7578 - The Journal of Neuroscience, September 30, 2020 - 40(40):7578-7589

Viewpoints

Sculpting Dendritic Spines during Initiation and
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Accumulating evidence has established a firm role for synaptic plasticity in the pathogenesis of neuropathic pain. Recent
advances have highlighted the importance of dendritic spine remodeling in driving synaptic plasticity within the CNS.
Identifying the molecular players underlying neuropathic pain induced structural and functional maladaptation is therefore
critical to understanding its pathophysiology. This process of dynamic reorganization happens in unique phases that have
diverse pathologic underpinnings in the initiation and maintenance of neuropathic pain. Recent evidence suggests that phar-
macological targeting of specific proteins during distinct phases of neuropathic pain development produces enhanced antino-
ciception. These findings outline a potential new paradigm for targeted treatment and the development of novel therapies for
neuropathic pain. We present a concise review of the role of dendritic spines in neuropathic pain and outline the potential
for modulation of spine dynamics by targeting two proteins, srGAP3 and Racl, critically involved in the regulation of the

actin cytoskeleton.

Introduction

Neuropathic pain arises from a lesion or disease of the somato-
sensory system and is notoriously difficult to treat (Jensen et al.,
2011; Alles and Smith, 2018). Neuropathic pain is perplexing
because it tends to last far beyond the time of injury and, can
become lifelong, as is seen with chemotherapy-induced periph-
eral neuropathy. This persistent state suggests involvement of
underlying mechanisms analogous to those involved in learning
and memory, since learned behaviors and memories also persist
over a lifetime.

A defining feature of neuropathic pain is the development
of central sensitization, which is a heightened response of
CNS neurons to previously innocuous stimuli. This suggests
the involvement of structural and functional plasticity
(Sandkiihler, 2007). Primary changes associated with synaptic
plasticity include the formation of new dendritic spines and
changes to the shape of existing spines on postsynaptic
neurons following coordinated and synchronous presynaptic
activity (Matsuzaki et al., 2004). These protrusions are func-
tional computational structures that separate and concentrate
proteins and ionic gradients to compartmentalize signaling
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(Tan et al, 2009). Dendritic spines change in response to
repeated neuronal firing and are essential for information
storage within a neuron. Consequently, they have been impli-
cated in the development of chronic neuropathic pain, and the
proteins regulating their formation and maintenance are
potential targets of novel pain therapeutics (Benson et al,
2020; Z. Chen et al., 2020). In this review, we discuss dendritic
spines and their dysregulation in neuropathic pain states. We
focus on two proteins critically involved in distinct stages of
spine development, Slit-Robo GTPase-activating protein
(srGAP3) and Ras-Related C3 botulinum toxin substrate 1
(Racl), with a discussion of recent evidence supporting their
involvement in pain pathways. Finally, we discuss future
directions for investigating how srGAP3 and Racl can be tar-
geted for the relief of neuropathic pain.

Dendritic spine dynamics and neuronal plasticity

The dynamic reorganization of synapses permits activity-de-
pendent storage of information within neuronal membranes
(Wefelmeyer et al., 2016). An example of this is the neuronal
postsynaptic membrane, a highly specialized computational sur-
face exhibiting a complex morphology that changes in response
to sustained and coordinated synaptic activity (Chklovskii, 2004;
Anthony and Karel, 2009). Specifically, dendritic spines display
robust dynamic behavior, transforming between immature and
mature states in response to activity (Segal, 2017). These spines
are the primary sites of excitatory synaptic transmission in the
CNS and therefore serve as critical interfaces for sculpting neuro-
nal excitability (McKinney, 2010). In addition to neurons, astro-
cytes play an important role in the maintenance of synaptic
structures by regulating levels of extracellular potassium, gluta-
mate, and water. Astrocytes in the rodent brain can envelope as
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many as 140,000 synapses and contact between 300 to 600 den-
drites (Ji et al., 2019). Additionally, astrocytes have been shown
to play a pivotal role in pruning synaptic inputs to dendritic
spines during development of thalamocortical networks (Risher
etal, 2014).

Spine structure

Dendritic spines play an indispensable role in learning and mem-
ory; and their shape, distribution, and density positively correlate
with increased input (Yang et al., 2014; Gonzalez-Tapia et al.,
2020). The molecular composition of dendritic spines is a verita-
ble cytoplasmic circus, with a broad array of players acting in
precise spatial and temporal coordination (Murakoshi and
Yasuda, 2012). The distal surface of the dendritic spine houses
the postsynaptic density (PSD), a region containing high levels of
neurotransmitter receptors and other scaffolding/signaling pro-
teins stabilized through connections with filamentous actin (F-
actin) (McKinney, 2010). The ionotropic glutamate receptors
AMPA and NMDA mediate excitatory neurotransmission and
are the primary neurotransmitter receptors within the PSD of
dendritic spines (Takumi et al., 1999; Hayashi et al., 2000). These
receptors are anchored to the membrane through interactions
with PSD 95 (PSD-95), which bind neuroligins, a class of postsy-
naptic cell adhesion molecule that binds presynaptic neurexins
and forms a membrane-located anchoring complex (Wefelmeyer
etal, 2016) (Fig. 1).

Classification of spines has largely relied on shape, with four
widely recognized categories: filopodial, thin, stubby, and mush-
room (Hering and Sheng, 2001). The spine neck originates at the
primary dendritic branch and connects to a rounded compart-
ment that constitutes the head, which serves as the principal site
of contact with presynaptic boutons. Filopodial spines are a
nascent category of spine that has a role in synaptogenesis by
extending from the dendritic shaft in search of a synaptic part-
ner. These spines are fleeting, but can stabilize on contact with
a presynaptic counterpart, which forms the beginning of a
synaptic connection (Eom et al., 2003). Thin spines are imma-
ture and have a long thin neck with a small head (Portera-
Cailliau et al., 2003). This category of spines has rapid
turnover, but can stabilize with consistent activity. Because of
the higher turnover, these spines are thought to be predomi-
nantly involved in rapid responses to changes in presynaptic
input and are able to capture changes in activity over a shorter
time scale. Mushroom spines have a large bulbous head with a
short and narrow neck and are considered mature (Berry and
Nedivi, 2017). This category of spine is significantly more sta-
ble with a lower turnover and is proposed to serve as a struc-
tural correlate of memory by enabling long-term storage of
past activity (Zuo et al., 2005). Stubby spines have a large bul-
bous head and a short fat neck and are also considered mature.
The spine life cycle begins with immature filopodial spines
and progresses to mature mushroom spines, which correlates
with the level of synaptic activity (Hlushchenko et al., 2016).
Therefore, dendritic spine structure serves as a proxy for the
level of local synaptic activity, and changes in spine structure
can be used as an indicator of past synaptic activity (Park et
al., 2019).

