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Cellular/Molecular
RGS4 Maintains Chronic Pain Symptoms in Rodent Models
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Regulator of G-protein signaling 4 (RGS4) is a potent modulator of G-protein-coupled receptor signal transduction that is expressed
throughout the pain matrix. Here, we use genetic mouse models to demonstrate a role of RGS4 in the maintenance of chronic pain states
in male and female mice. Using paradigms of peripheral inflammation and nerve injury, we show that the prevention of RGS4 action leads
to recovery from mechanical and cold allodynia and increases the motivation for wheel running. Similarly, RGS4KO eliminates the
duration of nocifensive behavior in the second phase of the formalin assay. Using the Complete Freud’s Adjuvant (CFA) model of hindpaw
inflammation we also demonstrate that downregulation of RGS4 in the adult ventral posterolateral thalamic nuclei promotes recovery
from mechanical and cold allodynia. RNA sequencing analysis of thalamus (THL) from RGS4WT and RGS4KO0 mice points to many signal
transduction modulators and transcription factors that are uniquely regulated in CFA-treated RGS4WT cohorts. Ingenuity pathway
analysis suggests that several components of glutamatergic signaling are differentially affected by CFA treatment between RGS4WT and
RGS4KO groups. Notably, Western blot analysis shows increased expression of metabotropic glutamate receptor 2 in THL synaptosomes
of RGS4KO mice at time points at which they recover from mechanical allodynia. Overall, our study provides information on a novel
intracellular pathway that contributes to the maintenance of chronic pain states and points to RGS4 as a potential therapeutic target.
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There is an imminent need for safe and efficient chronic pain medications. Regulator of G-protein signaling 4 (RGS4) is a multi-
functional signal transduction protein, widely expressed in the pain matrix. Here, we demonstrate that RGS4 plays a prominent
role in the maintenance of chronic pain symptoms in male and female mice. Using genetically modified mice, we show a dynamic
role of RGS4 in recovery from symptoms of sensory hypersensitivity deriving from hindpaw inflammation or hindlimb nerve
injury. We also demonstrate an important role of RGS4 actions in gene expression patterns induced by chronic pain states in the
mouse thalamus. Our findings provide novel insight into mechanisms associated with the maintenance of chronic pain states and
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demonstrate that interventions in RGS4 activity promote recovery from sensory hypersensitivity symptoms.
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Introduction
Chronic pain promotes robust neurochemical and cellular adap-
tations in peripheral and central circuits (Ossipov et al., 2010;
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Kuner and Flor, 2016). Prolonged inflammation or nerve injury
leads to central sensitization, characterized by increased neuronal
excitability at spinal and supraspinal sites (Latremoliere and
Woolf, 2009; Ji et al., 2018) and the expression of a wide range of
sensory and affective symptoms (Turner et al., 2004; Hummel et
al., 2008; Mathey et al., 2015). A better understanding of the
synaptic maladaptations that contribute to pain chronicity may
provide novel avenues for the treatment of chronic pain condi-
tions (Reichling and Levine, 2009; Megat et al., 2019).
Regulator of G-protein signaling 4 (RGS4) is a potent
G-protein-coupled receptor (GPCR) regulator (Gold et al., 1997;
Bastin et al., 2012; Gerber et al., 2016) expressed in brain circuits
mediating nociception, mood, and motivation. Aberrant RGS4
function has been linked to severe human disorders including
schizophrenia, Parkinson’s disease, and addiction (Ding et al.,
2006; Terzi et al., 2009; Lerner and Kreitzer, 2012). This 28 kDa
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protein modulates responses to chronic stress and the efficacy of
monoamine-targeting drugs, such as psychostimulants and anti-
depressants (Gold et al., 2002; Schwendt and McGinty, 2007;
Stratinaki et al., 2013). Furthermore, several studies have dem-
onstrated a role of RGS4 in functional responses to opioid recep-
tor agonists (Georgoussi et al., 2006; Ajit et al., 2007; Han et al.,
2010). RGS4 is expressed in many structures involved in the
transmission and maintenance of chronic pain, including the
dorsal horn of the spinal cord, the periaqueductal gray (PAG),
the thalamus, and the basal ganglia (Ni et al., 1999; Gold et al.,
2003; Terzi et al., 2009; Taccola et al., 2016). Based on the distri-
bution pattern of RGS4 and its potent modulatory role in signal
transduction events triggered by Ga and GB7y proteins, we expect
that changes in RGS4 activity may affect functional responses of
several GPCRs and ion channels throughout the pain matrix.
Understanding the functional significance of RGS4 in the devel-
opment and maintenance of chronic pain states may contribute
essential knowledge to the cellular determinants of sensory hy-
persensitivity and pain chronicity. Recent reports propose that
intrathecal application of RGS4 inhibitors in rodents alleviates
mechanical allodynia and pain-like behaviors (Bosier et al., 2015;
Yoon et al., 2015; Taccola et al., 2016). Here, we apply constitu-
tive and conditional knock-out models to understand the role of
RGS4 in the induction, intensity, and maintenance of chronic
pain symptoms.

Our data reveal a prominent role of RGS4 in the maintenance
of mechanical and cold allodynia. The role of RGS4 in the main-
tenance of central sensitization is further supported by formalin
assay studies, showing that knockout of RGS4 attenuates nocif-
ensive behaviors in the second phase of the formalin test. The
ventral posterolateral thalamus (VPL-THL) receives spinotha-
lamic input, which plays a prominent role in central sensitization
and relays nociceptive information to other brain regions in re-
sponse to peripheral inflammation or injury (Craig and Burton,
1981; Cliffer et al., 1991; Ossipov et al., 2000). Using a mouse line
carrying a floxed RGS4 gene (RGS4™) and adeno-associated
virus (AAV) vectors expressing Cre recombinase, we downregu-
lated RGS4 expression in the VPL-THL and demonstrated that
this intervention promotes recovery from mechanical allodynia
in a model of peripheral inflammation. RNA-sequencing (Seq)
analysis reveals that the prevention of RGS4 action affects a num-
ber of receptors and intracellular pathways in the THL, with ma-
jor impact on glutamatergic plasticity and on the activity of
G-protein-regulated networks. Furthermore, recovery from
chronic pain states in RGS4 knock-out (RGS4KO) groups is as-
sociated with increased expression of metabotropic glutamate
receptor 2 (mGluR2) in THL synaptosomes. In summary, our
study provides insight into the intracellular mechanisms contrib-
uting to pain chronification and points to promising avenues for
novel pain treatments.

Materials and Methods

Subjects. For all behavioral experiments, we used 2- to 3-month-old male
and female mice from the RGS4 knock-out or RGS4 " lines (Han et al.,
2010; Stratinaki et al., 2013). For quantitative PCR (qPCR) experiments,
we used male C57BL/6 mice (The Jackson Laboratory). Mice were group
housed (four to five per cage) on a 12 h light/dark cycle, and provided
with food and water ad libitum. Animal handling was in accordance with
the animal care and use committee guidelines of the Icahn School of
Medicine at Mount Sinai.

Stereotaxic surgery and viral localization. Stereotaxic coordinates for
bilateral viral vector injections into the VPL-THL were as follows: an-
teroposterior (AP), —1.70 mm; mediolateral (ML), £2.20 mm; and dor-
soventral (DV) —3.50 mm, at an angle of 10° from the midline.
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Coordinates for the MD-THL were as follows: AP —1.58 mm; ML, =0.44
mm; and DV, —3.20 mm. Coordinates for the nucleus accumbens (NAc)
were as follows: AP, 1.60 mm; ML, =1.50 mm; DV, —4.40 mm; at an
angle of 10° from the midline. AAV-Cre and AAV-GFP vectors (serotype
2) were purchased from the Vector Core Facility at the University North
Carolina (Chapel Hill, NC; Gaspari et al., 2018). Viral expression was
evaluated at the end of each experiment using GFP fluorescence or West-
ern blot analysis for RGS4.

