol. Cell 99, 67-86. doi: 10.1042/BC20060086

Tolias, K. F, Duman, J. G., and Um, K. (2011). Control of synapse development and
plasticity by Rho GTPase regulatory proteins. Prog. Neurobiol. 94, 133-148. doi:
10.1016/j.pneurobio.2011.04.011

Tu, G., Ying, L., Ye, L., Zhao, ], Liu, N,, Li, J., et al. (2019). Dopamine D1 and D2
receptors differentially regulate Racl and Cdc42 signaling in the nucleus accumbens to
modulate behavioral and structural plasticity after repeated methamphetamine
treatment. Biol Psychiatry 86, 820-835. doi: 10.1016/j.biopsych.2019.03.966

Underhill, S. M., Wheeler, D. S., Li, M., Watts, S. D., Ingram, S. L., and Amara, S. G.
(2014). Amphetamine modulates excitatory neurotransmission through endocytosis of
the glutamate transporter EAAT3 in dopamine neurons. Neuron 83, 404-416. doi:
10.1016/j.neuron.2014.05.043

Valentinova, K., Tchenio, A., Trusel, M., Clerke, J. A., Lalive, A. L., Tzanoulinou, S.,
etal. (2019). Morphine withdrawal recruits lateral habenula cytokine signaling to reduce
synaptic excitation and sociability. Nat. Neurosci. 22, 1053-1056. doi: 10.1038/
541593-019-0421-4

Frontiers in Molecular Neuroscience

14

10.3389/fnmol.2023.1125277

Vega, E. M., and Ridley, A. J. (2007). SnapShot: Rho family GTPases. Cell 129:1430.
doi: 10.1016/j.cell.2007.06.021

Wang, X., Cahill, M. E., Werner, C. T, Christoffel, D. J., Golden, S. A., Xie, Z., et al.
(2013). Kalirin-7 mediates cocaine-induced AMPA receptor and spine plasticity,
enabling incentive sensitization. J. Neurosci. 33, 11012-11022. doi: 10.1523/
JNEUROSCI.1097-13.2013

Wang, Q., Chen, M., Schafer, N. P, Bueno, C., Song, S. S., Hudmon, A., et al. (2019).
Assemblies of calcium/calmodulin-dependent kinase IT with actin and their dynamic
regulation by calmodulin in dendritic spines. Proc. Natl. Acad. Sci. U. S. A. 116,
18937-18942. doi: 10.1073/pnas.1911452116

Wheeler, D. S., Underhill, S. M., Stolz, D. B., Murdoch, G. H., Thiels, E., Romero, G.,
et al. (2015). Amphetamine activates Rho GTPase signaling to mediate dopamine
transporter internalization and acute behavioral effects of amphetamine. Proc. Natl.
Acad. Sci. U. S. A. 112, E7138-E7147. doi: 10.1073/pnas.1511670112

Wright, W.J., Graziane, N. M., Neumann, P. A., Hamilton, P. ., Cates, H. M., Fuerst, L.,
etal. (2020). Silent synapses dictate cocaine memory destabilization and reconsolidation.
Nat. Neurosci. 23, 32-46. doi: 10.1038/s41593-019-0537-6

Xue, Y., He, J. T,, Zhang, K. K., Chen, L. ], Wang, Q., and Xie, X. L. (2019).
Methamphetamine reduces expressions of tight junction proteins, rearranges F-actin
cytoskeleton and increases the blood brain barrier permeability via the RhoA/ROCK-
dependent pathway. Biochem Biophys Res Commun 509, 395-401. doi: 10.1016/j.
bbrc.2018.12.144

Xueyang, D., Zhanqgiang, M., Chunhua, M., and Kun, H. (2016). Fasudil, an inhibitor
of Rho-associated coiled-coil kinase, improves cognitive impairments induced by smoke
exposure. Oncotarget 7, 78764-78772. doi: 10.18632/oncotarget.12853

Yang, X., Cao, Z., Zhang, J., Shao, B., Song, M., Han, Y,, et al. (2018). Dendritic spine
loss caused by AICI(3) is associated with inhibition of the Rac 1/cofilin signaling
pathway. Environ. Pollut. 243, 1689-1695. doi: 10.1016/j.envpol.2018.09.145

Yang, X,, Liu, Y,, Liu, C,, Xie, W,, Huang, E., Huang, W,, et al. (2013). Inhibition of
ROCK?2 expression protects against methamphetamine-induced neurotoxicity in PC12
cells. Brain Res. 1533, 16-25. doi: 10.1016/j.brainres.2013.08.009

Yanni, P. A., and Lindsley, T. A. (2000). Ethanol inhibits development of dendrites and
synapses in rat hippocampal pyramidal neuron cultures. Brain Res. Dev. Brain Res. 120,
233-243. doi: 10.1016/S0165-3806(00)00015-8