Actin, a cytoskeletal element heavily concentrated in the distal
portion, as well as the neck, of dendritic spines, serves as a pri-
mary structural scaffold and gives spines their distinctive shape
(Cingolani and Goda, 2008; Borovac et al., 2018). The regulation
of cytoskeletal actin within dendritic spines is essential for pro-
gression from immature to mature states and is largely achieved
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Figure 1. Structural and functional dendritic spine adaptation. Dendritic spines are
dynamic structures that change their shape and membrane composition following synchro-
nous and coordinated presynaptic signaling. (1) Sustained postsynaptic depolarization causes
removal of the magnesium blockade from N-methyl-D-aspartate (NMDA) receptors, which
allows increased intracellular calcium concentrations. (2) Increased intracellular calcium indu-
ces phosphorylation (P) of CaMKII, which increases its activity and drives postsynaptic events
leading to synaptic potentiation. (3) One of the postsynaptic events triggered by CaMKIl
activation is the insertion of additional c-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
(AMPA) receptors into the head of the dendritic spine in the region of the PSD. (4) High lev-
els of postsynaptic activity trigger polymerization of soluble G-actin into filamentous F-actin,
which form branching networks with the actin regulating protein 2/3 (Arp2/3) serving as a
nucleation site. Highly branched actin networks are found in mature dendritic spines. (5) The
thinner neck found in mushroom-shaped spines restricts the diffusion of calcdum into the
dendritic shaft and allows for locally elevated levels to be maintained. Three spatial dimen-
sions, head diameter (D1), spine length (D2), and neck width (D3) are primarily used to clas-
sify spines into defined categories. Spine with large heads tend to have a greater volume,
larger PSD, more glutamatergic receptors, and greater signaling efficacy.

through activity of the Wiskott-Aldrich syndrome protein-family
verprolin homologous protein (WAVE) regulatory complex
(WRC) (Y. Kim et al., 2006). When activated, this complex ini-
tiates binding of actin-related protein 2/3 (Arp2/3) to F-actin
and promotes polymerization of soluble actin (G-actin) into
newly branched filaments (Y. Kim et al., 2006; Z. Chen et al.,
2010). Actin regulatory proteins, such as WAVEL, are controlled
by small Rho GTPases, which switch between active and inactive
states through hydrolysis of GTP (Y. Kim et al., 2006). An inte-
gral regulatory protein involved in this process is Racl, which is
a primary member of the Rho family of small (~21 kDa)
GTPases (Marston et al., 2019). Racl, cdc42, and RhoA are the
most well-studied members of the Rho small GTPase family
(Wong et al, 2001; Tolias et al, 2007; Payapilly and Malliri,
2018; Paskus et al., 2020). In its active state, Racl is translocated
to the plasma membrane and mediates a wide variety of cellular
processes, including neurite outgrowth, and maintenance of
mature dendritic spines (Gonzalez-Billault et al, 2012;
Raemaekers et al., 2012; Li et al., 2019) (see Fig. 3). Modification
of the C-terminal domain of Racl occurs in the cytoplasm by
Geranylgeranyl Transferase 1 (GGT-1), which is the first step in
allowing membrane targeting of Racl and precedes its involve-
ment in dendritic spine reorganization (Seabra, 1998; Bustelo et
al., 2012; Kalpachidou et al., 2019).
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The Rho GTPases are in turn regulated by proteins that mediate
the transition between active, GTP bound, and inactive, GDP
bound states (Bustelo et al., 2012). Activity is promoted by guanine
nucleotide exchange factors (GEFs), which exchange GDP for GTP,
and is inhibited by Rho GAPs (Jaudon et al., 2015). In addition,
Rho GTPases can be sequestered in the cytoplasm by binding to
guanine nucleotide dissociation inhibitors (GDIs), which prevent
GAPs and GEFs from exerting their regulatory effects. Through this
complex network of protein interactions, cytoskeletal actin net-
works respond rapidly to external stimuli, such as neurotrophic fac-
tors, activation of metabotropic glutamate receptors, and other
signaling proteins (Hedrick et al., 2016).

Spine function

Recent advances in fluorescent microscopy have allowed in vivo
observation of dendritic spine dynamics in real time (Marston et
al,, 2019). These studies dramatically improved our understand-
ing of these neuronal structures. One key function attributable to
dendritic spines is the segregation and compartmentalization of
synaptic signals. Calcium imaging revealed that the thin neck of
mushroom-shaped spines prevents cytoplasmic calcium from
diffusing into the dendritic shaft (Hering and Sheng, 2001). This
has significant implications for the regulation of calcium-de-
pendent signaling cascades. One such signaling pathway involves
activation of CaMKI], a calcium-calmodulin kinase that has been
extensively studied in the context of synaptic plasticity, which
phosphorylates AMPA receptors that are then trafficked to the
membrane following sustained activity (Fig. 1) (Hill and Zito,
2013). As a regulator of synaptic plasticity, the CaMKII pathway
has been implicated in the development of neuropathic pain, and
levels of CaMKII are increased in the spinal cord after spinal
nerve ligation, which is a model of neuropathic pain. Blocking
the activity of CaMKII using the compound KN93 dose-depend-
ently reversed nerve injury-induced mechanical allodynia and
thermal hyperalgesia while also decreasing levels of CaMKII in
the spinal cord (Y. Chen et al., 2009). This evidence directly sug-
gests that CaMKII activity is relevant to neuropathic pain
(Kawano et al., 2009).

Functionally, increased numbers of AMPA receptors in the
postsynaptic membrane, such as following CaMKII activation,
permit larger membrane depolarizations in response to presyn-
aptic transmitter release and are a critical component of synaptic
plasticity (Nguyen et al.,, 2012). The size of the dendritic spine
postsynaptic density roughly correlates with the number of
AMPA and NMDA receptors, which directly connect structure
of spines to their function. In addition, the size of the spine neck
reflects the level of restriction imposed on calcium ion diffusion
and again links spine structure to function. For example, stubby
spines and mushroom spines are both considered mature with
large bulbous heads that contain larger numbers of AMPA and
NMDA receptors (Hering and Sheng, 2001). The primary differ-
ence between these classes of spines is reflected in the neck diam-
eter. In stubby spines, with a wide neck, there is little restriction
of calcium diffusion and ions can readily diffuse into the dendri-
tic shaft, which limits the duration of elevated calcium transients
at the synapse. Alternatively, mushroom spines have a narrow
neck, which restricts the diffusion of calcium to the shaft and
increases the duration of local calcium transients at the synapse
(Hayashi and Majewska, 2005).