Spared nerve injury operation. Spared nerve injury (SNI) was per-
formed in the left sciatic nerve, as previously described (Shields et al.,
2003; Mitsi et al., 2015; Descalzi et al., 2017). Briefly, using a stereomi-
croscope, a skin and muscle incision of the left hindlimb at mid-thigh
level was performed to reach the sciatic nerve. The common peroneal and
the sural nerves were carefully ligated with 6.0 silk suture (Johnson &
Johnson International), transected and 1-2 mm sections of these nerves
were removed, while the tibial nerve was left intact. Skin and muscle were
then closed with 4.0 silk suture (Johnson & Johnson International). In
sham-operated mice, the same procedure was followed, but the nerves
were left untouched.

Complete Freud’s Adjuvant treatment. Left hindpaw inflammation was
induced by intraplantar injection of 25 ul of Complete Freud’s Adjuvant
(CFA; Sigma-Aldrich), diluted 1:1 in saline as described previously (Mi-
nett et al., 2012; Gaspari et al., 2018).

Paclitaxel treatment. Paclitaxel (Tocris Bioscience) was dissolved in a
50% solution of absolute ethanol and 50% Cremophor EL to a concen-
tration of 10 mg/ml and stored at 4°C, and then diluted to the necessary
concentration with saline just before administration (Masocha, 2014;
Toma et al., 2017). Control animals received vehicle, prepared the same
way as the drug solution. Paclitaxel or vehicle was administered intra-
peritoneally at a volume of 100 ul four times, every other day.

Von Frey test for mechanical allodynia. For the assessment of mechan-
ical allodynia, we used Von Frey filaments (Mitsi et al., 2015; Descalzi et
al., 2017; Tsantoulas et al., 2018) with ascending forces expressed in
grams (Stoetling). Each filament was applied five times in a row against
the ipsilateral hindpaw. Hindpaw withdrawal or licking was marked as a
positive allodynia response. A positive response in three of five repetitive
stimuli was defined as the allodynia threshold.

Hargreaves test for thermal hyperalgesia. Mice were placed in Plexiglas
boxes on top of a glass surface (IITC Life Science), and the latency to
withdraw the injured (CFA-injected) hindpaw was measured after a
high-intensity heat beam (30%) was applied to the mid-plantar area
(IITC Life Science). Two measurements were obtained with a 10 min
interval, and the average was defined as the thermal nociceptive thresh-
old. A cutoff time of 20 s was used to avoid potential tissue damage
(Patwardhan et al., 2009; Gaillard et al., 2014; Terzi et al., 2014; Gaspari et
al., 2018).

Cold plate test. Nocifensive behavior was assessed at 0°C using a cold
plate (IITC-Life Science). Mice were habituated in the room for 1 h, and
then placed on the cold surface, and behavioral responses were recorded
using a video camera (VIXIAHF R600, Canon). Two blinded experi-
menters monitored latency to paw flinching (Roeckel et al., 2017).

Formalin test. The left hindpaw was injected with 25 ul of 4% formal-
dehyde (Sigma-Aldrich), as previously described (Papachatzaki et al.,
2011; Gaillard etal., 2014; Rodriguez etal., 2017). Mice were immediately
placed into Plexiglas boxes and nocifensive behavior was recorded for
1 h, using a video camera (VIXIAHF R600, Canon). Two blinded inves-
tigators monitored licking and flinching behaviors over the 1 h period.

Wheel running. We used a wireless running wheel activity monitoring
system (Low-Profile Wireless Running Wheel for Mouse, Med Associ-
ates). Mice were habituated for 2 d in their home cage with the running
wheel apparatus (Cobos et al., 2012). On testing days, each mouse was
monitored for 1 h. Mice that ran <100 cycles per hour were excluded
from the study. Activity was calculated as a percentage of naive RGS4
wild-type (RGS4WT) baseline activity.

Western blotting and subcellular fractionation. Western blotting and
subcellular fractionation were performed as previously described (Char-
Iton et al., 2008; Gaspari et al., 2018). Two 12 gauge thalamus punches
were used per sample for all assays. For subcellular fractionation, samples
were homogenized using a pestle in 100 ul of hypotonic cell lysis buffer
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RGS4KO mice rapidly recover from mechanical allodynia ina model of long-term peripheral inflammation. a, Male RGS4WT and RGS4K0 mice show mechanical allodynia in the Von Frey

assay inresponse to CFA injection to the left hindpaw, but RGS4KO mice recover by day 13 (two-way ANOVA followed by Bonferroni post hoc tests: F; g, = 1639, **p = 0.001,***p < 0.001;n =
15). b, RGS4KO mice show identical responses to their R&S4WT controls in the Hargreaves assay of thermal hyperalgesia (two-way ANOVA: f,; ,,) = 0.0009, n = 11/group). ¢, qPCR analysis reveals
that RGS4 mRNA expression in the PAG, THL, DR, NAc, and ipsilateral SC does not change at early time points (4 d) after the induction of peripheral inflammation (CFA injection to the left hindpaw).
Unpaired ttest: PAG, t 5 = 0.1893; THL, 4y = 0.966; DR, t(;, = 1.153; NAC, t;) = 0.8572; SCipsilateral, ¢, = 0.8891;n = 5-11/group; for all comparisons, p > 0.05). d, At later time points
(17 d post-CFA), there is an increase in Rgs4 transcript in the PAG and in the THL (unpaired t test: PAG: t ;) = 6.629, ***p < 0.001,n = 6~7/group; THL: £,y = 2.64, *p = 0.02, n = 6/group;
DR: t14y = 1.521,n = 6~7/group, NAC: t(;3) = 1.778, n = 7-8/group; SC: t 5,y = 3.604 **p = 0.001, n = 13/group).

(HCLB) plus protease and proteasome inhibitors (Sigma-Aldrich), incu-
bated on ice for 45 min, and centrifuged at 371 X g at 4°C for 10 min.
Supernatants were then collected as the crude cytoplasmic fractions. To
obtain the synaptosomal fractions, the crude cytoplasmic fractions were
centrifuged twice to remove the remaining nuclei (371 X gat 4°C for 10
min). The supernatants were collected and centrifuged at 9361 X gat 4°C
for 10 min. Supernatants were collected as the cytoplasmic fractions, and
the synaptosomal pellets were resuspended in 20 ul of HCLB. The fol-
lowing antibodies were used: rabbit anti-B-actin (catalog #4970, Cell
Signaling Technology); rabbit anti-GB5 (from W. Simmonds, National
Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD);
rabbit anti-RGS4 (catalog #ABT17, Millipore); and mouse anti-
metabotropic glutamate receptor 2 (catalog #ab15672, Abcam). G35 or
B-actin antibodies were used as loading controls. Data are calculated as
the optical density (OD) ratio of sample/loading control and are ex-
pressed as the percentages of the control group. Bands were quantified
using Image] software (Mitsi et al., 2015).

RNA sequencing and qPCR. Four biological replicates per group were
used for the RNA-Seq studies. Bilateral thalamus punches from two male
mice were pooled per biological replicate (four 12 gauge punches per
sample). Total RNA was isolated with TRIzol, and the integrity was con-
firmed with an Agilent 2100 Bioanalyzer (Mitsi et al., 2015; Descalzi et al.,
2017). mRNA-Seq libraries were prepared using a TruSeq RNA sample
preparation kit version 2 (Illumina). Sequencing was performed using
the Illumina HiSeq 2000 apparatus. QPCR was performed using SYBR
green and analyzed using the AACT method and GAPDH as a normal-
ization control (Gaspari et al., 2018). Information on primers used for
biological validation of gene expression and in RGS4 regulation studies is
provided in Table 5.

