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A B S T R A C T   

Inflammatory and neuropathic-like components underlie rheumatoid arthritis (RA)-associated pain, and lyso
phosphatidic acid (LPA) is linked to both joint inflammation in RA patients and to neuropathic pain. Thus, we 
investigated a role for LPA signalling using the collagen antibody-induced arthritis (CAIA) model. Pain-like 
behavior during the inflammatory phase and the late, neuropathic-like phase of CAIA was reversed by a 
neutralizing antibody generated against LPA and by an LPA1/3 receptor inhibitor, but joint inflammation was not 
affected. Autotaxin, an LPA synthesizing enzyme was upregulated in dorsal root ganglia (DRG) neurons during 
both CAIA phases, but not in joints or spinal cord. Late-phase pronociceptive neurochemical changes in the DRG 
were blocked in Lpar1 receptor deficient mice and reversed by LPA neutralization. In vitro and in vivo studies 
indicated that LPA regulates pain-like behavior via the LPA1 receptor on satellite glia cells (SGCs), which is 
expressed by both human and mouse SGCs in the DRG. Furthermore, CAIA-induced SGC activity is reversed by 
phospholipid neutralization and blocked in Lpar1 deficient mice. Our findings suggest that the regulation of 
CAIA-induced pain-like behavior by LPA signalling is a peripheral event, associated with the DRGs and involving 
increased pronociceptive activity of SGCs, which in turn act on sensory neurons.   

1. Introduction 

Rheumatoid arthritis (RA) is a chronic autoimmune disease that af
fects 0.5–1% of the global population and is characterized by pain and 
inflammation in multiple joints. Inflammation has been the primary 
target of RA treatment, with the assumption that once inflammation is 
controlled pain will reside. A number of disease-modifying antirheu
matic drugs (DMARDs) are effective at controlling inflammation, but 
many patients continue to suffer from persistent pain (Altawil et al., 
2016; Lee et al., 2011; Taylor et al., 2010). In fact, up to 65% of RA 
patients report dissatisfaction with pain management (Taylor et al., 

2010). Joint pain is common in RA, but pain is also reported at remote, 
non-articular sites (Edwards et al., 2009; Pollard et al., 2012) and a 
number of recent studies have found evidence of neuropathic-like pain 
characteristics in up to 33% of RA patients (Ahmed et al., 2014; Koop 
et al., 2015; Sim et al., 2014). Taken together, these findings indicate 
RA-associated pain is not simply an outcome of inflammation (Altawil 
et al., 2016; Lee et al., 2011; Taylor et al., 2010) and that anatomical 
sites beyond joints are involved. A better understanding of the neuro
pathological mechanisms underlying RA-associated pain will help 
mitigate the unmet need to develop novel pain management strategies. 

The collagen antibody-induced arthritis (CAIA) mouse RA model was 
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developed based on the presence of anti-collagen type II autoantibodies 
in RA patients (Cook et al., 1996; Holmdahl et al., 1993; Kim et al., 2000; 
Lindh et al., 2014; Mullazehi et al., 2012) and the findings that rodents 
and non-human primates immunized with collagen type II develop an 
autoimmune response and joint pathology similar to human RA (Krock 
et al., 2018; Vierboom et al., 2005). CAIA is induced by injecting a 
cocktail of anti-collagen type II antibodies, which results in inflamma
tion, and bone and cartilage erosion in the joints of the ankles and paws 
(Krock et al., 2018; Nandakumar and Holmdahl, 2007). We have pre
viously reported that mice subjected to CAIA display pain-like behavior 
when the joints are inflamed and, remarkably, that the pain-like 
behavior persists despite resolution of the joint inflammation (Bas 
et al., 2012). Diclofenac, an NSAID, and gabapentin, a drug that is used 
to treat neuropathic pain, both attenuate pain-like behavior during the 
inflammatory phase, but only gabapentin has an effect during the late 
phase (Bas et al., 2012). Furthermore, CAIA also leads to long-lasting, 
pain-related changes in DRGs, such increased expression of α2δ1, 
P2X3, galanin and the nerve injury markers ATF3 and GAP43. Long term 
changes in protein expression of these and other factors in the dorsal 
root ganglia (DRG) have been coupled to maintenance of hypersensi
tivity in a number of experimental models of neuropathic pain (Bas 
et al., 2012; Su et al., 2015). Thus, there are indications of multiple 
overlapping mechanisms, including a neuropathic pain-like component 
in the CAIA model. As it replicates some of the complexities of RA- 
associated pain, this model has the potential to provide new insights 
into both the inflammatory and non-inflammatory mechanisms of RA- 
associated pain. 

Lysophosphatidic acid (LPA) is a lipid mediator linked to neuro
pathic pain and inflammation. LPA is enzymatically generated from 
phospholipids, for example by the hydrolysis of lysophosphatidylcholine 
(LPC) to LPA by the extracellular enzyme autotaxin (ATX) (Choi et al., 
2010; Umezu-Goto et al., 2002). LPA signals through at least six acti
vating G protein-coupled receptors for LPA (LPA1-6) (Choi et al., 2010; 
Kihara et al., 2014; Noguchi et al., 2009). In addition to being linked to 
pain, LPA signalling has physiological roles in cortical development, 
neurogenesis and myelination (Choi et al., 2010; Geraldo et al., 2021; 
Weiner et al., 2001; Weiner and Chun, 1999). In rodent models of nerve 
injury and osteoarthritis-induced pain, LPA is thought to drive the 
development of neuropathic-like pain through a number of processes: i) 
peripheral nerve demyelination (Inoue et al., 2004; McDougall et al., 
2017; Ueda, 2017), ii) pain-related activation of astrocytes and (Ma 
et al., 2010a, 2010b), iii) increases of the neuropathic pain-linked 
voltage-dependent calcium channel α2δ1 subunit in the DRG (Inoue 
et al., 2004), and iv) central pain mechanisms (Lin et al., 2012). Inter
estingly, ATX and LPA1 expression are elevated in synovial tissues from 
RA patients compared to controls (Miyabe et al., 2013; Nikitopoulou 
et al., 2012; Orosa et al., 2012). In fact, inhibiting LPA1 signalling or ATX 
activity protects mice from joint destruction and inflammation during 
collagen-induced arthritis, TNF-transgenic arthritis and K/BxN serum 
transfer arthritis (Flammier et al., 2019; Miyabe et al., 2013; Nikito
poulou et al., 2013, 2012; Orosa et al., 2014). Thus, LPA signalling is 
linked to multiple forms of pain, particularly neuropathic pain, and RA 
joint pathogenesis and could be an integrator of RA autoimmunity and 
pain. However, the role of LPA signalling in RA-associated pain is poorly 
understood. Therefore, the aim of the current study was to investigate 
the potential role of LPA signalling in RA-associated pain using the CAIA 
model. 

2. Methods 

2.1. Animals, human DRG, CAIA induction and drug treatment 

2.1.1. Animals: 
Wild type male CBA mice were obtained from SCANBUR AB 

(Stockholm, Sweden) or Janvier (France). Mice were housed 4–6 per 
cage under standard conditions with a 12/12 h-light/dark cycle and 

food and water were available ab libitum. The experiments complied 
with the Swedish policies for the use of research animals and were 
approved by the local ethical committees; Stockholm’s Norra 
djurförsöksetiska nämnd, permit no. N253/13 in Sweden, and the 
Institutional Animal Care and Use Committee of the Université Claude 
Bernard Lyon in France. Lpar1-/- mice were from the Peyruchaud group 
at INSERM, Lyon, France, originally developed on a C57Bl/6 back
ground and backcrossed >12 times with BALB/c female mice (Contos 
et al., 2000; David et al., 2014). Due to small litter sizes, psychiatric 
illness-like behaviors and low survival rates (Contos et al., 2000; Har
rison et al., 2003) we only used Lpar1-/- for immunohistochemical ex
periments in which Lpar1-/- and littermate WT could be paired for saline, 
CAIA + control Ab and CAIA + 504B3 experiments. 

2.1.2. Human DRGs 
A human dorsal root ganglion was obtained from a 48-year old fe

male subject who consented to and donated her organs for trans
plantation surgery following approval of the local Ethical Committee 
and written consent from next of kin. 

2.1.3. CAIA induction 
CAIA was induced with i.v. injection of 1.5 mg anti-CII arthritogenic 

monoclonal antibody (Ab) cocktail (Chondrex Inc, Redmond, WA) on 
day 0 followed by 30 μg LPS (Chondrex Inc) intraperitoneally (i.p.) on 
day 5 (Nandakumar and Holmdahl, 2007). Control mice received 150 μl 
saline i.v. on day 0 and 100 μl saline i.p on day 5. 