Dendritic spine dysgenesis in neuropathic pain
Nociceptive sensitization is present in organisms across the ani-
mal kingdom from Aplysia californica to Homo sapiens, and it is
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a fundamental response to injury (Woolf and Walters, 1991). In
the field of pain research, a consensus has emerged that aberrant
neuronal plasticity within the CNS is a primary mechanism
underlying the transition from acute to chronic neuropathic pain
(Tan, 2015). Acute neuropathic pain, which occurs over shorter
durations, does not persist for long enough to activate the physi-
ological plasticity mechanisms that manifest in chronic condi-
tions. According to this model, repetitive activity in pain circuits,
induced by injury, disease, or other factors, triggers a maladap-
tive response involving synaptic plasticity, termed central sensiti-
zation. This process is characterized by strengthening of synaptic
connections in pain processing regions, such as the dorsal horn
of the spinal cord. This synaptic strengthening is thought to
involve many of the same molecular mechanisms that underlie
long term potentiation (LTP), which are thought to form the
functional and structural foundation of learning and memory
(Matsuzaki et al., 2004; Yang and Zhou, 2009; Hill and Zito,
2013). These mechanisms, including activation of CaMKII, up-
regulation of AMPA receptors, and changes to gene transcrip-
tion, are also proposed to underlie the transition from acute to
chronic neuropathic pain (Melemedjian et al., 2013). This simi-
larity in signaling mechanisms opens the possibility that the
components involved in dendritic spine formation in memory
are also involved in shaping spines in neuropathic pain, and may
therefore be targeted to treat pain (Tan and Waxman, 2015).

Pan-pain dendritic spine dysgenesis

Aberrant dendritic spine formation has been observed in several
preclinical neuropathic pain models, including diabetic periph-
eral neuropathy, spinal cord injury (SCI), peripheral nerve
injury, cutaneous burn, and chemotherapy-induced peripheral
neuropathy (Tan et al, 2011, 2012, 2013; Cao et al, 2017;
Z. Chen et al,, 2020) (Table 1). Each of these models displays a
similar pattern of spine changes, including a greater number of
stable/mature mushroom-shaped spines, an increase in overall
spine density, and a redistribution of spines toward the dendritic
branches closer to the soma (Fig. 2). This translates into greater
signaling efficacy that profoundly increases the activity of noci-
ceptive neurons (Zhao et al.,, 2016). Since this pattern is consist-
ent across pain models, it constitutes a structural signature, a
proxy indicator of neuropathic pain.

This phenotype of enhanced excitability caused by dendritic
spine dysgenesis was initially investigated using computational
modeling. These simulations indicated that increased numbers
of mushroom-shaped spines closer to the soma induced a hyper-
excitable state conducive to heightened transmission of noxious
stimuli (Tan et al., 2009). Together, these findings provide exper-
imental and theoretical foundations supporting the notion that
dendritic dysgenesis is fundamental for neuropathic pain.

Dendritic spine dysgenesis in spinal cord

Recent advances in fluorescent microscopy have permitted un-
precedented investigations of real-time dendritic spine formation
in live tissues and whole organisms (Hayashi-Takagi et al., 2015).
This approach was recently used by Benson et al. (2020) to follow
the evolution of dendritic spines in the dorsal horn of the spinal
cord before and after spared nerve injury (SNI). The authors
used Thyl-YFP mice to visualize spines of lamina II neurons in
the spinal dorsal horn after implantation of a small window
above the spine. This technique has been applied in other brain
regions, but it is revolutionary for studying the spinal cord
because it allows direct visualization of dendritic spines in the
same animal over time. The outcome of this work validated
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Table 1. Key references indicating the importance of srGAP3/Rac1 in dendritic spines

Reference

Pain model

Mechanism/signaling
pathway

Key findings

Tan et al. (2013)

Benson et al. (2020)

Cao et al. (2017)

Z. Chen et al. (2020)

Tan et al. (2012)

Tan et al. (2008);
Zhao et al. (2016)

Tan et al. (2011)

Patwa et al. (2019)

Guo et al. (2018)

Price et al. (2007)

Partial thickness
burn injury

SNI

Thoracic spinal con-
tusion injury (SCI)

PIPN

Streptozotocin-
induced diabetic
peripheral
neuropathy

Thoracic (T9) SCI

Chronic constriction
injury

Second degree burn
injury (hindpaw)

Second degree burn
injury (hindpaw)

SNI

Rac1 (NSC23766)
WDR neurons in lamina
IV-v

Dendritic spine dysgenesis
in lamina Il

Ract (NSC23766)
Supefficial lamina Il
neurons

stGAP3 (siRNA) and Racl
(NSC23766)

Superficial lamina Il
neurons

Rac1 (NSC23766)
WDR neurons of lamina
IV-v

Rac1 (NSC23766)
WDR lamina IV-V neurons

Rac1 (NSC23766)
WDR lamina IV-V neurons

Pak1 (romidepsin)
Alpha-motor neurons

Pak1 (romidepsin)
WDR neurons of lamina
V-V

Fmr1 KO, FMRP

Rats with burn injury exhibited reduced mechanical withdrawal thresholds and hyperexcitable WDR neu-
rons of the spinal dorsal horn. Dendritic spine dysgenesis was observed on ipsilateral WDR neurons.
Application of NSC23766 decreased mechanical allodynia, WDR neuron hyperexcitability, and aberrant
spine dysgenesis.

Used in vivo two photon imaging to follow dendritic spine formation before and after SNI-induced neu-
ropathic pain neuropathic pain using within subject control. Identified key trends in spine dysgenesis
following neuropathic pain, suggesting a common maladaptive response in painful neuropathy.
Specifically, increased numbers of mushroom spines were observed on dendritic shafts closer to the
soma and these changes corresponded with enhanced behavioral responses associated with pain.

Structural analysis of spinal cord slices obtained from a previous study investigating WDR neurons using
Golgi staining to observe spine structure. Slices were analyzed with a focus on superficial neurons of
lamina II. Thin spine density decreased, and mushroom spine density increased with overall spine
density remaining constant. Treatment with Rac1 inhibitor reversed these changes to dendritic spine
profiles in lamina Il neurons of the superficial dorsal horn. Structural changes were most significantly
noted on dendritic branches within 150 pm of the soma.

The emergence of dendritic spine dysgenesis can be ameliorated with inhibition of srGAP3 using an
siRNA-based approach when this intervention is applied during the initiation phase of neuropathic
pain. Blockade of Rac1 signaling is most effective when applied in the maintenance phase of neuro-
pathic pain, >10 d following cessation of paclitaxel treatment. When combined and applied during
their respective treatment window, the effects of srGAP3 and Rac1 inhibition are compounded, result-
ing in near-complete reversal of mechanical allodynia. This behavioral outcome is mirrored in the
changes in dendritic spines observed in lamina Il of the spinal dorsal horn where the combined inter-
vention maximally reduces dendritic spine dysgenesis.