Bioinformatics analysis. Read alignment, read counting, and differen-
tial analysis were performed using HISAT2 (Kim et al., 2015a), HTSSeq

(Andersetal., 2015), and the DESeq2 R package, respectively (Love et al.,
2014). Differential analysis aimed to dissect the CFA versus naive treat-
ment effect in WT and KO was performed using a 2 X 2 factorial design
with the following linear model: log(exp) ~ Genotype + Treatment +
Genotype:Treatment. The differential lists were defined by a p value
cutoff of <0.05 and log2 (fold change) of <—0.25 or >0.25. Inclusion of
the interaction term “Genotype:Treatment” to the model facilitated in
studying the KO-specific treatment effect. Significantly contraregulated
genes were defined as the genes exhibiting opposite directionality and the
interaction term p value <0.05. Gene Ontology analysis was performed
using DAVID 6.8. Only terms with p value <0.05 were reported. Venn
diagrams and heat maps were generated using BioVenn-web application
(http://www.biovenn.nl/) and Morpheus (https://software.broadinstitute.
org/morpheus) software respectively. Pathway analysis was conducted using
ingenuity pathway analysis (IPA). For pathway analysis, a cutoff p value
of <0.003 was applied to the output pathways (Love et al., 2014; Descalzi
etal.,, 2017; Gaspari et al., 2018).

Statistical analysis. Data were analyzed using GraphPad Prism 8 soft-
ware. For the experiments monitoring behavioral responses over time,
we used two-way repeated-measures ANOVAs followed by Bonferroni’s
post hoc tests. For two-factor designs, we used two-way ANOVA followed
by Bonferroni’s post hoc test. For data containing a single independent
variable, we used unpaired two-tailed t tests. Error bars depict =SEM. F
and ¢ values for each dataset are provided in the figure legends.

Results

RGS4KO mice show accelerated recovery from mechanical
and cold allodynia in models of peripheral inflammation

We applied the CFA model to gain insight on the role of RGS4 in
hypersensitivity responses associated with prolonged hindpaw
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A role of RGS4 in symptoms of peripheral inflammation in female mice. a, Female RGS4K0 mice show attenuated mechanical allodynia by day 8 after CFA injection to the ipsilateral

hindpaw (two-way ANOVA followed by Bonferroni post hoc tests: F; ,;, = 14.08, *p = 0.03, ***p << 0.001, n = 14-15/group). b, Female RGS4KO mice show attenuated responses to cold (0°C)
at 9 d after CFA treatment compared with the RGS4WT group (unpaired ¢ test: 5, = 3.219, **p = 0.003, n = 14~15/group). ¢, Prevention of RGS4 action improves voluntary wheel running.
Female RGS4K0 mice show higher running wheel activity compared with RGS4WT controls at 13 d after left hindpaw CFA injection, suggesting recovery from chronic pain states. Baseline responses
are indistinguishable between phenotypes. Bars represent the percentage of naive baseline responses (two-way ANOVA followed by Bonferroni post-tests: ; ,5) = 5.106, *p = 0.04, n =
7-8/group). d, In contrast, both RGS4WT and RGS4KO female mice show identical responses in the Hargreaves assay for thermal hyperalgesia (two-way ANOVA: ; ,;) = 0.2289,n = 1415/
group). e, Female RGS4WT and RGS4K0 mice show similar licking/flinching levels during the first 40 min of the formalin test, but after this time point RGS4K0 mice show recovery from nocifensive
states (two-way ANOVA followed by Bonferroni post hoc tests: F; 1, = 3.256,**p = 0.008, n = 7-9/group).

inflammation. We monitored mechanical allodynia and thermal
hyperalgesia at several time points after CFA treatment. Male
RGS4KO mice start recovering from mechanical allodynia at 9 d
post-CFA injection, and they show a significant antiallodynic
response on day 13, whereas the RGS4WT mice maintain the
same allodynia levels throughout the monitoring period (Fig.
la). Notably, there were no significant differences in thermal
hypersensitivity in male mice between genotypes in the Har-
greaves assay (Fig. 1b). To determine whether the expression of
RGS4 is regulated by peripheral inflammation, we used qPCR
and monitored RGS4 mRNA levels in several regions along the
pain matrix at early and later time points after CFA treatment.
PAG, THL, dorsal raphe (DR), NAc, and ipsilateral dorsal spinal
cord (SC) from C57BL/6 mice were collected 4 or 17 d after CFA
injection to the plantar surface of the hindpaw. Although there is
no change in RGS4 expression at 4 d after CFA treatment (Fig.
lc), at 17 d there is a significant upregulation of RGS4 transcript
in the PAG and in the THL. At this time point, RGS4 mRNA
levels are decreased in the ipsilateral dorsal horn (Fig. 1d). These
data further support the hypothesis that while there is no physi-
ological role of RGS4 in the expression and intensity of sensory
hypersensitivity, RGS4 activity at later time points promotes the
maintenance of chronic pain states. There is no effect of RGS4 on
hindpaw edema size between genotypes (DV: RGS4WT = 3.56 =
0.03 mm; RGS4KO = 3.55 = 0.06 mm; ML: RGS4WT = 4.57 *
0.02 mm, RGS4KO = 4.42 * 0.04 mm).

We followed up with studies in female mice to determine
whether RGS4 has a sex-specific role in pain modulation. As
shown in Figure 2 RGS4 plays a similar modulatory role in the

maintenance of chronic pain symptoms in female mice. Female
RGS4KO mice show attenuated allodynia in the Von Frey assay
8 d after CFA treatment, whereas the RGS4WT group maintained
the same Von Frey thresholds throughout the monitoring period
(Fig. 2a). Notably, 9 d after the induction of peripheral inflam-
mation, female RGS4KO mice also show attenuated responses in
the 0°C cold plate assay (Fig. 2b). Chronic pain states have been
shown to reduce voluntary wheel running in rodents (Cobos et
al., 2012), reflecting reduced motivational states. We applied the
running wheel paradigm in female mice to determine the impact
of RGS4 on running activity 2 weeks after the induction of pe-
ripheral inflammation. Under pain-free states (baseline), both
RGS4WT and RGS4KO mice show similar running wheel activ-
ity. However, at 13 d post-CFA, RGS4KO mice exhibit higher
activity compared with RGS4WT controls, further supporting
the role of RGS4 in the maintenance of chronic pain states (Fig.
2¢). Notably, knockout of RGS4 does not affect Hargreaves re-
sponses in female mice (Fig. 2d). The formalin assay for sub-
chronic inflammatory pain was also used to assess the impact of
RGS4 in nocifensive behaviors. The prevention of RGS4 action
does not affect licking and flinching during the first phase of the
formalin test (first 10 min), reflecting acute nociception. How-
ever, while the number of licking/flinching occurrences was not
different between genotypes throughout the first 30 min of the
second phase, RGS4KO mice showed minimal nocifensive be-
havior during the last 20 min of the second phase (Fig. 2e). This
phenotype supports a role for RGS4 in the maintenance of central
sensitization.
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Arole of RGS4in the maintenance of neuropathic states. a, Using the SN model of neuropathic pain, we show that female RGS4KO mice recover from mechanical allodynia at 21 d after

nerve injury, while their RGS4WT controls show maximal allodynia in the Von Frey test throughout the T month monitoring period (two-way ANOVA followed by Bonferroni post-tests: ; 15 =
17.28,***p < 0.001, n = 9-11/group). b, Mechanical thresholds are indistinguishable in sham-treated (control) female groups, which do not develop mechanical allodynia (two-way ANOVA:
Fi1.19) = 0.6013,n = 10-11/group). ¢, SNI-treated female RGS4K0 mice show attenuated responses to cold when tested at 13 d post SNI (two-way ANOVA followed by Bonferroni post hoc tests:
Fi3,35 = 5.817;RGSAWT SNl vs sham, **p = 0.005; RGS4KO sham vs RGS4WT SNI, *p = 0.01; RGS4KO SNI vs RGS4WT SNI, **p = 0.003; n = 911 female mice/group). d, Paclitaxel-treated female
RGS4WT and RGS4K0 mice show identical responses in the Von Frey assay at 10 d after the onset of paclitaxel (PTX) injections, but RGS4KO mice show reduced allodynia on day 33 (two-way ANOVA
followed by Bonferroni post hoc tests: F; 13 = 2.225 for RGS4K0 PTX day 10 vs day 33; *p = 0.019; n = 7-8/group).