2.1.4. 504B3 pretreatment 
CAIA mice received either a neutralizing monoclonal IgG2b antibody 

generated against LPA (504B3) (CAIA + 504B3, 2 or 10 mg/kg, Lpath 
Inc, San Diego, CA) or an isotype matched mouse monoclonal control 
antibody (CAIA + CTL Ab, 10 mg/kg, IgG2b, LPath Inc.) subcutaneously 
(s.c.) twice weekly, starting 8 days prior to CAIA induction (Day 0) and 
continuing until day 15 (total 8 injections). 504B3 is also commercially 
available from Echelon Biosciences. Vehicle control animals received 
100 μl sterile saline s.c. (CTL + saline). Of note, the selectivity and af
finity of 504B3 in blood and DRG have not been addressed in this study. 
Based on ELISA (Goldshmit et al., 2012) and a kinetic exclusion assay 
(Crack et al., 2014) 504B3 is selective for LPA but a free solution binding 
assay measured in a compensated interferometric reader found that 
504B3 binds 18:1 LPC and 18:1 PA in addition to 18:1 LPA (Ray et al., 
2021). 

2.1.5. 504B3 post-treatment 
Starting 12 days after CAIA induction (Day 0), mice were injected 

twice a week with 504B3 or control Ab (10 mg/kg and 2 mg/kg) s.c. 
through day 43 (11 injections total). Following the last injection, no 
injections were done for a 14-day washout period. After the drug wash- 
out, the mice were placed into new treatment groups, whith the first 
injection taking place day 57 after CAIA induction, and then injected 
twice a week until day 70 for a total of 7 injections. The former CAIA +
saline group received 10 mg/kg 504B3, the CAIA + 504B3 group 
received the control antibody, the CAIA + CTL Ab group received saline, 
and the CTL + saline group continued to receive saline. 

2.1.6. Ki-16425 post-treatment 
The LPA1/3 inhibitor Ki-16425 was dissolved in PBS with 10% 

DMSO. 20 mg/kg or vehicle were delivered subcutaneously daily, 
beginning 14 days after CAIA induction until the end of the experiment. 

2.1.7. Intraarticular LPA injection 
For i.a. injections mice were anesthetized with isoflurane (induction, 

5%; maintenance, 2.5%), LPA (Avanti Polar Lipids, 250 pmol in 5 µl PBS 
containing 0.1% fatty acid free BSA(Sigma-Aldrich)) or 0.1% fatty acid 
free BSA in PBS or PBS (three groups: LPA, BSA and PBS) were injected 
into the ankle joint using a 29-G needle connected via tubing to a 
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Hamilton syringe. 

2.2. Analyses of pain-like behavior 

Testing of pain-like behavior was carried out in a dedicated behavior 
testing room on the indicated days. For mechanical, cold and heat hy
persensitivity measurements the mice were habituated to the test envi
ronment twice prior to baseline assessment. Baseline measurements 
were taken three times on separate days and animals were then 
randomly assigned to control or CAIA groups and to antibody treatment 
groups. Experimenters were blind to arthritis status and treatment 
group. 

2.2.1. Mechanical sensitivity 
Mechanical hypersensitivity was assessed by the paw withdrawal 

response to von Frey optiHair filaments (Marstock OptiHair, Schrie
sheim, Germany) using the up–down method to calculate the 50% 
probability withdrawal threshold as previously describe (Chaplan et al., 
1994). A series of filaments with a logarithmically incremental 
increasing stiffness of 0.5, 1, 2, 4, 8, 16 and 32 mN (subsequently con
verted to grams) were applied to the plantar surface of the hind paw and 
held for 2–3 s. A 4 g filament cut-off was used to avoid tissue damage and 
brisk paw withdrawal was considered a positive response. 

2.2.2. Heat sensitivity 
A Hargreaves-type testing device (UARDG, Department of Anesthe

siology, University of California, San Diego) was used to assess heat 
hypersensitivity as previously described (Dirig et al., 1997; Svensson 
et al., 2005). Briefly, mice were placed in plexiglass cubicles on a glass 
surface maintained at 25 ◦C. The thermal nociceptive stimulus origi
nates from a projection bulb (50 W bulb) below the glass surface and the 
stimulus is delivered separately to one hind paw at a time. A timer is 
activated by the light source, and automatically turned off by a motion 
sensor. Latency was defined as the time required for the paw to show a 
brisk withdrawal. Each hind paw was tested three times and the average 
withdrawal latency calculated. 

2.2.3. Cold sensitivity 
Cold sensitivity was measured by assessing the response to acetone. 

A single drop of acetone was applied to the plantar surface of the hind 
paw by forming a bubble of acetone with a syringe. The behavioral 
response of the mouse to acetone was then monitored for 60 s. In a single 
testing session, each paw was tested three separate times. Responses 
were graded on a four-point scale defined (Flatters and Bennett, 2004). 
Based on the time spent expressing nocifensive behavior the following 
scores were determined: 0 for no response, 1 if the total reaction time did 
not exceed 1 s, 2 if the reaction time was between 1 and 3 s, 3 if the total 
reaction time was between 3 and 10 s, and 4 if the total reaction time 
exceed 10 s (Su et al., 2014). The average score of the two hind paws was 
used. 

2.3. qPCR 

2.3.1. RNA isolation and reverse transcription 
Animals were deeply anesthetized (5% isoflurane, Baxter Medical 

AB, Stockholm, Sweden) on day 15 and 45 after arthritis induction, 
decapitated, and the spinal cord, L4-L5 DRGs and ankle joints were 
collected. The tissues were immediately flash frozen and stored at 
− 70 ◦C until analysis. For gene expression analysis of cell cultures, cells 
were lysed using TRIzol reagent (Invitrogen, Carlsbad, CA) for imme
diate use. Tissues were placed in TRIzol and RNA was extracted from 
tissues and cell cultures according to the manufacturer’s instructions. 
RNA was reverse transcribed into cDNA using MultiscribeTM Reverse 
Transcriptase (Applied Biosystems). Quantitative real-time PCR analysis 
was performed using a StepOnePlus instrument (Applied Biosystems) 
with TaqMan™ Fast Advanced Master Mix (Applied Biosystems) and 

validated TaqMan Gene Expression Assays (Table 1, Applied Bio
systems). As indicated in the figure legends, data were either analyzed 
with the standard curve method and presented as the percentage of 
controls (Boyle et al., 2003), analyzed with the 2-ΔCt method and pre
sented as relative expression, or analyzed with the 2-ΔΔCt method and 
presented as fold difference compared to controls (Livak and Schmitt
gen, 2001). In all cases genes of interest were normalized to Hprt1. 

2.4. Cell culture 

DRG cultures were established using a modified protocol from Malin 
et. al (Malin et al., 2007). Adult male CBA mice were deeply anesthetized 
with isoflurane and euthanized by decapitation. Approximately 30 DRGs 
were removed per mouse and then digested in a 37 ◦C incubator, with 3 
mL papain (Worthington, USA) for 30 min and then with 1.5 mL 
Collagenase type II (Worthington) and 1.5 mL Dispase II (Sigma). After 
digestion, ganglia were transferred to a 15 mL conical centrifuge tube 
with either L15 medium containing 10% fetal bovine serum (FBS, Fisher 
Scientific, Pittsburgh, PA) and 100 units/ml penicillin–streptomycin 
(Sigma) for DRG neuronal cultures or F12 medium supplemented with 
100 units/ml penicillin–streptomycin and 10% FBS for SGC cultures. 
Ganglia were triturated until the suspension was homogeneous and the 
single cell suspensions were then filtered through a cell-strainer (100 
µm, BD Biosciences, Bedford, MA). For DRG neuronal cultures the cell 
suspension was incubated for 90 min in 6 cm dishes to allow some glia 
cells to attach and the supernatant was removed and 200 µl/well of 
supernatant containing neurons was added to 48-well plates precoated 
with L-type poly-l-lysine and laminin (Sigma). For SGC cultures, single 
cell suspensions were placed in uncoated, 24-well plates (Sarstedt, 
Germany) and after 90 min the supernatant was removed, leaving only 
cells that adhered to the plastic, primarily glia. Cells were cultured in an 
incubator at 37 ◦C and 5% CO2. Media was changed every 2–3 days. 

2.5. Western blot 

Primary DRG neuron culture samples were collected in 50 μl iced 
lysis buffer (0.5% Triton X-100, 50 mM Tris, 150 mM NaCl, 1 mM EDTA 
and 1% SDS, pH 7.4) containing 1% protease inhibitor and phosphatase 
inhibitor cocktail 1 and 2 (Sigma). The total protein concentration was 
determined with a BCA Protein Assay Kit (Pierce, Rockford, IL) and 2 μg 
of denatured protein was separated by electrophoresis on a NuPAGE 
3–8% Tris-Acetate gel and then transferred by iBlot2 Dry Blot system 
(Life Technologies). Membranes were then blocked for 1 h in 5% non-fat 
milk in TBS.T (0.1% Tween 20) at room temperature and then incubated 
over night with primary antibodies against α2δ1 (1:500, Sigma) over
night at 4 ◦C. 