Diabetes-induced malformation of dendritic spines on WDR neurons in lamina IV-V of STZ-treated rats.
This treatment altered the shape and distribution of spines on WDR neurons with an accompanying
increase in excitability that was associated with the onset of mechanical hypersensitivity at 4 weeks
following induction with STZ. Treatment with NSC23766 reduced spontaneous firing, attenuated pe-
ripheral hypersensitivity, and decrease the presence of malformed spines on WDR neurons.

Following SCI, rats displayed neuronal hyperexcitability and neuropathic pain that correlated with aber-
rant dendritic spine profiles. WDR neurons displayed enhanced field potential responses to innocuous
stimulation, and rats exhibited tactile and thermal hyperalgesia. Inhibition of Rac1 reduced aberrant
dendritic spine formation and ameliorated SCl-induced changes to spine profiles and behavioral
responses. Additionally, intervention with NSC23766 was most effective when it was applied intrathe-
cally more than 4 weeks following injury, suggesting a temporal window for maximal efficacy.

Increased mushroom-shaped spines that were preferentially formed on dendritic branches closer to the
soma at 10 d after chronic constriction injury. WDR neurons exhibited a hyperexcitable profile meas-
ured using single-unit extracellular recordings in vivo. These neurons also displayed exaggerated
responses to innocuous stimuli when applied to the periphery. Reduced nociceptive thresholds were
observed ipsilateral to the injury site. Following 3 d treatment with NSC23766, spine densities, hyper-
excitability, and behavioral nociceptive thresholds were returned to lower levels, but did not reach
the levels observed in the sham condition. Importantly, treatment reduced the symptoms associated
with mechanical hyperalgesia, but did not influence thermal hyperalgesia responses.

Alpha-motor neurons innervating the burned skin region, the hindpaw, displayed increased overall den-
sities of dendritic spines and higher numbers of mushroom-shaped dendritic spines that were consid-
ered structurally mature. Following treatment with romidepsin, an FDA-approved Pak1 inhibitor, the
spine profiles of these neurons returned to a near baseline state, and this effect lasted for 4 d follow-
ing cessation of treatment. This suggests that Pak1 is a more durable target for modulating dendritic
spine dysgenesis and extends previous findings to new regions of the spinal cord.

Mice exhibited significant spine dysgenesis, tactile and thermal hyperalgesia, and activity-dependent
increases in c-fos expression in neurons of the spinal dorsal horn. Treatment with romidepsin
decreased dendritic spine dysgenesis, rescued pain threshold, and reduced c-fos expression, which
returned to levels associated with pain on cessation of treatment.

Mice lacking FMRP (Fmr7 KO) displayed delayed development of mechanical hypersensitivity following
SNI. Additionally, these mice displayed decreased windup, which is an electrophysiological hallmark
of central sensitization involved in neuropathic pain development and is thought to be reliant on the
LTP. These mice also displayed aberrant mGluR1/5-mediated nociceptor plasticity. This is significant
because FMRP is involved in the formation of dendritic spines; and although spine formation was not
directly measured in this study, the finding still implicates spine-associated proteins in nociceptive
signaling.

previous findings demonstrating that the formation of mature
dendritic spines corresponds with the development of neuro-
pathic pain. Importantly, the authors showed that the maximal
formation of mushroom-shaped spines coincided with maximal

pain intensity, which strongly suggests a causal relationship.
These findings provide validation for the working model suggest-
ing that neuropathic pain induces changes in dendritic spine
number and formation, which drives alterations in synaptic
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Figure 2. Structural changes to dendritic spines in neuropathic pain. Sensory neurons
receive nociceptive input at excitatory dendritic spines located at the distal dendritic
branches. Spatial and temporal summation occurs in the soma, and output is transmitted
along the axon as an action potential. Dendritic spines are broadly classified into four catego-
ries: stubby, mushroom, filopodial, and thin spines. Mushroom spines are mature, stable,
and have highly branched actin networks. Filopodial spines are like thin spines, which gener-
ally act as a means of sensing new synaptic connections. Thin spines are transient and on
sustained synaptic activity can mature into mushroom-shaped spines. Stubby spines are also
a mature category with a short but wide neck region that has limited capacity for restriction
of calcum diffusion. The spine life cycle begins with immature filopodial spines and pro-
gresses to mature mushroom spines, which correlates with the level of synaptic activity.
Neuropathic pain results in common changes to the dendritic spine profile of sensory neurons
in the dorsal hor of the spinal cord characterized by increased density of mature/mushroom
spines, increased neuronal excitability, and a redistribution of spines toward the soma. These
changes can be ameliorated by inhibition of Rac1 using intrathecal administration of
NSC23766 and blockade of srGAP3 using intrathecal siRNA injection.

efficacy and promotes neuropathic pain (Benson et al., 2020).
One limitation of this study, however, was the short duration
over which spines were observed, at only 7 d. Further studies
investigating the functional as well as structural components of
plasticity over longer durations will be essential for extending
this work and clearly establishing the link between aberrant syn-
aptic plasticity and the development of chronic neuropathic
pain.

Dendritic spines in higher brain regions

In addition to dendritic spine dysgenesis in the spinal cord, neu-
ropathic pain produces spine changes in higher brain regions,
including the hippocampus. Similar to the structural changes in
the spinal cord, neuropathic pain after chronic constriction
injury induced alterations in dendritic tree morphology as well
as altering the type and number of dendritic spines in the mouse
hippocampus (Tsai et al, 2009; Tyrtyshnaia and Manzhulo,
2020). This finding suggests that neuropathic pain produces
aberrant structural plasticity in diverse neuronal structures
involved in the processing of sensory information (Tsai et al.,
2009). The dysregulation of spines in the hippocampus might
explain the connection between chronic neuropathic pain and
the development of anxiety and depression, which are often
comorbid in patients with neuropathic pain (Woo, 2010; Golden
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et al., 2013; Lee et al., 2018; Tyrtyshnaia and Manzhulo, 2020).
Acute increases in dendritic spine turnover of primary cortical
somatosensory circuits accompany neuropathic pain after pe-
ripheral nerve injury (S. K. Kim et al.,, 2016). These changes to
spine dynamics are associated with increased cortical excitability
and the emergence of mechanical allodynia. The changes to cort-
ical dendritic spines are regulated by neuronal mechanisms dis-
cussed thus far, but are also critically influenced by the activity of
local astrocytes. Specifically, release of thrombospondin-1 from
cortical astrocytes after nerve injury promotes synaptic rewiring
and sustained mechanical allodynia (S. K. Kim et al, 2016).
Additionally, astrocytes can control excitatory synaptogenesis
and spinogenesis by secreting thrombospondins that interact
with the calcium channel subunit a26-1 and promotes postsy-
naptic activation of Racl (Risher et al., 2018).

In contrast to the changes observed after injury in the studies
described above, neurons tend to lose dendritic spines after loss
of input, which occurs, for example, after thoracic spinal transec-
tion. Ghosh et al. (2012) found that cortical layer 5 neurons lost
dendritic spines, and this loss occurred significantly faster in the
proximal dendrites than the distal dendrites; the authors postu-
lated that this response was an adaptive mechanism to redistrib-
ute neuronal connectivity toward other synaptic partners with
intact signaling.