A role of RGS4 in the maintenance of mechanical allodynia in

models of nerve injury

We next investigated whether RGS4 is required to promote and
maintain mechanical hypersensitivity in response to peripheral
nerve injury. We applied the SNI model of neuropathic pain
(Shields et al., 2003) to determine the consequences of RGS4 gene
inactivation in mechanical and cold allodynia developed under
long-term nerve injury. SNI leads to mechanical allodynia, which
is observed for several months after nerve injury (Descalzi et al.,
2017). As shown in Figure 3a, female RGS4KO mice show levels
of mechanical allodynia in the Von Frey assay similar to those of
their RGS4WT controls throughout the first 2 weeks of testing;
however, at 3 weeks after SNI, RGS4KO mice show a significant
increase in Von Frey thresholds compared with their RGS4WT
controls. Sham-operated female mice show similar Von Frey re-
sponses (Fig. 3b). Recovery from mechanical allodynia is also
observed in male groups of mice [Von Frey force ( g) 3.5 weeks
post-SNI: RGS4WT = 0.35 = 0.07; RGS4KO = 0.9 % 0.05;
P p = 0.0001). At 2 weeks post-SNI, female RGS4KO mice also
show recovery from cold hypersensitivity, as assessed in the cold
plate assay (Fig. 3¢). We observed a similar phenotype when we
used the paclitaxel model of chemotherapy-induced peripheral
nerve injury (Masocha, 2014; Toma et al., 2017). This model of
chemotherapy-induced peripheral nerve injury is known to pro-
mote long-term mechanical hypersensitivity. Female RGS4WT
and RGS4KO mice show indistinguishable responses in the Von
Frey assay 10 d after the onset of paclitaxel treatment, but
RGS4KO mice show higher Von Frey thresholds at 33 d (Fig. 3d).

RGS4 actions in the VPL-THL contribute to the maintenance
of mechanical allodynia

Based on findings from our qPCR analysis demonstrating the
upregulation of RGS4 expression in the THL in response to long-
term hindpaw inflammation, we hypothesized that RGS4 actions
in the VPL-THL play a critical role in the maintenance of central
sensitization. We used a conditional gene knock-down (KD) ap-
proach to assess the consequences of RGS4 downregulation in the
VPL-THL in sensory hypersensitivity deriving from left hindpaw
inflammation. KD of RGS4 was achieved by stereotaxic infection
of the VPL-THL of RGS4™ mice with AAV vectors (AAV2)
expressing Cre recombinase (AAV-Cre; Stratinaki et al., 2013).
As shown in Figure 4a, and, consistent with our findings from
experiments using constitutive RGS4KO mice, male VPL-THL-
RGS4KD mice recover from mechanical allodynia by 10 d after
CFA treatment. These findings point to a key role of RGS4 actions
in VPL-THL in pain chronicity. For the validation of RGS4
knockdown, GFP-positive THL tissue was collected using a fluo-
rescent microscope and was used for Western blot analysis.
Figure 4b demonstrates that there is a 75 = 12% reduction in
RGS4 protein expression in the THL of AAV-Cre- versus AAV-
GFP-infected groups. Representative GFP immunofluorescence
images (Fig. 4c) show the distribution of the AAV-Cre vector in
the VPL-THL. This phenotype was also observed in female co-
horts of VPL-THL-RGS4KD mice (Fig. 4d). The downregulation
of RGS4 in the VPL-THL also leads to recovery from cold hyper-
sensitivity (Fig. 4e), while it does not affect running wheel activity
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Figure4. RGS4 knockdown in VPL-THL neurons induces earlier recovery from mechanical allodynia. a, Conditional RGS4 downregulation in neurons of the VPL-THL of male RGS4 ™ mice by
stereotaxicinfection of AAV2-CMV-CRE vectors led to recovery from mechanical allodynia in the Von Frey assay (two-way ANOVA followed by Bonferroni post hoc tests: £ ; 1,y = 19.32,***p < 0.001;
n = 8/group). b, Western blot analysis verifying RGS4 downregulation in the VPL-THL of mice infected with AAV2-CMV-Cre-EGFP compared with AAV2-CMV-EGFP vectors (t test unpaired
two-tailed: t5) = 2.528, *p = 0.04; n = 4/group). ¢, Representative image showing GFP fluorescence 5 weeks after AAV2-CMV-Cre-EGFP infection of the VPL-THL. d, A similar phenotype was
observed in female RGS4 " mice injected with AAV2-CMV-CRE vectors in the VPL-THL. e, Downregulation of RGS4 n the female VPL-THL leads to recovery from mechanical allodynia in the Von Frey
assay (two-way ANOVA followed by Bonferroni post hoc tests: F; 13y = 12.33; ***p << 0.001; n = 7-8/group) and alleviates cold hypersensitivity (unpaired two-tailed t test: f,5) = 2.552;*p =
0.0241, n = 7-8/group). f, g, Notably, the downregulation of RGS4 in the VPL-THL does not affect wheel-running activity (unpaired two-tailed ¢ test: ¢, = 0.6497; n = 6/group; f) and
Hargreaves responses (unpaired two-tailed ttest: ¢,5, = 0.7550;n = 7 8/group; g). h, Downregulation of RGS4 in the MD-THL of male mice does not promote recovery from mechanical allodynia
in the CFA model (two-way ANOVA: ; 1, = 0.1690; n = 7/group). i, Representative image showing GFP fluorescence in the MD-THL of mice infected with AAV2-CMV-EGFP. j, Downregulation of
RGS4 in the NAc of male mice does not affect the trajectory of mechanical allodynia in the CFA model (two-way ANOVA: F; 13 = 0.8012; n = 6 -9/group). k, Representative image showing GFP
fluorescence in the NAc of mice infected with AAV2-CMV-EGFP.

(recorded on day 13 after CFA; Fig. 4f) and Hargreaves responses  tinaki et al., 2013). The NAc is implicated in the processing of

(recorded on day 17 after CFA; Fig. 4g). sensory and affective pain symptoms (Baliki and Apkarian, 2015;
We also investigated whether downregulation of RGS4 in the ~ Mitsi and Zachariou, 2016). The downregulation of RGS4 in the

medial dorsal THL (MD-THL) is sufficient to promote recovery ~ NAc of male mice did not affect mechanical allodynia in the CFA

from symptoms of sensory hypersensitivity. The MD-THL isin- ~ model of peripheral inflammation (Fig. 47), highlighting the re-

volved in the processing of cognitive/emotional information in  gional specificity of RGS4 actions.

the modulation of pain-related aversion as well as in the modu-

lation of nociception, but it projects to different areas than the = Long-term peripheral inflammation promotes distinct gene

VPL-THL (Price and Slotnick, 1983; Wang et al., 2004; Par-  expression patterns in the thalamus of RGS4WT and

naudeau et al., 2018; Meda et al., 2019). In contrast to our obser-  RGS4KO mice

vations on the VPL-THL knockdown groups, downregulation of =~ Based on the observation that RGS4KO is sufficient to promote

RGS4 in the MD-THL of male mice did not affect Von Frey  recovery from chronic pain states, we hypothesized that RGS4

responses in the CFA model of peripheral inflammation (Fig. 4h).  affects the expression of many genes that contribute to central

