
Biomedicine & Pharmacotherapy 167 (2023) 115534

Available online 18 September 2023
0753-3322/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Sigma-1 receptor agonism exacerbates immune-driven nociception: Role 
of TRPV1 + nociceptors 
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A B S T R A C T   

The analgesic effects of sigma-1 antagonists are undisputed, but the effects of sigma-1 agonists on pain are not 
well studied. Here, we used a mouse model to show that the administration of the sigma-1 agonists dextrome
thorphan (a widely used antitussive drug), PRE-084 (a standard sigma-1 ligand), and pridopidine (a selective 
drug being investigated in clinical trials for the treatment of neurodegenerative diseases) enhances PGE2-induced 
mechanical hyperalgesia. Superficial plantar incision induced transient weight-bearing asymmetry at early time 
points, but the mice appeared to recover at 24 h, despite noticeable edema and infiltration of neutrophils (a well- 
known cellular source of PGE2) at the injured site. Sigma-1 agonists induced a relapse of weight bearing 
asymmetry in a manner dependent on the presence of neutrophils. The effects of sigma-1 agonists were all 
reversed by administration of the sigma-1 antagonist BD-1063 in wild-type mice, and were absent in sigma-1 
knockout mice, supporting the selectivity of the effects observed. The proalgesic effects of sigma-1 agonism 
were also abolished by the TRP antagonist ruthenium red and by in vivo resiniferatoxin ablation of TRPV1 +
peripheral sensory neurons. Therefore, sigma-1 agonism exacerbates pain-like responses in mice with a mild 
inflammatory state through the action of TRPV1 + nociceptors. We also show that sigma-1 receptors are present 
in most (if not all) mouse and human DRG neurons. If our findings translate to humans, further studies will be 
needed to investigate potential proalgesic effects induced by sigma-1 agonism in patients treated with sigma-1 
agonists.   

1. Introduction 

The sigma-1 receptor is a Ca2+-sensing and ligand-operated chap
erone that modulates several receptors and ion channels [1–3]. Both 
sigma-1 agonists and antagonists may have therapeutic utility. Sigma-1 
agonists, for instance, have antitussive properties [4]. Dextromethor
phan, a classic sigma-1 agonist [5], is a widely used over-the-counter 

cough suppressant approved by the FDA in 1958 [6]. It has a variety 
of pharmacological activities in addition to sigma-1 agonism, including 
NMDA antagonism [6], and it is believed to be a preferentially 
central-acting cough suppressant [7]. There are other more selective 
sigma-1 agonists, including PRE-084 and pridopidine. PRE-084 is widely 
used in preclinical research as a prototypic sigma-1 agonist [5,8], 
whereas pridopidine is currently being tested in phase III clinical trials 
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for two central neurodegenerative diseases: Huntington’s disease [9] 
and amyotrophic lateral sclerosis (ALS) [10]. 

Prototypic sigma-1 antagonists include BD-1063 and S1RA [1,5]. 
S1RA has shown promising results for pain treatment in phase II clinical 
trials [11]. Early studies (e.g. [12]) showed that sigma-1 antagonism 
enhances central opioid antinociception, while later studies found it to 
decrease central sensitization [3,13] (amplification of neural signaling 
in the spinal cord), which is of pivotal importance for the development 
of chronic pain [14]. Several preclinical studies have shown that 
sigma-1 antagonism decreases sensory hypersensitivity in chronic pain 
conditions, such as neuropathy, inflammation, and osteoarthritis [1,3, 
13]. Systemic administration of sigma-1 agonists enhances 
capsaicin-induced mechanical hypersensitivity (a behavioral model of 
central sensitization), suggesting that sigma-1 agonism might potentiate 
central pain pathways after priming of the nociceptive system [15]. 
Sigma-1 receptors have a prominent role in central sensory function, and 
several studies (e.g. [16] and [17]) have shown that the central (intra
thecal) administration of sigma-1 agonists induces sensory 
hypersensitivity. 