Together, these findings demonstrate that reorganization of
postsynaptic dendritic spines is a global phenomenon after dis-
ruption of normal signaling and that this reorganization is highly
associated with neuropathic pain. The molecular mediators that
trigger and regulate this profound structural redistribution of
dendritic spines therefore provide excellent candidates for thera-
peutic targets in the treatment of neuropathic pain.

Racl controls spine maturation and neuropathic pain

Racl control of WAVEI

The primary mode of Racl control over actin regulatory ele-
ments is through its interaction with WAVEL. Upon binding of
Racl, inhibition of WAVEI is removed, initiating translocation
from the cytoplasm to the membrane, which subsequently causes
binding of Arp2/3 to F-actin (Eden et al., 2002; Sung et al., 2008)
(Fig. 3). Expression of dominant-negative WAVEL prevents the
formation of Racl-dependent, but not Cdc42-dependent, lamel-
lipodia- and Racl-dependent neurite extension (Miki et al., 1998;
Soderling et al., 2002). Furthermore, recent determination of the
WRC structure using cryo-electron microscopy has revealed that
Racl does not bind solely to the traditional site defined by bio-
chemical and mutagenesis studies. Instead, WRC was shown to
bind two Racl molecules: one at the traditional binding site and
another at a higher affinity site on the opposite end of the Sral
component of the WRC (Schaks et al., 2018). This suggests that
the WRC is able to sense the concentration of Racl and is conse-
quently able to finely control the polymerization of actin to gov-
ern cytoskeleton formation (B. Chen et al., 2017). These
molecular regulators of Racl could provide novel avenues for
controlling the activity of Racl and subsequently reversing aber-
rant dendritic spine formation observed in neuropathic pain.

Evidence for role of Racl in pain

Over the past decade, a large body of work has emerged support-
ing the role of this small protein in the maintenance of dendritic
spines associated with neuropathic pain. Evidence has emerged
suggesting that temporal modulation of Racl is critical for spine
maturation, especially in neuropathic pain states (Tashiro and
Yuste, 2004). Using a rat model of SCI, Zhao et al. (2016) showed
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Rac1 is tightly controlled through a network of signaling interactions and post-translational
modifications. (1) The primary regulators of Rac1 are the GEFs, which activate Rac1 by
exchanging GDP for GTP, and the GAPs, which inactivate Rac1 by accelerating the hydrolysis
of GTP. The compound NSC23766 spedifically inhibits Rac1 activity by blocking the GEFs
Tiam1 and Trio. (2) In its inactive state, Rho GDIs act to sequester Rac1 in the nucleus and
protect it from proteolytic degradation. (3) The enzyme GeranylGeranyl Transferase 1 (GGT1)
post-translationally modifies Rac1 through the addition of a geranylgeranyl lipid group. (4)
Following prenylation, RacT is ready to be activated. (5) Upon activation of an upstream
effector, such as receptor tyrosine kinase or mGluRs, the prenylated Rac1 loses the Rho GDI
and has GDP exchanged for GTP, resulting in activation. (6) Activated Rac1 then binds to
WAVE? at the membrane and causes activation of Arp2/3, which can then bind to already
established F-actin. (7) Binding of Arp2/3 increases the number of branched actin filaments
and drives the dendritic spine into a more stable configuration. Rho GEF, Rho guanine nucle-
otide exchange factor; Rho GAP, Rho GTPase activating protein; Rho GDI, Rho guanine nucle-
otide dissociation inhibitor.

that Racl is involved in the formation of mature dendritic spines
and the development of SCI-induced neuropathic pain (see also
Tan et al., 2008). Early inhibition of Racl activity through intra-
thecal administration of the Racl-specific inhibitor NSC23766,
which specifically blocks the Rho guanine nucleotide exchange
factors Tiaml and Trio, produced mild antinociception and
minimal disruption to spines of lamina IV-V wide dynamic
range (WDR) neurons. WDR neurons are readily sensitized by
intense noxious stimuli and exhibit a frequency-dependent
increase in neuronal excitability in response to repeated input
from afferent C-fibers (Guan et al., 2006). These neurons are
convergent sites for incoming somatosensory, as well as nocicep-
tive signals, and are therefore important in processing pain-
related information. Interestingly, delayed intervention with
NSC23766, at 4 weeks after injury, produced significant antinoci-
ception and was accompanied by a less-mature dendritic spine
profile. In addition to the structural findings, the authors
reported changes to electrophysiological properties of WDR neu-
rons after SCI and NSC23766 treatment (Zhao et al., 2016).
Specifically, the number of spikes recorded from nociceptive
WDR neurons was increased after SCI, and this pattern was sub-
sequently abolished by late treatment with NSC23766 (Cao et al.,
2017).

Neurons of the superficial layers (I/II) of the spinal cord pri-
marily receive peripheral afferent input from A&, C/AS
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peptidergic, and C nonpedtidergic nociceptive fibers, which
makes this region essential for transmission and processing of
pain signals (Todd, 2010). Similar to the findings in WDR neu-
rons, dendritic spines in the superficial layers of the spinal dorsal
horn also undergo dendritic spine remodeling after SCI, and this
remodeling is sensitive to attenuation with NSC23766. This sug-
gests that neuropathic pain produces a characteristic pattern of
dendritic spines dysgenesis in two different regions of the spinal
dorsal horn. These findings support the role of Racl in dendritic
spine maturation associated with neuropathic pain and point to
a key window of time later in the development of neuropathic
pain where inhibition of Racl might be most efficacious.

While NSC23766 has demonstrated efficacy in reducing the
mechanical hypersensitivity component of neuropathic pain, it is
ineffective in reducing the thermal component in all models,
except for SCI (Tan et al.,, 2008). This implies a unique patho-
physiological mechanism underlying the development of thermal
hypersensitivity independent of Racl and highlights gaps in our
understanding of the molecular mechanisms by which Racl inhi-
bition mediates its beneficial effects. Currently, it is believed that
the effects of NSC23766 are mediated through inhibition of
GEFs (Tiaml, Trio) that activate Racl, but spare the downstream
effector of Racl: p21-associated kinase (Pakl). Interestingly, inhi-
bition of Pakl activity with the FDA-approved inhibitor romidep-
sin significantly attenuated aberrant dendritic spine formation and
reduced thermal hypersensitivity in a burn-injury model of neuro-
pathic pain (Guo et al., 2018; Patwa et al.,, 2019). This finding high-
lights the broad array of protein networks that Racl is a part of,
thus complicating potential interventions. Further studies are nec-
essary to understand and target the exact molecular pathways
involved in analgesia mediated by Rac1 inhibition.