RGS4 is also expressed in the NAc, where it has been shown to  sensitization and pain chronicity. To gain insight into the genes

modulate responses to psychoactive drugs (Han et al., 2010; Stra- ~ and pathways affected by RGS4 activity in the THL under chronic
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THL-specific RNA-Seq profiling of RGS4K0 in groups of naive and CFA-treated mice. a, Experimental time line showing that THL tissue from male groups of mice was collected 18 d after

the induction of peripheral inflammation (a time point that RGS4KO mice show recovery from mechanical allodynia). b— d, Venn diagram depicting the number of genes affected in each group and
their direction of regulation suggest that long-term peripheral inflammation promotes distinct gene expression adaptations between genotypes (b) and associated gene ontology (GO) categories
(¢, d). Bar graphs show GO of genes uniquely regulated by pain (CFA) in the THL of RGS4WT (black color) and RGS4KO (gray color) mice. Only GO terms with p << 0.05 are depicted.

pain states, we applied RNA-Seq analysis and investigated the
impact of peripheral inflammation and/or RGS4 knockout in
gene expression. We used adult male cohorts of mice, and we
selected a time point of 18 d post-CFA treatment, at which
RGS4KO mice show recovery from mechanical allodynia while
RGS4WT controls still display maximal allodynia, and we col-
lected thalamic tissue from CFA and naive groups of RGS4WT
and RGS4KO mice (Fig. 5a). Dissections were performed 24 h
after the last Von Frey assessment. In particular, 1763 genes were
differentially expressed only in the RGS4WT group, while 413
genes were uniquely regulated in the RGS4KO group. As shown
in the Venn diagram in Figure 5b, 837 genes were upregulated
and 926 genes were downregulated in the RGS4WT group, while
only 220 genes were upregulated and 193 downregulated in the
RGS4KO group. Gene ontology analysis indicated distinct func-
tional roles for genes regulated by CFA treatment under each
genotype. The list of differentially expressed genes between CFA
and naive in the RGS4WT group were enriched in: phosphopro-
teins, transcription factors, genes expressed in the nucleus, and
DNA-binding molecules, reflecting high levels of transcriptional
activity (Fig. 5¢). Notably, at this time point, these GO term en-
richments were not observed in the RGS4KO group (Fig. 5d). The
GO categorization suggests a role of RGS4 in the CFA-induced
transcriptional profile. On the other hand, genes associated with
signal transduction, glycoproteins, and molecules forming disul-
fide bonds were differentially expressed in both genotypes (Fig.
5¢,d). Our findings suggest that the maintenance of chronic pain
states requires a number of gene expression adaptations in the
THL, and several of these events are prevented by knockout of the
RGS4 gene.

Recovery from mechanical allodynia in RGS4KO mice is
associated with unique gene expression changes

A heat map analysis comparing CFA-treated RGS4WT versus
naive RGS4WT and CFA-treated RGS4KO versus RGS4WT re-
veals that a large number of genes are contraregulated between
RGS4WT and RGS4KO groups under states of inflammatory
pain (Fig. 6a) and in particular 212 genes are contraregulated
between genotypes (Fig. 6b). To further validate the contraregu-
lation gene pattern, we applied a multifactor differential analysis.
This analysis permits the extraction of genes that are significantly
contraregulated. A specific set of 62 genes are upregulated by pain
in the RGS4WT group, whereas these genes are downregulated in
the RGS4KO group (Table 1). Similarly, a set of 27 genes that are
downregulated by peripheral inflammation in the THL of
RGS4WT mice are upregulated in the THL of RGS4KO groups
(Table 2). We applied IPA to gain insight into the signaling path-
ways affected by long-term peripheral inflammation in each ge-
notype. Pathways differentially modulated in RGS4KO versus
RGS4WT at 18 d post-CFA treatment include glutamate receptor
signaling, calcium signaling, and metabolic pathways (p < 0.003;
Fig. 6¢). We followed up with qPCR validation of the RNA-Seq
findings. THL tissue from naive and 18 d CFA groups of male
RGS4WT and RGS4KO mice was collected from separate co-
horts from those used in the RNA-Seq analysis. Figure 6d
shows qPCR validation of RNA-Seq findings for Gngl1 (G-
protein subunit gamma 11), Ppp3r2 (protein phosphatase 3
regulatory subunit B, beta), Atf4 (activating transcription fac-
tor 4), and Glp1r (glucagon-like peptide-1 receptor). Previous
studies have shown that the upregulation of mGluR?2 is corre-
lated with attenuated sensory hypersensitivity (Chiechio et al.,
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Figure 6.  RGS4in the THL modulates gene expression patterns of peripheral inflammation. a, b, Heat map analysis (a) and Venn diagrams (b) showing the effect of peripheral inflammation in

RGS4WT and RGS4KO THL (cutoff p value <<0.05; cutoff log2fold << —0.25 and >0.25). The overall patterns of gene expression regulation were distinct between RGS4K0 and RGS4WT groups.
Interestingly, the commonly requlated genes are contraregulated by peripheral inflammation between genotypes (212 contraregulated genes). ¢, IPA of the set of genes affected by CFA in the
RGS4KO group compared with RGS4WT predicts pathways that are selectively modulated upon RGS4 gene ablation in the RGS4KO group (cutoff: p value <<0.003). d, gPCR validation of a subset of
genesinaseparate cohort of male animals (naive RGS4WT and CFA-treated RGS4WT: Glpr (unpaired ttest: t ;) = 2.735, *p = 0.02); CFA-treated RGS4WT and CFA-treated RGS4KO (unpaired ¢ test:
Gng11 ¢, = 2.486, *p = 0.02; Ppp3r2 t;q) = 2.364, *p = 0.04; Atf4 £, = 5.236,**p < 0.001;n = 5-13/group. e, Western blot analysis in THL synaptosomes from naive and CFA groups of
RGS4WT and RGS4KO mice reveals an upregulation of mGIuR2 at 18 d after the induction of peripheral inflammation in the RGS4K0 group. Two-way ANOVA followed by Bonferroni post hoc tests:

Fivs0) = 3.505, *p = 0.04,n = 15-16/group.

2010; Notartomaso et al., 2017). Based on our RNA-Seq find-
ings, we hypothesized that increased expression of mGluR2s in
the THL of RGS4KO mice contributes to synaptic remodeling
necessary for recovery from sensory hypersensitivity. Using
cellular fractionation and Western blot analysis from THL
tissue of naive and 18 d CFA RGS4WT and RGS4KO mice, we
show that the expression of mGluR?2 is increased in the THL
synaptosomal fraction of the RGS4KO group (Fig. 6e). Inter-
estingly, cytoplasmic mGluR2 levels were not different be-
tween CFA-treated RGS4WT and RGS4KO mice (% OD of
naive RGS4WT control: naive RGS4WT = 100 % 9.5; naive
RGS4KO = 107 % 11.3; CFA RGS4WT = 138.8 £ 18; CFA
RGS4KO = 138.2 * 15). These findings further support our
hypothesis that the prevention of RGS4 action permits rear-
rangement of mGluR2 expression that is necessary for synap-
tic remodeling and recovery from sensory hypersensitivity.

Discussion

Our study reveals an essential role of RGS4 in the maintenance of
chronic pain states. Using murine models of peripheral inflam-
mation and nerve injury, we show that knockout of the RGS4
gene leads to recovery from tactile and cold hypersensitivity and
improves voluntary wheel running. RGS4 is widely expressed in
pain-modulating circuits, but the downregulation of RGS4 in the
VPL-THL of adult mice is sufficient to promote recovery from
mechanical and cold hypersensitivity.