After washing, membranes were probed with secondary antibodies 
conjugated to horseradish peroxidase, which were then detected with 
SuperSignal West Femto reagents (Thermo, Rockford, IL) and imaged 
with a ChemiDocTM MP system (Bio-Rad Laboratories, Inc., Hercules, 
CA). Membranes were stripped with Re-Blot Solution (Millipore) and re- 
probed with anti-GAPDH antibody (1:5000, Abcam). Band intensity of 
α2δ1 was quantified using Image LabTM 5.2.1 software (Bio-Rad), 
normalized to GAPDH and then compared to levels detected in the 
vehicle treated samples. 

2.6. Immunohistochemistry 

2.6.1. DRGs 
Mice were deeply anesthetized with sodium pentobarbital (60 mg/ 

kg) and perfused transcardially with 20 mL of pre-warmed (37 ◦C) sa
line, followed by 20 mL of pre-warmed and then 50 mL of cold 4% 
paraformaldehyde containing 0.2% picric acid in 0.16 M phosphate 
buffer (pH 7.2–7.4). L4/L5 DRGs were dissected and post-fixed in the 
same fixative for 90 min at 4 ◦C. After cryoprotection in 10% sucrose in 
0.1 M PBS containing 0.01% sodium azide (VWR International) and 

J. Su et al.                                                                                                                                                                                                                                        



Brain Behavior and Immunity 101 (2022) 214–230

217

0.02% bacitracin (Sigma, St. Louis, MO) for 48 h, the tissue was 
embedded with OCT (HistoLab, Gothenburg, Sweden), frozen with 
liquid carbon dioxide and sectioned on a CryoStar NX70 cryostat 
(Thermo Scientific, Walldorf, Germany) at 12 µm thickness. 

All antibody details are found in supplemental table 2. Prior to 
incubation with blocking or antibody solutions mounted sections were 
dried at RT for at least 30 min. Sections that were probed only for α2δ1 
or LPA1 were incubated with the respective antibodies diluted in 
phosphate-buffered saline (PBS) containing 0.2% (wt/vol) BSA (Sigma) 
and 0.3% Triton X-100 (Sigma) in a humidity chamber at 4 ◦C for 48 h. 
Immunoreactivities were visualized using the TSA Plus kit (PerkinElmer, 
Waltham, MA) as previously described. Sections probed for ATX were 
incubated with an antibody against ATX for 40 h, visualized with a 
secondary antibody and co-labelled with Neurotrace 435/455 (Ther
mofisher). For double-labelling, sections of mouse or human ganglia 
already probed for LPA1 using TSA were rinsed with PBS and then 
incubated with antibodies against α2δ1 for 48 h, or antibodies against 
GS or Iba1 for 24 h, in a humidity chamber at 4 ◦C. Slides were then 
probed with appropriate secondary antibodies. Single labeled sections 
were counterstained with 0.001% propidium iodide (PI, Sigma) for 10 
min at RT. Double-labelled sections were counterstained with DAPI 
(Sigma) for 15 at RT. After rinse in PBS, the sections were mounted with 
DABCO medium of ProLongTM Gold Antifade Mountant with DAPI 
(Thermoscientific). 

2.6.2. Neuronal cell culture: 
12 mm coverslips (Fisher Scientific) were coated with poly-l-lysine 

and laminin (Sigma) in 24-well plates prior to seeding neurons. 
Following the end of LPA treatment, DRG cultures were washed with 
cold PBS and then fixed in cold fixative (4% PFA containing 0.2% picric 
acid in 0.16 M phosphate buffer, pH 7.4) for 15 min. The cells were then 
washed 3 times with PBS, 15 min for each. For staining, the fixed cells 
were permeabilized with 0.3% Triton X-100/PBS for 15 min, blocked 
with 5% normal goat serum in 0.3% Triton X-100/PBS for 30 min at RT 
and then incubated with α2δ1 antibody and mouse anti-MAP2 mono
clonal antibody. Following washing, coverslips were then incubated 
with the appropriate secondary antibodies at room temperature. The 
α2δ1 positive neurons were counted, and the percentage of α2δ1+/ 
MAP2 + cells was calculated. 

2.6.3. Imaging and Quantification: 
Representative images were captured from a one airy unit pinhole 

setting using a LSM710 or LSM800 laser-scanning confocal microscope 
(Carl Zeiss, Jena, Germany) with ZEN2012 software (Zeiss). Emission 
spectra for each dye were limited as follows: DAPI (<480 nm), Fluo
rescein (505–540 nm), Cy3 (560–610 nm), PI (590–680 nm). In selected 
cases (as indicated in the figure legend), projection images were merged 
from orthogonal scanning (z-stack) using step-intervals of 1.0 μm. Im
ages were processed using ZEN2012 software. 

For quantification of α2δ1, ATX, LPA1, GFAP, P2X3 and Galanin 
whole DRGs were tile scanned from 3 to 5 randomly selected sections 
with a minimum of 50 μm in between sections. Pixel intensity and the % 
area that was immunoreactive were quantified using ImageJ. 

2.7. In situ hybridization 

2.7.1. Probe synthesis: 
Mouse and human Lpar1 RNA probes were synthesized using 

sequence specific primers (mouse Lpar1: forward primer 5′-ATGAGGA
CACTCCTGTACTTAACA-3′; reverse primer 5′-GAAAGGCATACTGAA
TACACACAC-3′, human Lpar1: forward primer 5′- 
CCCCAGTTCACAGCCATGAATGAACC-3′; reverse primer 5′-CATGCG
GAAAACCGTAATGTGCCTCT-3′) and cDNA obtained from mouse brain 
and human hypothalamus, respectively. The purified PCR products were 
subcloned into PCR1II-TOPO vector (Invitrogen) and the orientation 
was confirmed by nucleotide sequencing (KIGene, Stockholm, Sweden). 

The plasmids were then linearized and reverse transcribed by T7/Sp6 
RNA polymerase (Life Technologies, Carlsbad, CA) in the presence of 
35S-UTP (PerkinElmer, Boston, MA). The generated probes were purified 
using NucAway spin columns (Life Technologies). Sense probes were 
used as negative controls. 

2.7.2. In situ hybridization: 
In situ hybridization was performed as described previously (Le 

Maitre et al., 2013). Briefly, tissue sections were post-fixed in 4% 
paraformaldehyde and then treated with 0.25% acetic anhydride in 0.1 
M triethanolamine (pH 8.0). The sections were then dehydrated in a 
graded series of alcohol and stored at − 20 ◦C. The sections were pre
hybridized using 50% (vol/vol) deionized formamide (pH 5.0), 50 mM 
Tris-HCl (pH 7.6), 25 mM EDTA (pH 8.0), 20 mM NaCl, 0.25 mg/ml, 
yeast tRNA and 2.5 × Denhardt’s solution for 4 h at 55 ◦C followed by 
hybridization in a humidified chamber overnight (14–16 h) at 55 ◦C. 
The labeled probes were diluted to a final concentration of 1.0 × 106 
cpm/200 μl in a solution containing 50% (vol/vol) deionized formamide 
(pH 5.0), 0.3 M NaCl, 20 mM DTT, 0.5 mg/mL yeast tRNA, 0.1 mg/mL 
poly-A-RNA, 10% (vol/vol) dextran sulfate, and 1 × Denhardt’s solu
tion. After hybridization, sections were washed as follows: twice for 30 
min in 1 × SSC at 55 ◦C, 1 h in 50% (vol/vol) formamide/0.5 × SSC at 
55 ◦C, 15 min in 1 × SSC at 55 ◦C, 1 h in RNase A buffer at 37 ◦C, twice 
for 15 min in 1 × SSC at 55 ◦C, then were dehydrated in ascending 
alcohol series (2 min each), and finally were air dried. The sections were 
exposed to Kodak BioMax MR film (VWR International, Stockholm, 
Sweden) and then were dipped in Kodak NTB emulsion for auto
radiogrpahy (VWR International, Stockholm, Sweden). After a deter
mined exposure time (6 weeks for mouse Lpar1 and 8 weeks for human 
Lpar1) slides were developed using Kodak D19 developer (VWR Inter
national, Stockholm, Sweden) for 3 min and AL4 fixative for 7 min, dried 
at room temperature (RT, 22 ◦C) and then mounted with medium con
taining 90% (vol/vol) glycerol/10% (vol/vol) PBS. 

Dark-field pictures of sections processed for in situ hybridization 
were captured on a Nikon microscope equipped with a Coolpix 5000 
digital camera (Nikon, Tokyo, Japan). Pictures of silver particle labeling 
and cresyl violet counterstaining were captured on an Olympus IX73 
inverted microscope (Olympus, Tokyo, Japan). 