Evidence for the involvement of Racl in dendritic spine
dysgenesis extends beyond a single pain model and includes
multiple different modalities of neuropathic pain, suggesting a
pan-pain role for Racl (Tan et al, 2008, 2011, 2013). Beyond
sensory neurons, Racl has also been implicated in dendritic
spine dysgenesis in o motor neurons of the spinal cord following
SCI. These neurons reflect a similar dysgenic profile to that
observed in spinal sensory neurons following injury and point to
a conserved mechanism of dendritic remodeling sensitive to Racl
modulation in diverse regions of the CNS (Bandaru et al., 2015;
Pennucci et al,, 2019). The widespread involvement of Racl in
dendritic spine dysgenesis associated with chronic pain illustrates
the potential for Racl to serve as a biomarker for dendritic spine
malformation in neuropathic pain (Zhao et al., 2016).

Connection to fragile X?

Translation of these findings regarding Racl signaling to human
populations has not been explored to date. However, one oppor-
tunity exists among the Fragile X mental retardation syndromes,
which are the most frequently occurring genetic forms of intel-
lectual disability and have been linked to the development of au-
tism spectrum disorders in humans (Pyronneau et al., 2017).
Mice lacking the gene Fmrl, which codes for Fragile X Mental
Retardation Protein (FMRP), exhibit significantly impaired hip-
pocampal LTP and malformed dendritic spines (L. Y. Chen et
al., 2010). This dysfunction has been linked to Racl signaling,
supporting the notion that Racl is a crucial regulator of synaptic
transmission and dendritic spine plasticity (L. Y. Chen et al.,
2010; Bongmba et al., 2011). Notably, FMRP is expressed in
nociceptive neurons of the superficial spinal dorsal horn, where
it plays a role in nociceptive plasticity. Mice deficient in Fmrl
have reduced metabotropic glutamate receptor (mGluR) 1/5-
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mediated nociceptor plasticity, display delayed development of
mechanical allodynia after nerve injury, and exhibit reduced
windup, a core electrophysiological feature associated with
central sensitization. These findings demonstrate that Fmrl is
essential for the development of central sensitization and nerve
injury-induced neuropathic pain (Price et al., 2007). Interestingly,
neuropathy is a common complaint among patients with fragile-
X-associated tremor ataxia syndrome, which is a late-onset disor-
der in those that carry an expanded allele of FMRI (Hagerman et
al., 2007; Rodriguez-Revenga et al., 2009). This suggests that there
is potentially a link between the enhanced neuropathic pain
observed in murine FMRI KO studies and clinical populations,
which highlights the translational potential of these findings.

Moreover, Fmrl KO mice exhibit increased pathologic den-
sities of filopodial/immature dendritic spines and increased
Racl-PAK1 signaling activity in the somatosensory cortex, con-
sistent with involvement of Racl in the formation of FmrI-asso-
ciated synaptic defects. Racl-PAK1 signaling promotes the
phosphorylation and thus inactivation of cofilin and overexpres-
sion of constitutively active cofilin reduced aberrant spine mor-
phology and density in the somatosensory cortex (Pyronneau et
al., 2017). Additionally, PAK1 inhibition was able to correct
impaired cofilin signaling, glutamatergic tone, and sensory proc-
essing in Fmr1 KO mice in vivo. Together, these findings suggest
that Rac1-PAK-cofilin signaling is associated with the dendritic
spine defects and synaptic dysfunction observed in Fragile X
Syndrome (Pyronneau et al, 2017). Extrapolating from these
results, it is possible that the Rac1-PAK-cofilin signaling network
also controls dendritic spine maturation in the dorsal horn of the
spinal cord and regulates the development of neuropathic pain.
Collectively, these findings indicate that Racl is an important
mediator of synaptic plasticity through its modulation of dendri-
tic spine maturation; thus, this mechanism could serve as a foun-
dation for the extension of preclinical studies into clinically
translatable therapies targeting the interaction between FMRP
and Racl.

Other Racl interaction partners

Expanding our knowledge of Racl signaling networks, a recent
study identified the Nrpl/PlxnA4/Racl/Farp2 cascade down-
stream of Semaphorin 3A (Sema3A) as a novel player in dendri-
tic spine formation (Danelon et al., 2020). Sema3A is a secreted
protein that binds to a receptor complex containing neuropilin-1
and a plexinA coreceptor, which serves to direct dendritic
growth and acts as a chemorepulsant factor responsible for guid-
ing axonal growth cones to their postsynaptic targets (Goshima
et al.,, 2016). These findings show that the Sema3A pathway acts
via a KRK motif on the PlxnA4 receptor that activates Farp2,
which is a RhoGEF, and Rac1 to control dendrite morphogenesis
in layer 5 cortical neurons (He et al., 2013). This study conclu-
sively demonstrated a dendrite-specific signaling pathway,
including PlxnA4, Farp2, and Racl, which adds to the already
well-established idea that Racl is a crucial mediator of dendrite
patterning and spine formation (Danelon et al., 2020).

Another link between Racl and the Sema3A signaling cascade
is found in the interaction between collapsin response mediator
protein 2 (CRMP2) and the Sra-1/WAVEL complex. The cyto-
solic protein CRMP2 mediates transport of the Sra-1/WAVEI]
complex, where, as noted above, it regulates the formation and
remodeling of dendritic spines. The involvement of CRMP2 in
neuropathic pain and in synaptic signaling has been well estab-
lished, further highlighting the connection between the regula-
tion of dendritic spine growth and the development of
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neuropathic pain. Given that both Racl and CRMP2 interact
with WAVE], it is possible that these proteins work together in a
pathway regulating the development of pathologic pain (Kawano
et al., 2005).

srGAP3 regulates dendritic spine initiation

Another protein intimately involved in the development of
dendritic spines, through regulation of the actin cytoskeleton,
WAVE], and Racl, which has recently implicated in the
initiation of neuropathic pain is srGAP3, also known as mental
retardation-associated GTPase activating protein or WAVE-
associated Rac GTPase-activating protein (Endris et al, 2002;
Soderling et al., 2002; Blockus and Chédotal, 2016). This protein
is highly expressed in the CNS during development and has been
identified in neurons of spinal dorsal horn as well as dorsal root
ganglia (DRG) (Bacon et al., 2009; Z. B. Chen et al., 2012). As a
downstream component of the Slit-Robo signaling system, this
protein is responsible for guiding synaptic connections, deter-
mining maturation of neurites into axons or dendrites, regulat-
ing neuronal progenitors during development (Wong et al,
2001; Mattar et al., 2004; Yao et al., 2008; Bacon et al,, 2011; I. H.
Kim et al., 2012; Koschiitzke et al., 2015), and it is implicated in
the early stages of spine initiation. Expression of srGAP3
increases the number of thin, filopodial/immature-type dendritic
spines (Waltereit et al., 2008; K. Chen et al., 2011), which are
more dynamic than mushroom-shaped spines and are thought
to be involved in initial synaptogenesis rather than long-term
memory formation. Additionally, srtGAP3 overexpression decreases
the number and size of inhibitory synapses in gephyrin-positive
cultured hippocampal neurons, suggesting involvement in
determining the ratio of excitatory to inhibitory synapses, a pa-
rameter known to be biased toward excitation in neuropathic
pain states (Subramanian and Nedivi, 2016). While these latter
findings were reported in the context of autism spectrum disor-
ders, the changes in spine formation might be applicable to
other neurologic disorders, including neuropathic pain
(Bertram et al., 2016; Pérez et al., 2016; Hlushchenko et al.,
2018).