A role of RGS4 in the maintenance of sensory hypersensitivity
Given that GPCRs play a major role in pain sensitivity and pain
chronicity (Stone and Molliver, 2009; Veldhuis et al., 2015), we
expect that potent modulators of GPCR signaling and desensiti-
zation such as RGS proteins affect the development of patholog-
ical pain symptoms and the maintenance of chronic pain states.
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Table 1. A role of RGS4 in CFA-induced gene upregulation

RGS4WT RGS4KO
day 18 day 18 Interaction

Gene Description post-CFA post-CFA Pagi
Ghsr Growth hormone secretagogue receptor 0.96 —0.12 2.63E-08
Cbin1 Cerebellin 1 precursor protein 0.58 —0.34 5.10E-07
Henl Hyperpolarization-activated, cyclic nucleotide-gated K + 1 0.47 —0.02 2.11E-05
Prss12 Protease, serine 12 neurotrypsin (motopsin) 0.55 —0.13 2.86E-05
Pcdh9 Protocadherin 9 0.34 —0.10 0.0001
Gm13339 Predicted gene 13339 0.17 —0.24 0.0003
Ndst4 N-Deacetylase/N-sulfotransferase (heparin glucosaminyl) 4 0.39 —0.11 0.0009
Slit3 Slithomolog 3 0.41 —0.07 0.0010
Nefl Neurofilament, light polypeptide 0.40 —0.09 0.0012
Caln1 (alneuron 1 0.33 —0.03 0.0045
Sspo SCO-spondin 1.52 —0.90 0.0045
Celal Chymotrypsin-like elastase family, member 1 0.91 —0.66 0.0045
Lrrc38 Leucine-rich repeat containing 38 0.88 —0.18 0.0049
Esrrb Estrogen-related receptor, B 1.07 —0.32 0.0053
lgf1 Insulin-like growth factor 1 0.53 —0.19 0.0053
G@m11413 Predicted gene 11413 1.00 —0.41 0.0053
Nr4a2 Nuclear receptor subfamily 4, group A, member 2 0.56 —0.49 0.0053
Gm10222 Predicted gene 10222 0.07 —0.25 0.0055
Sim1 Single-minded homolog 1 0.84 —0.13 0.0062
Krt222 Keratin 222 0.21 —0.10 0.0064
Anxa4 Annexin A4 0.86 —0.24 0.0067
Ntng1 Netrin G1 0.21 —0.07 0.0067
Tfrc Transferrin receptor 0.07 —0.24 0.0069
Ugeg UDP-glucose ceramide glucosyltransferase 0.05 —0.12 0.0070
Mfap3l Microfibrillar-associated protein 3-like 0.25 —0.14 0.0104
Postn Periostin, osteoblast-specific factor 2.20 —0.16 0.0111
Gm13340 Predicted gene 13340 0.13 —0.11 0.0123
Calch (alcitonin-related polypeptide, 3 229 —0.01 0.0131
Scrgl Scrapie responsive gene 1 0.42 —0.09 0.0131
4632404H12Rik RIKEN cDNA 4632404H12 gene 0.30 —0.12 0.0131
Pax6 Paired box 6 0.82 —0.44 0.0131
Cpox Coproporphyrinogen oxidase 0.16 —0.25 0.0131
Slc35a5 Solute carrier family 35, member A5 0.10 —0.19 0.0131
Gm11408 Predicted gene 11408 0.07 —0.27 0.0131
Cartpt CART prepropeptide 3.06 —0.10 0.0134
Paqr8 Progestin and adipoQ receptor family member VIII 0.36 —0.10 0.0171
Gfod1 Glucose-fructose oxidoreductase domain containing 1 0.40 —0.06 0.0171
Cep97 Centrosomal protein 97 0.1 —0.37 0.0171
Dner Delta/notch-like EGF repeat containing 0.14 —0.05 0.0182
Keng4 Potassium voltage-gated channel, subfamily G, member 4 1.09 —0.17 0.0183
Adamtsl5 ADAMTS-like 5 0.67 —0.20 0.0197
Pappa Pregnancy-associated plasma protein A 0.55 —0.06 0.0204
Abhd10 Abhydrolase domain containing 10 0.1 —0.22 0.0225
Ppm1e Protein phosphatase 1E (PP2C domain containing) 0.28 —0.03 0.0244
Mbnl2 Muscleblind-like splicing factor 2 0.16 —0.04 0.0266
Kenn1 Potassium intermediate/small conductance calcium-activated channel, subfamily N, member 1 0.26 —0.13 0.0266
Mbnl1 Muscleblind-like splicing factor 1 0.10 —0.07 0.0266
Nell1 NEL-like 1 0.13 —0.09 0.0267
Spp1 Secreted phosphoprotein 1 141 —0.26 0.0292
Ube2g1 Ubiquitin-conjugating enzyme E2G 1 0.12 —0.14 0.0301
Chodl Chondrolectin 1.45 —0.23 0.0305
1700020114Rik RIKEN cDNA 1700020114 gene 0.32 —0.06 0.0306
Heatr5h HEAT repeat containing 5B 0.17 —0.01 0.0308
Ppargcla Peroxisome proliferative activated receptor, gamma, coactivator 1 o« 0.29 —0.12 0.0308
Fblim1 Filamin binding LIM protein 1 0.83 —0.34 0.0321
@rin3b Glutamate receptor, ionotropic, NMDA3B 0.90 —0.19 0.0336
Nrip3 Nuclear receptor-interacting protein 3 0.24 —0.06 0.0404
9330132A10Rik RIKEN cDNA 9330132A10 gene 0.22 —0.07 0.0404
Spp2 Secreted phosphoprotein 2 171 —0.70 0.0404
Vdr Vitamin D (1,25-dihydroxyvitamin D3) receptor 243 —0.12 0.0479
Eif5a2 Eukaryotic translation initiation factor 5A2 0.23 —0.08 0.0490
Inpp5j Inositol polyphosphate 5-phosphatase J 0.39 —0.07 0.0496

Multifactor analysis reveals that a set of 62 genes are upregulated by CFA treatment in the RGS4WT group, whereas these genes are downregulated in the RGS4K0 group. Table 1 contains genes with interaction-adjusted p < 0.05.
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Table 2. A role of RGS4 in CFA-induced gene downregulation

RGSAWT  RGS4KO
day18 day18 Interaction
Gene  Description post-CFA post-CFA p,;
Nup210  Nucleoporin 210 —0.297 0.046  0.0112
Rps6ka2 Ribosomal protein S6 kinase, polypeptide 2 —0.212 0.060  0.0053
Ngfr Nerve growth factor receptor (TNF receptor —0.776 0305  0.0017
superfamily, member 16)
Pde2a  Phosphodiesterase 2A, cGMP-stimulated —0.429 0.234  0.0003
Muc6  Mucin 6, gastric —1319 0132 0.0479
Rab36  RAB36, member RAS oncogene family —0.239 0.040  0.0404
Wdfy4 WD repeat and FYVE domain containing 4 —0525 0113  0.041
Hdac6  Histone deacetylase 6 —0.178 0.072  0.0104
Cplx2  Complexin 2 —0.213 0.108  0.0045
Megf6  Multiple EGF-like-domains 6 —0.449 0.250  0.0055
(ml5 NA —0.961 0.459  0.0190
|d4 Inhibitor of DNA binding 4 —0351 0.164  0.0171
Pyql Liver glycogen phosphorylase —0.338 0.145  0.0371
Stk30  NA —0.255 0.128  0.0329
Cryba2  Crystallin, 3 A2 —1.248 1126 0.0053
Scn7a Sodium channel, voltage-gated, type VII, o —0279 0173  0.0267
Gpcd  Glypican 4 —0425 0330  0.0175
Tpral  Transmembrane protein, adipocyte-associated 1 —0.130 0.148  0.0066
Esr2 Estrogen receptor 2 (B) —0.681 0.675 0.0171
Rgagl  Retrotransposon gag domain containing 1 —0.333 0315  0.0306
Stk32b  Serine/threonine kinase 32B —0320 0303  0.0308
Gpr15  G-protein-coupled receptor 15 —1.075 1402  0.0183
(dh23  Cadherin 23 (otocadherin) —0411 0710  0.0046
Sfil Sfi1 homolog, spindle assembly associated —0.097 0.163  0.0092
(yeast)

Crhr2  Corticotropin-releasing hormone receptor 2 —0.717 1204  0.0171
Adhfel  Alcohol dehydrogenase, iron containing, 1 —0.061 0.259  0.0485
Hjurp  Holliday junction recognition protein —0.028 0.870  5.87E-19

Multifactor analysis reveals that a set of 27 genes are downregulated by CFA treatment in the THL of RGS4WT mice
while they are upregulated in the THL of RGS4KO groups. Table 2 contains genes with interaction adjusted p << 0.05.
NA, Not available.