2.8. Conditioned cell culture media analysis 

SGC cultures were stimulated for 24 h with 10 μM 18:1 LPA and 
conditioned culture media was then collected, flash frozen and stored at 
− 80 ◦C until use. CXCL1, TNF and IL-1β levels in the media were eval
uated using an MSD Proinflammatory Panel 1 kit (Mesoscale Discovery 
Systems, catalogue # K15048D). The assay was performed according to 
the manufacturer’s instructions. Cytokine levels of undiluted media 
samples were measured in technical duplicates. The plate was read using 
a MSD QuickPlex SQ 120 (Mesoscale Discovery Systems) and the data 
were analyzed in Mesoscale Workbench (Mesoscale Discovery Systems). 

2.9. Statistics 

Mechanical and heat hypersensitivity behavioral data, and quanti
fication data for immunohistochemistry, qPCR and western blotting is 
presented as mean ± standard error of mean (SEM) and cold hyper
sensitivity data are presented as the median with the interquartile range. 
To compare mechanical hypersensitivity a two-way ANOVA for 
repeated measures with the Geisser-Greenhouse correction in order to 
not assume sphericity and Tukey’s post-hoc test was used. Heat and 
acetone cold sensitivity were assessed by a one-way ANOVA with 
Tukey’s post hoc test and SDs were assumed to be equal. Immunohisto
chemistry and gene expressed data were analyzed by a one-way ANOVA 
with Tukey’s post hoc test and SDs were assumed to be equal. Arthritis 
clinical scores were assessed at the group level with Kruskal-Wallis test 
followed by Dunn’s post hoc test. An unpaired, two-tailed t-test was used 
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when there were only two groups. Outliers were not removed and a p 
value<0.05 was considered significant. Data was analyzed with Prism 
9.0 (GraphPad Software, La Jolla, CA). 

3. Results 

3.1. Pain-related behavior is prevented by 504B3 

To investigate a potential role for LPA signalling in CAIA-induced 
pain-like behavior, we injected the monoclonal antibody 504B3, origi
nally developed against LPA, or an isotype matched control monoclonal 
antibody subcutaneously (s.c., 10 mg/kg) twice weekly beginning 8- 
days prior to CAIA induction (Fig. 1A). Surprisingly, visual signs of 
joint inflammation developed normally in CAIA mice regardless of 
antibody treatment (p > 0.999, Fig. 1B). Ankle joint gene expression of 
Il1b, Tnf, Ptgs2 and Ngf was also not significantly affected by 504B3 (p >
0.1, Fig. 1C). However, the development of CAIA-induced mechanical 
hypersensitivity was prevented by pre-treatment with 504B3 (two-way 
ANOVA: F(2,12) = 9.852, p = 0.0029; p < 0.05 day 10–15, Fig. 1D). 

3.2. Pain-related behaviors are reversed by 504B3 

To examine if established mechanical hypersensitivity is reversed by 
504B3, treatment (10 mg/kg, twice weekly) was initiated 12 days after 
CAIA induction (inflammatory phase) and continued until day 42 (late 
phase, Fig. 2A). Like the pre-treatment study, 504B3 had no effect on 
CAIA-induced joint inflammation compared to CAIA animals treated 
with saline or a control antibody (p = 0.4023, Fig. 2B). In contrast, 
CAIA-induced mechanical hypersensitivity was gradually reversed by 
504B3, reaching levels comparable to saline control mice after 21 days 
of treatment and lasting throughout day 42, the last day of injection 

(two-way ANOVA: F(3,20) = 29.12, p < 0.0001; p = 0.03 to 0.0001 day 
21–44, Fig. 2C). Mechanical hypersensitivity in CAIA mice re-developed 
following the end of antibody treatment (Fig. 2C). A lower dose of 504B3 
(2 mg/kg) had no effect on inflammation (p = 0.443) or mechanical 
hypersensitivity (two-way ANOVA: F(3, 220) = 39.02, p < 0.0001; p >
0.3 comparing CAIA with control antibody vs 504B3, Supp. Fig. 1). 
Therefore, only 10 mg/kg of 504B3 was used for the remainder of the 
study. 

To test if temperature hypersensitivity is also reversed by 504B3, 
cold allodynia was assessed with the acetone test and heat hypersensi
tivity was examined using a modification of the Hargreaves test. CAIA- 
induced cold (p = 0.0014, Fig. 2D) and heat hypersensitivity (p =
0.0057, Fig. 2E) were both reversed by 504B3 during the inflammatory 
phase. During the late, neuropathic-like phase of CAIA, heat hypersen
sitivity was not significantly elevated comparing saline treated and CAIA 
animals treated with saline, but 504B3 did significantly reduce CAIA- 
induced heat hypersensitivity compared to control antibody treated 
animals (p = 0.0435, Fig. 2E). Cold hypersensitivity was not signifi
cantly elevated in CAIA animals compared to saline treated animals 
(Fig. 2D). 

We also examined if CAIA pain-like behavior would be reversed 
when beginning treatment with 504B3 in the late, neuropathic-like 
phase (day 57). A 14-day drug washout period was initiated at day 42, 
during which the withdrawal thresholds dropped in the 504B3/CAIA 
group, reaching the same level of mechanical hypersensitivity as in the 
control antibody treated CAIA group (Fig. 2C). We then employed a 
cross over design. From day 57 i) CAIA mice that had previously 
received saline were switched to 504B3, ii) CAIA mice that had previ
ously received 504B3 were switched to control antibody, iii) CAIA mice 
that had received the control antibody were switched to saline and iv) 
control mice continued to received saline. Mice were treated twice per 

Fig. 1. CAIA-induced pain-like behavior is prevented by 504B3. (A) Beginning eight days prior to CAIA induction, mice received a neutralizing monoclonal 
antibody generated against LPA (504B3 Ab,10 mg/kg), a control antibody (CTL Ab, 10 mg/kg) or saline subcutaneously twice weekly, n = 5/group. (B) Joint 
inflammation was assessed by visually determining the arthritis score. (C) Inflammatory and nociceptive ankle joint gene expression was assessed and data was 
analyzed using the relative standard curve method. (D) Mechanical sensitivity was evaluated with von Frey testing. Mechanical hypersensitivity data was analyzed by 
repeated measures two-way ANOVA with a Tukey’s post-hoc test and gene expression data was analyzed by two-tailed t-tests. Data are presented as mean ± SEM. 
*indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.0001 when comparing CAIA + 504B3 Ab with CAIA + CTL Ab. 
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week. When compared to CAIA control mice, mechanical hypersensi
tivity was gradually reversed by the antibody (two-way ANOVA: F =
12.69, p < 0.0001; p = 0.0149 day 71, Fig. 2F). Taken together, these 
results suggest that sequestering LPA during the inflammatory phase 
(starting either before or during ongoing joint inflammation) or 
following joint inflammation is sufficient to reduce CAIA-induced pain- 
like behavior. 

3.3. LPA1/3 inhibition reduces CAIA-induced mechanical hypersensitivity 

To further examine if LPA contributes to CAIA-induced hypersensi
tivity we used Ki-16425, an antagonist of LPA1 and LPA3 (Ki values 250 
nM and 360 nM, respectively). Ki-16525 was delivered daily beginning 
14 days after CAIA induction (Fig. 3A). LPA1/3 antagonism gradually 
reversed CAIA-induced mechanical hypersensitivity compared to 
vehicle treated mice (two-way ANOVA: F(2,18) = 28.41, p < 0.0001; p 
= 0.0239, Fig. 3B). While LPA1/3 inhibition did not reduce the magni
tude of joint inflammation, the inflammation resolved at an earlier time 
point (35 days) compared to vehicle treated CAIA mice (two-way 
ANOVA: F(2,17) = 10.19, p = 0.0012; p = 0.0396, Fig. 3C). Thus, LPA 
signalling may regulate CAIA-induced pain-like behavior via LPA1 or 
LPA 3. Furthermore, these results suggest that the anti-nociceptive ef
fects of 504B3 are at least partly due to preventing the actions of 18:1 
LPA. 

3.4. Intraarticular ankle joint injection of 18:1 LPA does not induce pain- 
like behavior 

In other studies in rats, a role for LPA signalling in RA joint inflam
mation has been suggested (Miyabe et al., 2013; Nikitopoulou et al., 
2012; Orosa et al., 2012) and intraarticular knee injection of LPA 
induced mechanical hypersensitivity in rats (O’Brien et al., 2018). We 
therefore examined whether intra-articular ankle joint injection of LPA 
induces pain-like behavior over seven days. 18:1 LPA did not alter me
chanical withdrawal thresholds compared to vehicle injected mice two 
or six hours after injection (F(3, 20) = 0.1759, p = 0.9114, Fig. 4A) nor 
at one, three or seven days (F(5, 36) = 1.307, p = 0.283, Fig. 4B). This 
finding combined with the lack of reduction of joint inflammation with 
the antibody and LPA1/3 inhibition indicates that the joint may not be 
the primary site where LPA is exerting pronociceptive effects in the CAIA 
model. 