The GAP in srGAP3

There are three primary functional domains of srGAP3: an
inverse Fes/Cip4 homology-Bin/Amphiphysin/Rvs167 (IF-BAR)
domain, a Rho GAP domain, and a Src Homology 3 (SH3) do-
main (Fig. 4). Each of these domains is responsible for targeting
interactions of srGAP3 with other proteins, specifically those
involved in regulation of the actin cytoskeleton. The GAP do-
main is specific for Racl, and it inhibits Racl-dependent dendri-
tic-spine formation by accelerating GTP hydrolysis (Soderling et
al,, 2002; Yang et al., 2006). The interaction between srGAP3 and
Racl was confirmed in cultured cerebellar granule neurons,
where srGAP3 inhibited Racl-dependent neurite outgrowth.
Transfection with an srGAP3 construct lacking the GAP domain
did not have this effect on neurite outgrowth (Soderling et al.,
2002). This points to a role for srGAP3 in dendritic spine regula-
tion through modulation of Racl activity (Zhang et al., 2014).

SH3 adaptor region

Through its SH3 domain, srGAP3 interacts with the intracellular
component of the Robol receptor, resulting in destabilization of
the actin cytoskeleton. The SH3 domain also interacts with
WAVETL in the proline-rich region between amino acids 322-332
and 425-431. Mice expressing a WAVEI construct, lacking the
stGAP3 recognition domain, displayed reduced dendritic spine
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ferent intracellular functions through interactions with a diverse set of interaction partners.
The numbers depict the specific amino acid residues where each domain begins and ends in
the human srGAP3 protein.

density, altered synaptic plasticity, and specific defects in mem-
ory retention (Carlson et al., 2011). This finding confirmed that
stGAP3 anchored to WAVEI controls cytoskeletal events essen-
tial for normal developmental progression and synaptic plasticity
in hippocampal neurons (Soderling et al., 2007). In addition to
its interactions with WAVE], a single PXXP motif sequence in
the C-terminal disordered region of srGAP3 mediates interac-
tions with endophilin-Al and A2, amphiphysin, and Grb2,
which are involved in membrane deformation and growth regu-
lation. These interactions occur along linear interfaces located
within the SH3 recognition regions of the partner proteins,
implying that this domain can act as a scaffolding adaptor that
connects the upstream Robo receptor to different signaling
networks (Kurochkina and Guha, 2013; Wuertenberger and
Groemping, 2015). This finding suggests that srGAP3 is func-
tionally coupled to unique signaling outcomes arising from a sin-
gular upstream binding event and that srGAP3 is involved in
diverse cellular events involving cytoskeletal reorganization.

The IF-BAR domain and membrane recognition

The IF-BAR domain of srGAP3 recognizes specific membrane
lipids, such as phosphatidylinositol 4,5-bisphosphate (PIP2) and
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which drives
membrane recruitment (Coutinho-Budd et al., 2012). Membrane
association promotes local outward curvature, which is the first
step in dendritic spine formation from early filopodial protru-
sions (Endris et al, 2011; Ma et al, 2013). This recognition
occurs through positively charged residues on the convex surface
of the IF-BAR domain interacting with the negatively charged
head groups of membrane phospholipids. Mutation of these resi-
dues from positively charged arginine and lysine to glutamic acid
results in reduced membrane recruitment of srGAP3, demon-
strating the importance of these residues for membrane recogni-
tion. Neuronal cultures from mice lacking srGAP3 are deficient
in filopodial protrusions and exhibit reduced synaptogenesis.
Expression of the IF-BAR domain of srGAP3 is sufficient to
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rescue this phenotype and implicates this domain in the early
stages of dendritic spine formation. Furthermore, Carlson et al.
(2011) found that, while stGAP3 is essential for early stages of
spine formation, it is not necessary for the maintenance of al-
ready established dendritic spines. Consistent with evidence for
an essential role of the IF-BAR domain in spine initiation, splice
variant of stGAP3 with interruption of the IF-BAR domain
results in severe intellectual disability, known as 3p Syndrome
(Endris et al., 2002). If the truncation of stGAP3 occurs after the
IF-BAR domain, then intellectual disability does not occur and
patients are otherwise normal (Ba et al., 2013; Ellery et al., 2014).
Additionally, microduplication of the 3p25 locus of the srGAP3
gene has been associated with hereditary psychotic illness, fur-
ther implicating srGAP3 in neuronal processing (Wilson et al.,
2011; Waltereit et al., 2012; Eszlari et al., 2019). This association
was confirmed in an animal model in which mice lacking a criti-
cal exon within the IF-BAR domain coding region exhibited pro-
found deficits in learning and memory-related functions
(Carlson et al,, 2011). Together, these results demonstrate the
importance of the IF-BAR region of srtGAP3 for membrane rec-
ognition and dendritic spine initiation.

stGAP3 in neuropathic pain

Recent experimental evidence has suggested that srGAP3 is
involved in dendritic spine dysgenesis in neuropathic pain in
addition to its well-defined role in normal spine formation. In a
model of paclitaxel-induced peripheral neuropathy (PIPN), Z.
Chen et al. (2020) clearly demonstrated increased srGAP3 protein
abundance in the superficial layers of the spinal dorsal horn in the
early phase of neuropathic pain development. Additionally,
siRNA-mediated silencing of srGAP3 reduced mechanical hyper-
sensitivity and partially reversed the aberrant spine phenotype
when delivered during the initiation of neuropathic pain.
Moreover, adeno-associated virus-mediated overexpression of
stGAP3 in the spinal dorsal horn produced mechanical hypersen-
sitivity and corresponding changes to dendritic spine architecture.
Interestingly, when these manipulations were applied during the
maintenance phase of neuropathic pain, when mature dendritic
spines are more prevalent, these effects were not observed.
Together, these results point to a clear role for srGAP3 in the ini-
tiation of neuropathic pain and dendritic spine dysgenesis (Z. B.
Chen et al., 2012; Z. Chen et al., 2020).