We selected RGS4 for study as this protein is expressed at various
levels of the pain matrix, and recent evidence has highlighted its
modulatory role in the function of opioid and monoamine
GPCRs (Gold etal., 2003; Georgoussi et al., 2006; Han et al., 2010;
Stratinaki et al., 2013; Yoon et al., 2015). Using genetic tools that
we have available in our laboratory, we assessed the consequences
of RGS4 gene inactivation in hypersensitivity behaviors associ-
ated with long-term peripheral inflammation or nerve injury.
These tools permit the investigation of the functional significance
of RGS4 in sensory hypersensitivity at early and later time points
after the induction of pain-like states. Interestingly, RGS4 gene
knockout has no effect on Von Frey or cold plate responses dur-
ing the first week of peripheral inflammation or during the first 3
weeks of nerve injury. These findings highlight the role of RGS4
pathways in the maintenance, but not in the induction or the
intensity, of mechanical/cold allodynia. Studies using the forma-
lin assay also support a role for RGS4 in the maintenance of
sensory hypersensitivity.

While we expect that RGS4 controls central sensitization at
several pain-modulating circuits, our findings demonstrate a
critical role of RGS4 in the VPL-THL in pain chronicity. The VPL
is a component of the spinothalamic and trigeminothalamic
tracts with major impact on central sensitization. Notably, the
downregulation of RGS4 in the MD-THL did not have any influ-
ence on the trajectory of mechanical allodynia associated with
prolonged hindpaw inflammation, highlighting the specificity of
RGS4 actions within THL nuclei. The NAc has also been shown to
play a prominent role in the processing of sensory and affective
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pain symptoms and in the modulation of the antiallodynic effi-
cacy of antidepressants (Baliki et al., 2010; Mitsi et al., 2015; Mitsi
and Zachariou, 2016); however, the downregulation of RGS4 in
this brain region was not sufficient to prevent the maintenance of
mechanical allodynia. Future studies will further investigate the
impact of chronic pain states on RGS4 expression in other brain
regions mediating nociceptive processing, including the medial
prefrontal cortex, the anterior cingulate, somatosensory cortices,
and the locus ceruleus. To this extent, we will assess the circuit-
specific actions of RGS4 in sensory, cognitive, and affective symp-
toms of chronic pain. We will also cross the RGS4™ mice with
lines expressing Cre recombinase under the control of specific
promoters to understand the function of RGS4 in specific cell
types and circuits.

RGS4 knockout affects the expression of several GPCRs in-
volved in central sensitization, including noradrenergic, metabo-
tropic glutamate, and GABA receptors (Ding et al., 2006; Fowler
et al., 2007; McGinty et al., 2008; Shen et al., 2015). Future work
will apply pharmacology and electrophysiology approaches to
identify receptors that are regulated by RGS4 under chronic pain
states.

RGS4 in acute pain and actions of analgesic drugs

RGS4 activity does not affect acute pain responses. Knockout
of RGS4 did not affect nociceptive behaviors during the first
phase of the formalin test, whereas the Von Frey and Hargreaves
latencies of naive RGS4KO mice were indistinguishable from
those of RGS4WT controls. While the blockade of RGS4 action
promotes recovery from chronic pain symptoms, RGS4 acts as a
positive modulator of many analgesic drugs: in models of acute
pain, RGS4KO mice show lower responses to the opioids fentanyl
and methadone, while they respond to morphine in a similar
manner to that of RGS4W'T controls (Han et al., 2010). In studies
evaluating the impact of RGS4 in the antiallodynic effects of the
tricyclic antidepressant desipramine, the ablation of the RGS4
gene reduced the antiallodynic efficacy of the drug within the first
3 weeks after SNT induction (when no genotype differences are
observed in Von Frey assay; Stratinaki et al., 2013). These findings
highlight the complex role of RGS4 and downstream pathways in
physiological modulation of long-term pain states and in the
efficacy of pain-alleviating drugs.

Regulation of chronic pain by RGS proteins

While numerous studies demonstrate the implication of RGS
proteins in physiological processes and pathological conditions
(Zachariou et al., 2003; Ding et al., 2006; Levitt et al., 2006; Terzi
et al., 2014; Gerber et al., 2016), there is limited information on
the role of RGS proteins in pain transmission, perception, and
modulation. Earlier studies in our group revealed that the pre-
vention of RGS9-2 action delayed the development of maximal
mechanical allodynia the first week after the induction of nerve
injury (Terzietal., 2014). However, after this time point, RGS9-2
did not have any influence on sensory hypersensitivity. Another
component of RGS9-2 and RGS7 protein complexes, the adap-
tor molecule R7BP, has been reported to modulate sensitivity to
acute thermal stimuli (Zhou et al., 2012). Previous studies have
reported that intrathecal application of RGS4 antagonists in rats
attenuated the development of mechanical allodynia (Bosier et
al., 2015; Yoon et al., 2015; Taccola et al., 2016). These studies
support a role of RGS4 in nociceptive processing in the dorsal
root ganglia and spinal cord. The presence of RGS4 in both spinal
and supraspinal sites further highlights the importance of this
molecule in the modulation of chronic pain symptoms and sug-
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Table 3. IPA predicts a prominent effect of RGS4 in the expression of genes involved in glutamatergic signaling