3.5. Autotaxin is upregulated and LPA receptors are expressed in the DRG 

Since blocking LPA signalling does not reduce ankle inflammation 
and intraarticular ankle joint injection of 18:1 LPA did not induce pain- 
like behavior, we next investigated if LPA is modulating neuronal 
excitability at the level of the DRG soma during CAIA. We analyzed the 
expression of Enpp2, the gene encoding autotaxin (ATX), which is an 
enzyme that converts LPC to LPA (Tokumura et al., 2002). In the DRG 

Fig. 2. CAIA-induced pain-like behavior is reversed by 504B3. (A) 12 days after CAIA induction, the neutralizing antibody, the control antibody or saline were 
delivered subcutaneously twice weekly until day 42. Following a 14-day washout period treatment groups were reassigned and the neutralizing antibody, the control 
antibody or saline were delivered subcutaneously twice weekly from day 57 until day 70, n = 6/group. (B) Joint inflammation was assessed by visually scoring the 
severity of arthritis characteristics in the paws and (C) mechanical hypersensitivity was quantified during the first treatment phase of the experiment. (D) Cold 
hypersensitivity was assessed by quantifying acetone evoked behavior using a scoring system. (E) Heat hypersensitivity was evaluated using a Hargreaves-type device 
and the time to paw withdrawal following application of a heat stimuli was quantified. (F) Mechanical hypersensitivity was assessed following the treatment group 
crossover during the second treatment phase of the experiment. Mechanical hypersensitivity data was analyzed by repeated measures two-way ANOVA with Tukey’s 
post-hoc test, heat and cold hypersensitivity were assessed by one-way ANOVA with a Tukey’s post-hoc test. Joint inflammation, mechanical hypersensitivity and 
heat hypersensitivity are presented as mean ± SEM. Cold hypersensitivity data is ordinal and is therefore presented as median ± interquartile range. *indicates p <
0.05, ** indicates p < 0.01, *** indicates p < 0.0001 when comparing CAIA + 504B3 Ab with CAIA + CTL Ab. 
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Enpp2 is significantly increased in the inflammatory phase of CAIA (p =
0.0198), and the late phase (p = 0.042, Fig. 5A). In contrast, Enpp2 
expression is not elevated in the spinal cord during either phase of CAIA 
(p = 0.397 or 0.656, Fig. 5B) nor in the ankle joint during the inflam
matory phase of CAIA (p = 0.81, Fig. 5C). We then examined ATX 
protein levels and found that an increased percentage of DRG neurons 
were ATX-immunoreactive during the inflammatory (p = 0.046, Fig. 5D, 
E) and the late phase (p < 0.001, Fig. 5F, G) of CAIA compared to control 
mice. 

LPA acts as a ligand for at least six GPCRs, LPA1-6 (Choi et al., 2010; 
Kihara et al., 2014; Yung et al., 2014). Using qPCR, we confirmed that 
Lpar1-6 mRNA transcripts are present in DRGs. While Lpar1, 5 and 6 
expression levels were higher than Lpar2, 3 and 4 (Fig. 5H), the 
expression levels of the six receptors did not change during the in
flammatory phase (p’s > 0.43, Fig. 5I) or the late phase (p’s > 0.15, 
Fig. 5J) of CAIA when compared to controls. Expression of spinal Lpar1, 
which is expressed by microglia, is also unaltered during the inflam
matory and late phases of CAIA (Supp Fig. 2A, B). Taken together, these 

Fig. 3. Inhibition of LPA1 and LPA3 signalling 
decreases CAIA-induced mechanical hypersensi
tivity. (A) Ki-16425 injections began 15 days after 
CAIA induction. (B) Visual signs of join inflammation 
were assessed by arthritis scoring in saline treated 
mice, CAIA mice that received vehicle treatment 
(CAIA + veh) and CAIA mice that received Ki-16425 
(CAIA + Ki-16425). (C) Mechanical hypersensitivity 
was analysed by von Frey testing. Data are presented 
as mean ± SEM and was analyzed by repeated mea
sures two-way ANOVA with Tukey’s post-hoc test, n 
= 6–8/group, * indicates p < 0.05 when comparing 
CAIA + Ki-16425 treated mice with CAIA + veh 
treated mice.   

Fig. 4. Intraarticular ankle joint LPA injection 
does not induce mechanical hypersensitivity. 18:1 
LPA (250 pmol in 5 μl PBS with 0.1% BSA), PBS or 
vehicle were injected intraarticularly and mechanical 
hypersensitivity was tested in the injected, ipsilateral 
paw and the contralateral paw. (A) The acute effect of 
18:1 LPA was evaluated over six hours and (B) in a 
separate experiment the long-term effect of 18:1 LPA 
was evaluated over seven days. Data were analyzed by 
repeated measures two-way ANOVA with Tukey’s 
post-hoc test. Data are presented as mean ± SEM, n =
7 per group.   
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Fig. 5. Signs of elevated LPA signalling in the dorsal root ganglia (DRG) (A) Autotaxin (ATX) gene expression in the lumbar DRGs, (B) the lumbar spinal cord and (C) 
the ankle joint was analyzed with qPCR during the inflammatory phase (Day 15) and late phase (Day 45, DRGs and spinal cord only) of CAIA and control mice. Data 
are normalized to saline treated animals using the standard curve method. (D, F) Representative images of autotaxin (ATX) immunoreactivity in DRGs and (E, G) 
quantification of ATX-immunoreactive neurons from the inflammatory (D, E) and late phase (F, G) of CAIA and control mice. Scale bar indicates 50 μm. (H) The 
relative expression levels of Lpar1-6 was assessed with qPCR and data was normalized against Hprt1 using the 2-ΔCt method. The effect of CAIA on the gene expression 
of Lpar1-6 was analyzed in the DRGs during the (I) inflammatory and (J) late phase of CAIA with qPCR. Data were normalized to expression levels in saline treated 
animals using the standard curve method. Data were analyzed by t-tests, n = 4–6/group, *indicates p < 0.05, *** indicates p < 0.001 when comparing CAIA and 
control mice. 
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findings demonstrate that the necessary components for LPA signalling 
are present in the DRG and that LPA levels may locally increase. 

3.6. 18:1 LPA increases pain-related ion channels and galanin in DRG 
cultures 

ATX can convert LPC to LPA species. We examined if exposure to 
18:1 LPA, 18:2 LPA or 18:1 cyclic LPA altered the voltage-gated calcium 
channel (VGCC) α2δ1subunit protein expression in dissociated DRG 
cultures and found that only 18:1 LPA transiently increased α2δ1 protein 
levels compared to vehicle (p < 0.001, Fig. 6A-C). We also assessed the 
gene expression of Cacna2d1 (α2δ1 gene), P2rx3 (P2X3 gene) and Gal 
(galain gene) following 18:1 LPA stimulation and found that like the 
western blot results, Cacna2d1 expression increased after 4 h compared 
to vehicle (p = 0.0042), before returning to control levels (Fig. 6D). 
P2rx3 expression significantly increased after 4 h of treatment compared 
to control (p = 0.0042, Fig. 6E) while Gal expression significantly 
increased after 24 h of stimulation compared to control (p = 0.0042, 
Fig. 6F). Immunofluorescence staining of primary DRG neurons showed 
that an increased percent of neurons expressed α2δ1 following 18:1 LPA 
treatment compared to vehicle (p < 0.001, Fig. 6G, H). These results 
indicate that 18:1 LPA stimulation of DRG cultures increases pain- 
related ion channels and galanin in neurons. 

3.7. LPA1 is present on satellite glial cells 

As 18:1 LPA has higher affinity for LPA1 than LPA3 (EC50 ~ 10 nM for 
LPA1 and EC50 ~ 100 nM for LPA3) (Bandoh et al., 2000; Kano et al., 
2019; Yung et al., 2014), and only 18:1 LPA caused a response in DRG 
cultures, we focused on LPA1. In mouse and human DRGs Lpar1 in situ 
hybridization showed that transcripts are primarily located in a pattern 
around neuronal soma, with few transcripts in the soma, suggesting non- 
neuronal expression (Fig. 7A, B). Control experiments with sense probes 
showed no specific localization patterns (Supp. Fig. 3). Similarly, 
immunofluorescence indicated a non-neuronal expression of LPA1, with 
LPA1 immunoreactivity forming a circular staining pattern around α2δ1- 
positive neuronal soma in both human and mouse DRG neurons (Fig. 7C- 
F). Critically, LPA1 immunoreactivity was absent in Lpar1-/- mice 
(Fig. 7C). Thus, both in situ hybridization and immunofluorescence 
staining profiles suggest that LPA1 is expressed by satellite glial cells 
(SGCs) in the DRG. To determine the cellular localization of LPA1, we 
examined if LPA1 colocalizes with glutamine synthase (GS) and/or Iba1, 
markers for SGCs and DRG resident macrophages, respectively. LPA1 
immunoreactive cells co-localized with GS (Fig. 7G) but not Iba1 
immunoreactivity (Fig. 7H). Taken together, these data demonstrate 
that SGCs express LPA1 in the DRG. 