Using srGAP3 to identify other filopodial proteins

The protein composition of nascent filopodia has been difficult
to study compared with other more robust synaptic structures
because of their transient nature. Recent work has overcome the
technical limitations preventing characterization of protein ele-
ments within nascent dendritic spines by using srGAP3 as a
marker of these structures. Using an srGAP3 construct coupled
with the biotin ligase BirA, Spence et al. (2019) identified ~60
individual proteins within these fleeting structures using in vivo
proximity labeling in hippocampal neurons. The findings from
this work support prior data indicating an interaction between
stGAP3 and WAVEL to regulate Arp2/3-mediated actin poly-
merization. Furthermore, a previously uncharacterized protein
was discovered, the Capping protein Arp2/3 myosinILinker
(CARMIL3), which is essential for actin remodeling and format-
ting of the branched actin networks observed in mature dendritic
spines. Loss of CARMIL3 through genetic editing using
CRISPR/Cas9-based approaches resulted in impaired transition
from immature to mature spines and reduced AMPA receptor-
mediated EPSCs. This evidence supports the idea that distinct
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molecular complexes regulate the formation and maturation of
dendritic spines by using srGAP3 as a marker of the initial stages
of spine development. Extending this work by performing simi-
lar characterization of nascent synapses in models of neuropathic
pain will be essential for determining whether these regulatory
elements are altered in painful states and might identify pain-
related changes in the molecular composition of dendritic spines.

A model of synergistic action for combating aberrant
nociception

A temporal targeting strategy

Accumulating evidence has shown that srGAP3 is intimately
involved in the initiation of dendritic spine formation from filo-
podial dendritic shaft protrusions whereas Racl is involved in
the maintenance of mature spines. From these findings, it is pos-
sible to construct a synergistic temporal targeting model support-
ing complementary roles for the regulation of spines by srGAP3
and Racl at distinct stages in the spine life cycle. In such a model,
mutual targeting of stGAP3 and Racl during the onset and
development of neuropathic pain might produce stronger anti-
nociceptive outcomes. There is recent evidence supporting the
validity of this concept using a rat model of PIPN (Z. Chen et al.,
2020). Activity of srGAP3 was genetically silenced using an intra-
thecal siRNA construct, and Racl was inhibited using intrathecal
NSC23766. Each of these interventions produced moderate re-
versal of mechanical hypersensitivity when delivered alone dur-
ing the appropriate temporal window. However, when they were
used sequentially, the reversal of mechanical hypersensitivity was
almost complete. This finding is in line with prior evidence that
Racl inhibition was most effective during later stages after SCI
and that earlier application did not have a significant effect on
the development of neuropathic pain (Zhao et al, 2016).
Collectively, these lines of evidence support the temporal target-
ing strategy and highlight complementary, yet distinct, roles for
stGAP3 and Racl in dendritic spine dysgenesis.

WAVEL represents a hub for cytoskeletal actin remodeling
where signaling pathways for Racl and srGAP3 converge to
dynamically regulate dendritic spine development and synaptic
plasticity. The N-terminal Scar homology domain of WAVE1
binds a core unit of four proteins that regulate Racl activity and
direct its action toward sites of actin reorganization. Additionally,
the proline-rich region of WAVEI has multiple sites that allow
recognition of SH3-domain-containing proteins, such as srGAP3.
Finally, the C-terminal verprolin-cofilin-acidic domain promotes
the interaction of WAVE] with the Arp2/3 complex, which ini-
tiates nucleation of a daughter actin filament and promotes the
formation of branched actin networks. Furthermore, WAVEI KO
mice show deficits in sensorimotor function and dendritic spine
formation, reduced capacity for synaptic plasticity, and poor per-
formance in cognitive tests (Soderling et al., 2007). This positions
the WAVEL complex as a key regulator of dendritic spine forma-
tion at the intersection of srGAP3 and Racl and provides a prime
target for future studies exploring the molecular mediators of
structural plasticity in neuropathic pain.

In conclusion, CNS dendritic spine dysgenesis is a core fea-
ture of maladaptive synaptic plasticity observed in neuropathic
pain and is thought to underlie central sensitization. The molec-
ular regulators of dendritic spine initiation and maturation,
stGAP3 and Racl, have been implicated in development of
pathologic synaptic plasticity through regulation of the actin cy-
toskeleton. Preclinical studies targeting these proteins have dem-
onstrated efficacy in ameliorating the hypersensitivity associated
with neuropathic pain, but many questions remain, particularly
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concerning the role of srGAP3 in this process (Table 1). The
complementary action of srGAP3 and Racl inhibition produces
enhanced antinociception and implies a synergistic relationship
between these regulatory proteins. This effect likely arises from
the mutual inhibition of Racl activity, with NSC23766 blocking
the GEFs Tiaml and Trio, and silencing of srGAP3 blocking its
inhibitory activity toward Racl, which would result in dual
blockade of Racl by preventing activation through GEFs as well
as srGAP3-mediated inactivation (Marei and Malliri, 2017).
Despite both interventions targeting Racl, they each target a spe-
cific phase of the Racl activity cycle and are therefore poised to
increase the overall inhibition of Racl compared with a single
intervention. However, these effects were observed using siRNA-
mediated silencing of srGAP3, which inhibits all three domains
of srGAP3 equally and therefore precludes dissection of domain-
specific effects. Therefore, it is possible the effects stem from a
different mechanism that does not involve the GAP domain, but
instead relies on the function of the IF-BAR or SH3 components
of stGAP3. Involvement of the SH3 domain would implicate
interactions between stGAP3 and its other known binding part-
ners, lamellipodin, Robol, and WAVEL in spine dysgenesis.
Additionally, given the importance of the IF-BAR domain in
membrane recognition and initiation of dendritic spine develop-
ment, it is possible that interference with this domain alone is
sufficient to prevent spine formation in neuropathic pain.

Dissection of the roles of these domains should be the focus
of future studies investigating how srGAP3 contributes to me-
chanical hypersensitivity and spine dysgenesis. Furthermore,
these findings regarding pain have been drawn from measures of
altered dendritic spine structure, such as imaging of tissue sec-
tions, rather than functional studies. To gain a more complete
perspective on the role of dendritic spines in pain, it is necessary
to repeat these experiments using ex vivo slice electrophysiology
to measure functional plasticity and understand the network-
level effects of these molecular targets. Additionally, questions
remain regarding the precise mechanisms underlying the desira-
ble effects of NSC23766 on spine maturation and neuropathic
pain. Future studies investigating the exact molecular pathways
modulated by NSC23766 application and srGAP3 inhibition are
necessary to understand this system and its implications for the
development of novel therapeutics. Currently, there are no in
vivo mechanistic studies exploring the function of these interven-
tions in the context of neuropathic pain. Finally, a complete
characterization of the interaction network for srGAP3 at den-
dritic spines in the setting of neuropathic pain is essential for
understanding these interactions for the development of antino-
ciceptive targets.
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