Yasuda, R., Hayashi, Y., and Hell, J. W. (2022). CaMKII: A central molecular organizer
of synaptic plasticity, learning and memory. Nat. Rev. Neurosci. 23, 666-682. doi:
10.1038/s41583-022-00624-2

Yin, L. T, Xie, X. Y,, Xue, L. Y,, Yang, X. R, Jia, J., Zhang, Y., et al. (2020). Matrix
metalloproteinase-9 overexpression regulates hippocampal synaptic plasticity and
decreases alcohol consumption and preference in mice. Neurochem. Res. 45,1902-1912.
doi: 10.1007/s11064-020-03053-8

Zhao, J., Ying, L., Liu, Y., Liu, N, Tu, G., Zhu, M., et al. (2019). Different roles of
Racl in the acquisition and extinction of methamphetamine-associated contextual
memory in the nucleus accumbens. Theranostics 9,7051-7071. doi: 10.7150/thno.34655

Zheng, Y., Zangrilli, D., Cerione, R. A., and Eva, A. (1996). The pleckstrin homology
domain mediates transformation by oncogenic dbl through specific intracellular
targeting. J. Biol. Chem. 271, 19017-19020. doi: 10.1074/jbc.271.32.19017

Zhu, Y., Xing, B., Dang, W,, Ji, Y., Yan, P, Li, Y,, et al. (2016). AUTS2 in the nucleus

accumbens is essential for heroin-induced behavioral sensitization. Neuroscience 333,
35-43. doi: 10.1016/j.neuroscience.2016.07.007

Zhu, S., Zhao, C., Wu, Y,, Yang, Q., Shao, A., Wang, T., et al. (2015). Identification of
a Vav 2-dependent mechanism for GDNF/Ret control of mesolimbic DAT trafficking.
Nat. Neurosci. 18, 1084-1093. doi: 10.1038/nn.4060

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1125277
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1520960112
https://doi.org/10.1016/j.biopsych.2019.10.018
https://doi.org/10.1038/s41386-019-0415-7
https://doi.org/10.1038/s41467-021-21025-6
https://doi.org/10.17085/apm.20004
https://doi.org/10.1111/gbb.12424
https://doi.org/10.1242/dev.201214
https://doi.org/10.1016/j.ceb.2005.12.003
https://doi.org/10.1038/s41467-022-34114-x
https://doi.org/10.1038/s41467-022-34114-x
https://doi.org/10.1038/s41467-017-01915-4
https://doi.org/10.1523/JNEUROSCI.3170-04.2005
https://doi.org/10.1523/JNEUROSCI.3170-04.2005
https://doi.org/10.1186/s40478-016-0310-y
https://doi.org/10.1042/BC20060086
https://doi.org/10.1016/j.pneurobio.2011.04.011
https://doi.org/10.1016/j.biopsych.2019.03.966
https://doi.org/10.1016/j.neuron.2014.05.043
https://doi.org/10.1038/s41593-019-0421-4
https://doi.org/10.1038/s41593-019-0421-4
https://doi.org/10.1016/j.cell.2007.06.021
https://doi.org/10.1523/JNEUROSCI.1097-13.2013
https://doi.org/10.1523/JNEUROSCI.1097-13.2013
https://doi.org/10.1073/pnas.1911452116
https://doi.org/10.1073/pnas.1511670112
https://doi.org/10.1038/s41593-019-0537-6
https://doi.org/10.1016/j.bbrc.2018.12.144
https://doi.org/10.1016/j.bbrc.2018.12.144
https://doi.org/10.18632/oncotarget.12853
https://doi.org/10.1016/j.envpol.2018.09.145
https://doi.org/10.1016/j.brainres.2013.08.009
https://doi.org/10.1016/S0165-3806(00)00015-8
https://doi.org/10.1038/s41583-022-00624-2
https://doi.org/10.1007/s11064-020-03053-8
https://doi.org/10.7150/thno.34655
https://doi.org/10.1074/jbc.271.32.19017
https://doi.org/10.1016/j.neuroscience.2016.07.007
https://doi.org/10.1038/nn.4060

	The potential therapeutic roles of Rho GTPases in substance dependence
	1. Introduction
	2. The regulation of Rho GTPases
	3. The role of Rho GTPases on the regulation of synaptic plasticity
	4. Rho GTPases and substance dependence
	4.1. Rho GTPases and mesolimbic dopamine (DA) system
	4.2. Rho GTPases in morphine dependence
	4.3. Rho GTPases in heroin dependence
	4.4. Rho GTPases in cocaine dependence
	4.5. Rho GTPases in amphetamine dependence
	4.6. Rho GTPases in alcohol dependence
	4.7. Rho GTPases in nicotine dependence

	5. Considerations for clinical use and outlook
	6. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