3.8. Satellite glial cells are activated by LPA 

SGCs modulate neuronal activity and morphological signs of 
increased SGC activity have been reported in a number of pain models 
(Ji et al., 2013; Ohara et al., 2009). Therefore, we examined if CAIA 
induces changes in glial fibrillary acidic protein (GFAP) expression, 
which is used as a marker of enhanced SGC activity (Ohara et al., 2009). 
During the inflammatory phase of CAIA (day 16), the % area of GFAP 
immunoreactivity (p < 0.001) and GFAP pixel intensity (p < 0.001) in 
DRGs from mice subjected to CAIA (and control antibody) were 
increased compared to saline injected control mice. Injection of 504B3 
decreased GFAP-ir compared to CAIA mice that received the control 
antibody (p = 0.0144 or p = 0.0072, Fig. 8A - C). Furthermore, devel
opment of CAIA driven % area of GFAP immunoreactivity (p = 0.001) 
and GFAP pixel intensity (p = 0.005) increases are blocked in Lpar1 
deficient mice compared to wild-type (Fig. 8D-E). 

To confirm a direct effect of LPA on SGCs, SGC-enriched cultures 
were exposed to 18:1 LPA for 4 h, which resulted in increased Gfap 
mRNA expression compared to vehicle SGC cultures (p = 0.048, 

Fig. 8G). Gene expression of the pronociceptive cytokines, Il1b (p =
0.0222), Il6 (p = 0.0493), and Tnf (p = 0.046), and Ngf (p = 0.0024) 
were increased in response to 18:1 LPA compared to vehicle treated cells 
(Fig. 8H). We also stimulated SGCs for 24 h and assessed protein release 
in culture medium. 18:1 LPA increased CXCL1 (p = 0.0127) levels, while 
TNF levels showed a trend of increased secretion (p = 0.0503) and IL-1β 
was unchanged compared to vehicle treated cells (Fig. 8I -J). In sum, 
18:1 LPA can directly act on SGCs to increase pronociceptive factors and 
LPA neutralization decreases signs of CAIA induced SGC activity. 

3.9. LPA1 signalling regulates DRG pain-related protein expression 

We examined expression of the VGCC α2δ1 subunit in DRG by 
immunohistochemistry as the number of α2δ1positive neurons and in
tensity of α2δ1 immunoreactivity in the late-phase (day 47) of CAIA 
model. We confirmed our previous finding that CAIA generates an in
crease in both parameters when compared to saline treated mice (p <
0.001, Fig. 9A-C). 504B3 treatment normalized α2δ1 expression to levels 
similar to control mice (p < 0.001 or p = 0.0166, Fig. 9A-C). In Lpar1-/- 
mice α2δ1 expression is similar to wild type mice (Inoue et al., 2004). 
We found that Lpar1-/- mice are protected from CAIA-induced α2δ1 
increases compared to WT CAIA mice 47 days after induction (p < 0.001 
and p = 0.0019, Fig. 9D-F). These results suggest that LPA, via activation 
of LPA1 in SGCs, regulate neuronal α2δ1 expression in the late-phase of 
CAIA. In a similar fashion, galanin and P2X3 expression assessed by 
immunohistochemistry, are also increased in DRG of CAIA mice 
compared to controls (p < 0.001) (Su et al., 2015) and blocking the 
availability of LPA or its precursors reduced the increase of these two 
factors to similar levels as in control mice (p < 0.001, Fig. 9G-J). Spinal 
microglia, which express LPA1, displayed increased Iba1 immunoreac
tivity in CAIA late phase (p = 0.0291, but systemic treatment with 
503B4 did not reduce the morphological signs of enhanced microglia 
reactivity (p > 0.999, Supp. Fig. 2C, D). Taken together, these results 
suggest that inhibition of LPA signalling reduces SGC-neuronal 
communication, normalizing CAIA-induced changes of pain-related 
proteins. 

4. Discussion 

In the current study we describe how LPA-LPA1 signalling drives 
pain-like behavior in CAIA via SGCs by a mechanism that is independent 
of inflammation. First, we found that neuronal ATX, an LPA producing 
enzyme, was elevated in the DRG. Second, CAIA-induced pain-like 
behavior during the inflammatory and/or late phases of the model was 
attenuated by a monoclonal LPA-binding antibody (504B3) and a LPA1/3 
antagonist. In dissociated primary DRG cultures, stimulation with 18:1 
LPA increased gene and protein expression of α2δ1. Third, we detected 
protein expression of LPA1 only on SGCs in both human and mouse 
DRGs. 18:1 LPA also increased signs of SGC activity and pronociceptive 
cytokine expression in vitro. Similarly, CAIA increased signs of SGC ac
tivity in vivo, which was reversed by 504B3 treatment and in Lpar1 
deficient mice. Lastly, CAIA-induced α2δ1, P2X3 and galanin expression 
was reduced by Lpar1 deficiency and 504B3. Taken together, our results 
indicate that ATX-LPA-LPA1 signalling is a contributing pronociceptive 
mechanism in CAIA and that it initiates neuron-to-SGC-to-nociceptor 
communication that regulates expression of factors critical for long- 
lasting pain-like behavior (Fig. 10). 

Previous studies have linked LPA-driven demyelination to pain. In 
those studies, pre-treatment paradigms or genetic approaches, which are 
akin to pre-treatment, were primarily used to block either LPA1, LPA3 or 
ATX activity. LPA1 or LPA3 receptor inhibition, LPA1 deletion (Lpar1-/- 

mice) or heterozygous Enpp2 (Enpp2+/-) expression prevented or 
reduced demyelination following sciatic nerve injury, monoiodoacetate- 
induced arthritis, and LPA injection (Inoue et al., 2008, 2004; McDou
gall et al., 2017; Nagai et al., 2010). However, there is limited infor
mation about whether inhibiting LPA signalling reverses demyelination. 
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Fig. 6. 18:1 LPA increases α2δ1, P2X3 and Galanin expression. Dissociated DRG cultures were treated with 18:1 LPA, 18:2 LPA and 18:1 cPA. Cultures were then 
either lysed for protein or RNA extraction or fixed for immunofluorescence. (A) Representative images of western blots probed for α2δ1 following four hours of 18:1 
LPA, 18:2 LPA or 18:1 cLPA treatment and the GAPDH loading control. (B) α2δ1 levels were quantified by densitometric analysis, normalized to GAPDH and 
presented as the % of α2δ1 in vehicle treated cell cultures. (C) α2δ1 protein levels were also quantified after 4, 12 and 24 h of 18:1 LPA treatment. Gene expression 
levels of (D) Cacna2d1, (E) P2x3 and (F) Galanin were assessed with qPCR after 4, 12 and 24 h. Expression levels were normalized to Hprt1 and analyzed using the 
standard curve method. (G) DRG cultures treated with vehicle or 18:1 LPA were stained with antibodies against α2δ1 (red) or MAP2 (green), a general neuronal 
marker and (H) the present of neurons expressing α2δ1 was calculated. Data is presented as mean ± SEM and assessed with two-tailed t-tests, n = 3–4/group, * 
indicates p < 0.05, ** indicates p < 0.001 when comparing LPA treated cells with vehicle treated cells. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Paradoxically, LPA receptor signalling also has documented physiolog
ical roles in myelinating cells during nervous system development 
(Weiner et al., 2001, 1998; Weiner and Chun, 1999). We did not 
investigate nerve demyelination in the current study, and though it 
cannot be excluded, it seems unlikely that the reduction of pain-like 
behavior we observed in as little as five days is due to a recovery of 
myelin. Here we suggest an additional peripheral mechanism by which 
local DRG LPA signalling drives neuropathic-like pain via SGC activation 
in CAIA. In agreement with our observation, a recent study using cal
cium imaging showed that 18:1 LPA stimulates SGCs in vitro (Robering 
et al., 2019). Unlike pre-treatment paradigms, our results from post- 
treatment experiments demonstrate that blocking LPA signalling can 
reverse inflammatory and neuropathic pain-like behavior. 