Naive RGS4WT RGS4KO (FA-treated
RGS4KO CFA-treated CFA-treated RGS4KO
Gene Description vs RGS4WT Vs naive Vs naive vs RGS4WT
(Calm3 Calmodulin 1 0.491
Camk4 (alcium/calmodulin-dependent protein kinase IV —0.679 —0.458
Gng2 G-Protein subunit gamma 2 —0.378
Gria2 Glutamate ionotropic receptor AMPA type subunit 2 —0.456 —0.359
Gria3 Glutamate ionotropic receptor AMPA type subunit 3 —0.310 —0.257
Grik1 Glutamate ionotropic receptor kainate type subunit 1 —0.336 —0.366
Grik2 Glutamate ionotropic receptor kainate type subunit 2 —0.414
Grik5 Glutamate ionotropic receptor kainate type subunit 5 0.641
Grin1 Glutamate ionotropic receptor NMDA type subunit 1 0.571
Grin2d Glutamate ionotropic receptor NMDA type subunit 2D 0.578
Grm2 Glutamate metahotropic receptor 2 0.877
Grm4 Glutamate metabotropic receptor 4 0.832
Grm8 Glutamate metabotropic receptor 8 —0.373 —0.413
Homer1 Homer scaffolding protein 1 —0.258
Pick1 Protein interacting with PRKCA 1 0.429
Gng11 G-Protein subunit gamma 11 —0.258
Grial Glutamate ionotropic receptor AMPA type subunit 1 0.286
Slc17a8 Solute carrier family 17 member 8 0.894
Slc1a6 Solute carrier family 1 member 6 0.333
Several ionotropic subunits and metabotropic receptors are downregulated in the RGS4KO group. Only genes with p values <<0.05 are shown.
Table 4. Top differentially regulated molecular pathways by peripheral Table 5. Primer pairs used for real-time-PCR experiments
inflammation in RGSAWT Gene/primer Forward 5" —3’ Reverse 5’ —3'
EE’;ZE;“ Sfefzgttype E:f’:d gf’:d Rgs4 GTTTTGATGAAGCCCAGAAGAAG CAGAGCATAGAGTCTTGGCA
Canonical pathway VSRGSAWT RGSAKO  RGS4ko Resawr  Gapdh GGTCGGTGTGAACGGATTTGG TGATGTTAGTGGGGTCTCGC
Gng11 AAGTTGCAGAGACAACAGGTATC CACTTTGGCTTCATTTGGGGG
STAT3 pathway ND 19 03 32 Glp1r GCCAGTAGTGTGCTACAAGG GACTCTTCACACTCCGACAGG
Thyroid cancer signaling 0.6 23 ND 3.1 Ppp3r2 GTCCTGGATAAGGATGGCGA AGTCTTCTTGACCGTGTTCTACAAA
Synaptic long-term depression 12 0.7 0.5 31 Atf4 CTTGATGTCCCCCTTCGACC GGAAAAGGCATCCTCCTTGC
Hepatic fibrosis/hepatic stellate cell 0.8 13 2.1 29
activation
VEGF family ligand-receptor interactions 0.3 0.7 0.4 29 . . .
Gap junction signaling 03 17 ND 27 dorsal spinal cord and dorsal root ganglia. As many of the brain
Agranulocyte adhesion and diapedesis ND ND 03 27 regions expressing RGS4 also control mood and motivation, fu-
NF-B signaling ND 1.6 ND 26 ture work will determine the role of RGS4 in anxiodepressive
Antiproliferative role of somatostatin 0.4 1.0 ND 25 symptoms and motivation-related behaviors.
receptor 2
HIF1asignaling ND 17 ND 25 The role of RGS4 in signal transduction and gene expression
IL-6signaling ND 17 ND 24 under chronic pain states
Axlona}I ggldaPceygnaImg 12 6.6 HD 24 We demonstrate that long-term pain states promote the expres-
Ei; );:;:g::;mg gl; (3)2 mg ;: sion of RGS4, an.d that this effect contribut.es to the ma.int<.er'1ance
Role of macrophages, fibroblasts and 11 15 \D 13 of long-term pain symptoms. By controlling the availability of
endothelial cells in theumatoid arthritis Ga and Gy subunits to effector molecules, RGS4 may affect the
Cellular effects of sildenafil (Viagra) 10 06 ND 23 function of several phosphoproteins, ion channels, and tran-
Cardiac hypertrophy signaling 03 3) ND 23 scription factors mediating sensory hypersensitivity.
UVC-induced MAPK signaling ND 1.8 03 23 We used next-generation sequencing to gain insight into
Endothelin-1signaling ND 0.8 11 23 genes and pathways affected by long-term peripheral inflamma-
BMP signaling pathway 0.2 22 0.4 22 tion and RGS4 knockout in the mouse THL. These experiments
Gy signaling 08 1.0 ND 22 highlighted genes and intracellular pathways implicated in long-
IL-8 signaling ND 27 ND 21 term pain states, and supported our hypothesis that RGS4 activity
Gay signaling 05 08 0.5 21 promotes synaptic events that contribute to sensory hypersensi-
G-protein-coupled receptor signaling 14 0.4 ND 21

IPA points to several signaling pathways affected by CFA in RGS4WT but not in RGS4K0. Pathways are ranked -log,
p value for the CFA-treated RGS4WT group in descending order. ND, Pathways that remained unchanged; HIF1¢x,
hypoxia-inducible factor-1cv. UVC-induced MAPK signaling: UVC stands for UV (ultraviolet) radiation in a specific
spectrum C (200280 nm).

gests that the inhibition of RGS4 may provide a powerful thera-
peutic tool. Notably, our data reveal that long-term peripheral
inflammation downregulates RGS4 in the lumbar spinal cord.
Future studies will delineate the functional role of RGS4 in the

tivity. It is well established that chronic pain states promote the
function of NMDA, AMPA, and mGluRs in various regions of the
pain matrix (Miyata et al., 2003; Qiu et al., 2014). Our RNA-Seq
analysis demonstrates that genes related to glutamatergic ac-
tivity and signal transduction, including ionotropic glutamate
receptors GRIK1, GRIK2, GRIN2D, and GRIA1; metabotropic
glutamate receptors GRM2, GRM4, and GRMS8; and homer scaf-
folding protein 1 (homerl) are differentially regulated between
RGS4WT and RGS4KO groups. Many of these genes are down-
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regulated in the absence of RGS4, indicating altered glutamater-
gic signaling in the thalamus of RGS4KO groups at time points
that correlate with recovery from sensory hypersensitivity symp-
toms (Tables 3). Recovery from chronic pain states has been
associated with increased expression of the Ge,,-coupled
mGluR2s (Chiechio et al., 2010). Indeed, our Western blot anal-
ysis demonstrates that recovery from mechanical allodynia in
RGS4KO groups is associated with elevated mGluR2 levels in
THL synaptosomes.

In addition to the critical role of long-term potentiation
(LTP), alterations in synaptic long-term depression (LTD) also
contribute to the establishment of chronic pain states (Ikeda et
al., 2006; Schwartz et al., 2014; Pradier et al., 2018). In particular,
LTD in the GABAergic spinal cord interneurons drives LTP in
projection neurons, resulting in mechanical pain hypersensitivity
(Kim et al., 2015b). Also, electrophysiology data note the role of
LTD in the anterior cingulate cortex in sensory hypersensitivity
(Toyoda et al., 2005, 2009). Interestingly, our IPA suggests the
modulation of synaptic LTD components, G-protein-coupled re-
ceptor, Ga;, and inflammation-related pathways such as STAT3
and nuclear factor (NF)-kB in CFA groups of RGS4WT cohorts,
which show maximal allodynia (Table 3, 4). Human studies also
document that the loss of GABAergic inhibition in thalamocor-
tical circuits affects pain perception (Henderson et al., 2013).

Our bioinformatics analysis suggests that inflammatory pain
states in RGS4WT affect the expression transcription factors,
such as CREB1 (log2fold change = —0.26, p = 0.02), Jun
(log2fold change = 0.39, p = 0.04), and Sirt1 (log2fold change =
—0.37, p = 0.01) have been shown by various studies to promote
transcriptional events that facilitate chronic pain states (Doya et
al., 2005; Descalzi et al., 2012; Zhou et al., 2012). Several ion
channels are contraregulated by CFA treatment in RGS4WT ver-
sus RGS4KO, including HCN1 (Resta et al., 2018) the potassium
voltage-gated Kcng4, and calcium-gated Kennl channels (Table
1). Furthermore, our analysis reveals that peripheral inflamma-
tion affects the expression of a number of nucleotide binding
proteins in the RGS4WT cohort, including Eph receptors,
inositol-trisphosphate 3-kinase A, and guanylate cyclase iso-
forms, which are well documented contributors of central sensi-
tization (Duan et al., 2012; Yu et al., 2012; Lee et al., 2015).
Components of the nitric oxide/cGMP pathway, which is a key
mediator of central sensitization (Lee et al., 2018) are also iden-
tified in the list of genes contraregulated between genotypes at
18 d after CFA treatment (Table 2).

Conclusions

In summary, our findings reveal a prominent role of RGS4 in the
maintenance of long-term pain states. Using genetically modified
mice, we show that while the onset of pathological pain symp-
toms is not affected by RGS4 activity, the maintenance of me-
chanical and cold allodynia is dynamically modulated by RGS4
actions. Our findings support the notion that distinct intracellu-
lar mechanisms promote sensory hypersensitivity at early versus
later time points after nerve injury or peripheral inflammation,
and point to RGS4 as a critical mediator of pain chronicity. Our
findings from RNA sequencing analysis suggest that the inhibi-
tion of RGS4 activity restores gene expression maladaptations
associated with central sensitization and point to novel intracel-
lular pathways that can be targeted for the management of
chronic pain.
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