Our in vitro and in vivo pharmacological and genetic studies suggest 
that LPA1 is the main LPA receptor driving nociceptive-associated 
changes in the DRG via SGCs. We found Lpar1 mRNA and LPA1 pro
tein only in SGCs and not in DRG neurons or resident macrophages in 
both mouse and human DRGs. This finding is further supported by single 
cell RNA sequencing (scRNA-seq) demonstrating Lpar1 mRNA, but not 
Lpar3 is expressed in mouse SGCs (Zeisel et al., 2018) and single nucleus 
RNA-seq of human DRG neurons showing little to no LPAR1 expression 
in neurons (Nguyen et al., 2021). A recent study also reported that LPA1 
protein is exclusively expressed in SGCs in rats and mice (Robering et al., 
2019). Moreover, LPA does not activate sensory neurons in vitro 
(Robering et al., 2019) and intraarticular LPA does not induce mechan
ical hypersensitivity, suggesting that LPA does not directly stimulate 
nociceptors. 

LPA receptors and autotaxin are widely expressed in neuronal and 
non-neuronal cells across the central nervous system in rodents (Foto
poulou et al., 2010; Ma et al., 2010a, 2010b; Savaskan et al., 2007; Zeisel 
et al., 2018) and in the human cerebral cortex (Palmer et al., 2021). 
Additionally, the neurological deficits of Lpar1 deficient mice indicate 
important developmental and physiological roles of LPA signalling in 
the brain (Contos et al., 2000; Harrison et al., 2003). However, our data 
suggests that the reduction of CAIA-induced pain-like behaviour stems 
at least partly from interference with peripheral LPA signalling. CAIA 
ATX gene and protein levels were elevated in the DRG, but gene 
expression was unchanged in the spinal cord or ankle joint, which 
suggests LPA increases locally in the DRG. ATX in control murine DRG 
neurons is much lower compared to CAIA and ENPP2 expression in 
human DRG neurons is low to undetectable with single nucleus RNA-seq 
(Nguyen et al., 2021), indicating that nociception-associated sensory 
neuron ATX is inducible. Further supporting a peripheral role for LPA 
signalling in pain is our finding that CAIA-induced reactivity of micro
glia, which express LPA1 (Ma et al., 2010a, 2010b), was unaffected by 
504B3. Moreover, Ki-16425 has poor central nervous system penetrance 
(Sánchez-Marín et al., 2018) and antibody drugs like 504B3 typically do 
not cross the blood–brain barrier. Thus, our findings do not suggest that 
the primary effect of LPA-driven pain in CAIA is the central nervous 
system nor the inflamed ankle joint. Instead, consistent with neuro
pathic pain models employing conditional LPA1 removal from SGCs 
(Rivera et al., 2020), we propose that LPA regulates CAIA-induced pain- 
like behavior by activating SGCs via LPA1 in the DRG, which in turn 
modulates nociceptor sensitivity via changes at the level of the neuronal 

Fig. 7. Satellite glia cells (SGCs) express LPA1. (A-F) Mouse (top row) and human (bottom row) expression of LPA1 was assessed with a number of techniques. (A) 
In situ hybridization analysis shows patch-like signals in mouse at low power (dark field) and (B) high-power bright field (cresyl violet) image reveals Lpar1 
expression in cells surrounding DRG neurons. (C) DRGs from wild-type mice, Lpar1-/- mice and a human organ donor were probed for LPA1. (D-E) LPA1 (red) 
expressing cells surround numerous sizes of neurons including those that express α2δ1 (green). (G) LPA1 (red) is expressed by glutamine synthase (GS, green), (H) but 
not Iba1(green) expressing cells. Scale bars: 100 μm in A; 50 μm in B, C, G (top row), H (top row); 20 μm in D, G (bottom row), H (bottom row). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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soma. 
Prior studies have focused on how LPA mediates neuropathic pain, 

and our results suggest that LPA may also drive inflammatory pain, 
consistent with published data (Srikanth et al., 2018). However, prior 
studies assessing changes in neuropathic pain-related factors (e.g. gal
anin, activating transcription factor 3 and growth-associated protein 43) 
and pharmacological studies with gabapentin and diclofenac indicate 
that inflammatory and neuropathic components contribute to pain-like 
behavior during the inflammatory phase of CAIA (Bas et al., 2012; Su 
et al., 2015). Studies with inflammatory pain models less complex than 
CAIA, such as intraarticular CFA or carrageenan, are needed to defini
tively elucidate whether peripheral LPA signal is a mediator of 

inflammatory pain. 
The pharmacological tools used in this study for interference with 

LPA signalling have certain limitations. Ki-16425 inhibits LPA1 and 
LPA3, with a slightly lower Ki value for LPA1 than LPA3 (250 nM vs 350 
nM), thus effects of this drug could be due to antagonism of either re
ceptor. It is notable that actual KD affinities may be higher than esti
mated by EC50s, with sub-to-single-digit nanomolar values reported for 
LPA1 (Mizuno et al., 2019; Ray et al., 2020), which has relevance for 
local receptor interactions and LPA concentrations. Nevertheless, in vitro 
culture experiments, qPCR data, single-cell RNA-seq data (Zeisel et al., 
2018) and results from Lpar1-/- mice all suggest that LPA1, and not LPA3, 
is the major LPA receptor responsible for the LPA-associated findings in 

Fig. 8. Satellite cell activity is increased by LPA. SGCs elevate GFAP during increased activity. (A) Representative images of GFAP expression in DRGs that were 
collected 15 days after CAIA induction from mice treated with saline, or CAIA mice treated with the control antibody (CAIA + CTL Ab) or 504B3 (CAIA + 504B3 Ab), 
the neutralizing antibody generated against LPA. (B) The percentage of the neuron-rich DRG area that was GFAP-immunoreactive (% area) and (C) the pixel intensity 
of GFAP were quantified, n = 6/group. (D) Representative images of GFAP expression in DRGs from wild-type or Lpar1 deficient mice with CAIA. (E) The % area of 
GFAP-immunoreactivity and (F) pixel intensity of GFAP in the neuron rich region of the DRGs was quantified, n = 4–6. SGC-enriched cultures were treated with 18:1 
LPA and gene expression of (G) pain-related factors and (H) SGC activity markers was evaluated after 4 h. (I-J) secretion of proinflammatory and pronociceptive 
factors were evaluated after 24 h of LPA stimulation. The change in gene expression was calculated as a fold-difference from vehicle treated cultures using the 2-ΔΔCt 

method with Hprt1 as the house keeping gene, n = 5. Data is presented as mean ± SEM and was analyzed by one-way ANOVA with Tukey’s post-hoc test or a two- 
tailed t-test. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001when making the indicated comparisons (GFAP-immunoreactivity) or when 
comparing 18:1 LPA treated SGCs with vehicle treated SGCs. 
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this study. The specificity of the antibody 504B3 for LPA has previously 
been demonstrated by using i) a competitive binding ELISA where the 
antibody was found to not have affinity for LPC, PA or various sphin
gosine species, ii) a cell based assay in which 504B3 blocked LPA- 
induced activation of LPA1, LPA2 and LPA3 with an approximate ID50 
of 30 nmol/L (Goldshmit et al., 2012), and iii) a kinetic exclusion assay 
in which 504B3 was found to bind various LPA species with apparent KD 
values ranging from 0.88 nM to 14 nM with an apparent KD of 3.1 nM for 
LPA 18:1 (Crack et al., 2014). 504B3 was recently found to bind 18:1 
LPC and 18:1 PA with similar affinities to 18:1 LPA when using 
compensated interferometry (Ray et al., 2021). We have not assessed the 
levels of LPA, LPC or PA in the DRG in the current study, nor have we, or 
others, addressed the selectivity of 504B3 in vivo. Thus, the data 
generated with 504B3 should be interpreted with caution as there is a 

possibility that the effects of 504B3 are also partly due to interference 
with LPC or PA. If the antibody is binding 18:1 LPC in vivo, it is also 
possible that the anti-nociceptive effects of 504B3 are due to not only 
blocking LPA from binding its receptors, but also disruption of the LPC- 
autotaxin synthesis pathway of LPA. Interestingly, recent work assessing 
LPC in the synovial fluid of arthritis patients found that levels of 16:0 
LPC were elevated and correlated to pain, but members of the 18-series 
of LPC were unchanged (Jacquot et al., 2021). This suggests that 18:0 
LPC is not the dominant pronociceptive form of LPC in painful arthritis. 
This notion, and the effects of 504B3 together with the anti-nociceptive 
effects of the LPA1/3 antagonist Ki-16425 and Lpar1 deficiency, provide 
compelling support for a role of LPA in CAIA-induced hypersensitivity. 

The close proximity of SGCs to DRG neuronal soma (approximately 
20 nm) allows for unique SGC-neuron communication to modulate 

Fig. 9. CAIA driven elevation of nociception-associated DRG proteins is reversed by blocking LPA1 signalling and 504B3. DRGs from saline treated mice and 
from CAIA mice receiving saline, the neutralizing antibody generated against LPA (CAIA + 504B3 Ab) or the control antibody (CAIA + CTL Ab) were collected 48 
days after CAIA induction. (A) DRGs were then probed for α2δ1 immunoreactivity and (B) percentage of neurons expressing α2δ1 and (C) the relative intensity of 
α2δ1 immunofluorescence were quantified. CAIA was also induced in Lpar1-/- mice and (D) α2δ1 immunoreactivity in DRGs was assessed by (E) the percentage of 
neurons expressing α2δ1 and (F) relative intensity. (G) DRGs were also probed for Galanin immunoreactivity and (H) percentage of neurons expressing Galanin cells 
was quantified. (I) Similarly, P2X3 immunoreactivity was probed and (J) the percentage of neurons expressing P2X3 was quantified. Data are presented as mean ±
SEM and was analyzed by one-way ANOVA with Tukey’s post-hoc test or a two-tailed t-test, n = 4–6/group. * indicates p < 0.05, ** indicates p < 0.01, *** indicates 
p < 0.001 when making the indicated comparisons. 
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sensory nerve signalling that is important for peripheral pain signalling 
and nociceptor sensitization (Takeda et al., 2009). Evidence of increased 
SGC activity, assessed by GFAP levels or SGC coupling via gap junctions, 
has been observed in inflammatory pain models (Blum et al., 2014; 
Nascimento et al., 2014), neuropathic pain models of nerve injury, 
chemotherapy, diabetes (Di Cesare Mannelli et al., 2013; Hanani et al., 
2014; Warwick and Hanani, 2013), fibromyalgia (Goebel et al., 2021) 
and now rheumatoid arthritis. SGCs can modulate neuronal activity 
through regulating extracellular ion concentration and neuronal sensi
tization via cytokines (Takeda et al., 2009). Studies show that neurons 
can alter SGC activity through neuropeptide and ATP signalling (Chen 
et al., 2008; Hanani, 2005; Ji et al., 2013; Li et al., 2008; Takeda et al., 
2009; Vause and Durham, 2010; Zhang et al., 2007), glutamate activa
tion of SGC N-methyl-D-aspartate receptors (Castillo et al., 2013; Ferrari 
et al., 2014) and through fractalkine activation of SGC expressed 
CX3CR1 (Souza et al., 2013). Some of these stimuli, such as CGRP and 
fractalkine, increase SGC production of proinflammatory cytokines that 
sensitize neurons. Here we found increased neuronal ATX following 
CAIA induction, suggesting that neurons are responsible for elevated 
LPA. We then used pharmacological and genetic approaches to show 
LPA-LPA1 signalling increases nociception-associated SGC activity in 
vivo and in vitro which could modulate neuronal activity to drive pain- 
like behavior during the inflammatory and late-phases of CAIA. 

The role of LPA signalling during joint inflammation and destruction 
in other RA models has been previously investigated. For example, in
hibition of ATX (Nikitopoulou et al., 2012) or LPA receptors (Miyabe 
et al., 2013; Nikitopoulou et al., 2013) reduces joint inflammation and 
destruction in the collagen-induced arthritis model. Here, we investi
gated a role for LPA in CAIA and RA-associated pain for the first time. In 

contrast to other models, we found that sequestering LPA/LPC/PA had 
no effect on CAIA-induced inflammation and LPA1/3 antagonism only 
resolved inflammation slightly earlier than no treatment. CAIA also did 
not increase Enpp2 expression in the ankle joint. Similarly, pharmaco
logical blockade of ATX inhibits ankle bone erosion without reducing 
joint inflammation in TNF-transgenic mice (Flammier et al., 2019). 
While these results seem contradictory to what has been reported in the 
collagen-induced arthritis model, they could in fact be complimentary 
and explained by the different mechanisms underlying the two models. 
Collagen-induced arthritis is established by immunizing mice with type 
II collagen, which breaks the immune-tolerance, leading to activation of 
T-cells and B-cells and the production of anti-collagen type II antibodies. 
In vitro studies have found LPA is a chemoattractant factor for CD4+ T- 
cells and can increase T-cell IL-13 (Georas, 2009; Lin and Boyce, 2006). 
Conversely, CAIA does not directly involve T-cell and B-cell activation, 
but instead mimics the effector phase of the disease when antibodies 
have already been generated (Krock et al., 2018). Thus, LPA may have 
two distinct roles in RA pathogenesis. In collagen-induced arthritis, LPA 
signalling appears to regulate the development and maintenance of 
inflammation and interference may prevent the generation of autoan
tibodies. In CAIA, our findings indicate that LPA signalling is not a major 
regulator of inflammation that is established and driven by anti-collagen 
antibodies. 

Two remaining questions that warrant further studies are i) does LPC 
or PA contribute to pain pathophysiology in the CAIA model and ii) what 
is the trigger for sustained increased production of ATX and LPA? One 
hypothesis is that ATX generates LPA and acts in a very local environ
ment, which in our case would suggest that neuronal ATX produces LPA 
in the DRG and then stimulates SGCs. This is in contrast to the proposed 

Fig. 10. Schematic of LPA signalling in CAIA. ATX is 
elevated in DRG neurons during the inflammatory and late 
neuropathic-like phases of CAIA, possibly in response to 
sensitizing stimuli like joint inflammation and immune com
plex activation of nociceptors. ATX in turn produces elevated 
levels of LPA that activates SGC-expressed LPA1, leading to 
increased SGC activity. In response to LPA, SGCs produce 
increased levels of pronociceptive cytokines and NGF, which 
can then activate neuronally expressed cytokine and neuro
trophin receptors. Activation of these receptors further pro
motes nociceptor excitability and prolong sensitization, 
leading the development of chronic pain.   
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mechanism of dorsal nerve root demyelination by ATX/LPA which in
cludes LPA leaking from the spinal cord following partial sciatic nerve 
injury or intrathecal LPA (Inoue et al., 2004; Ueda, 2017). Recent single- 
cell RNA-seq studies have found that mouse DRG neurons express Enpp2 
(Thakur et al., 2014; Usoskin et al., 2014), which we confirmed with 
immunofluorescence. ATX expression is elevated during both the in
flammatory and late phases of CAIA, thus there could be several drivers 
of ATX synthesis. Increased neuronal excitability and long-term tran
scriptional changes could contribute to elevated ATX in both phases 
while inflammatory pain mediators, such as cytokines and CGRP, may 
increase ATX during the inflammatory phase (Fig. 10). Future studies 
will investigate ATX regulation during the different phases of CAIA. 

A limitation of our study is that only male mice were used. In fact, 
this is the case for the majority of studies aimed at investigating the role 
of LPA in pain mechanisms (Inoue et al., 2004; Ma et al., 2010b; 
McDougall et al., 2017; Ueda et al., 2018). Of note, LPA1 is expressed by 
satellite glia cells in female humans, as we use a DRG from a female 
donor. Interestingly, in a recent study where the response to intra
articular injection of LPA to the knee joint was investigated in both 
sexes, it was found that female rats display increased signs of pain-like 
behavior and have greater nerve demyelination compared to male 
rats. Female rats also displayed a greater response to inhibition Nav 1.8 
currents following LPA injection (O’Brien et al., 2018). Thus, it is 
possible that inhibition of LPA signalling in female CAIA mice is more 
potent than in males. Sex differences between the role of the adaptive 
immune system versus spinal microglia in pain have been reported 
(Lopes et al., 2017; Rosen et al., 2017; Sorge et al., 2015) and we 
recently found that minocycline, a microglia inhibitor, attenuates me
chanical hypersensitivity in male but not female CAIA mice (Fernandez- 
Zafra et al., 2018). However, potential sex-differences in SGC activity 
and regulation of pain have not yet been investigated. Future studies are 
warranted in order to determine if the role of LPA signalling and SGC in 
arthritis-associated pain-like behavior is subjected to sex dimorphism. 

In conclusion we have found that satellite glial cells express LPA1 in 
both human and mouse DRGs and that LPA alters SGC activity, which 
can modulate nociceptor activity. Interestingly, LPA signalling inhibi
tion reduced signs of SGC activity, α2δ1 expression and pain-like 
behavior in the inflammatory and late phases of CAIA. Thus, the main 
conclusion from this study is that LPA signalling regulates CAIA-induced 
pain-like behavior by LPA activation of SGCs via LPA1. A humanized 
antibody reported to be against LPA was well tolerated in a phase 1a 
clinical trial (NCT02341508) completed in 2016, but further develop
ment was not pursued. Regardless, this suggests that LPA signalling 
could be further developed as a therapeutic target for chronic pain. As 
persistent pain remains a problem for RA patients, new therapeutic 
strategies are needed. Interfering with LPA signalling or SGC activation 
could provide new strategies to manage RA-associated pain that is re
fractory to inflammation targeting therapies as well as pain in other 
autoimmune diseases. 
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