Although most studies on the relationship between sigma-1 receptors 
and pain have focused on central sites, we reported that mice had a 
much higher density of sigma-1 receptors in the dorsal root ganglion 
(DRG) (where the somas of peripheral sensory neurons are located) than 
in the dorsal spinal cord or several pain-related supraspinal areas [18]. 
These receptors are, in fact, expressed in every single peripheral sensory 
neuron [19–22]. Whether they have a similar distribution in human 
tissue is not known. The role of sigma-1 receptors in peripheral mech
anisms of nociception is much less studied. Sigma-1 receptors bind to 
and modulate the activity of TRPV1 [22], a major transducer for noxious 
stimuli [23]. We very recently reported that sigma-1 antagonism was 
able to attenuate hyperalgesia induced by peripheral sensitization, 
specifically sensory hypersensitivity induced by sensitizers of TRPV1 +
neurons, including PGE2 [22]. PGE2 is a major algogenic chemical that 
is robustly released in pain states involving inflammation such as that 
occurring during inflammatory responses to tissue injury [24]. PGE2 can 
be produced by all cell types, but epithelia, fibroblasts, and infiltrating 
inflammatory cells are the main sources [25]. In short, sigma-1 antag
onism has the potential to weaken the connection between the inflam
matory environment and TRPV1 + nociceptors. Whether sigma-1 
agonism has the opposite effect, that is exacerbation of nociception 
through TRPVI+ neurons, is unknown. 

Taking into account the above considerations, the aims of this study 
were to test whether sigma-1 agonism enhances PGE2-induced hyper
algesia and pain during inflammation subsequent to plantar incision in 
mice and to assess the involvement of TRPV1+ nociceptors in the effects 
observed. An additional aim was to study the expression of sigma-1 
receptors in human DRG tissue. This research is relevant, as several 
sigma-1 agonists are already in clinical use or are currently being 
investigated in clinical trials. 

2. Material and methods 

2.1. Experimental animals 

The experiments were performed in wild-type female CD-1 mice 
(Charles River, Barcelona, Spain) and sigma-1 knockout mice (Animal 
Experimentation Unit - CIC UGR, Granada, Spain) weighing 25–30 g 
(8–11 weeks old). The knockout mice were generated on a CD-1 back
ground as previously described [26]. We previously showed that 
sigma-1 drugs and sigma-1 knockout have the same influence on pain 
responses in different circumstances in male and female mice [22,26]. 
For the present study, the mice were housed in colony cages (10 per 
cage) in a temperature-controlled room (22 ± 2 ◦C) with an automatic 
12-h light/dark cycle (08:00–20:00). An igloo and plastic tunnel were 
placed in each cage for environmental enrichment. The mice were fed a 
standard laboratory diet and had free access to tap water until the 

beginning of the experiments. The behavioral tests were performed 
during the light phase (9:00–15:00). The mice were randomized to 
treatment groups, with testing of a balanced number of animals from 
several groups each day. Random testing was also conducted throughout 
the estrous cycle. The mice were handled in accordance with interna
tional standards (European Communities Council directive 2010/63), 
and the experimental protocols were approved by regional (Junta de 
Andalucía) and institutional (Research Ethics Committee of the Uni
versity of Granada) authorities. To minimize the number of animals 
used, the same mice were used for behavioral, hematoxylin-eosin, and 
immunostaining testing where possible. 

2.2. Administration of PGE2, drugs, and antibodies for in vivo use 

The peripheral sensitizer PGE2 (Tocris Cookson Ltd., Bristol, UK) was 
injected intraplantarly (i.pl.) into the right hindpaw in a volume of 20 µL 
using a 1710 TLL Hamilton microsyringe (Teknokroma, Barcelona, 
Spain) with a 301/2-gauge needle. The compound was dissolved in sterile 
physiological saline (0.9% NaCl). The stock solution was stored at −
20ºC and further dilutions were prepared immediately before adminis
tration to obtain the final concentrations for each experiment. Based on 
our previous study [22], intraplantar PGE2 was injected 10 min before 
the behavioral tests. 

Five sigma-1 receptor ligands were used: three agonists—PRE-084 
(2-[4-morpholinethyl]1-phenylcyclohexanecarboxylate hydrochloride), 
pridopidine (both from Tocris Cookson Ltd.), and dextromethorphan 
hydrobromide monohydrate (Sigma-Aldrich, Madrid, Spain)—and two 
selective antagonists—BD-1063 (1-[2-(3,4-dichlorophenyl)ethyl]− 4- 
methylpiperazine dihydrochloride) (Tocris) and S1RA (4-[2-[[5-methyl- 
1-(2-naphthalenyl)− 1 H-pyrazol-3-yl]oxy]ethyl] morpholine) (DC 
Chemicals, Shanghai, China) [5,9,10,27]). 

To block TRPV1 activity, the TRP channel antagonist ruthenium red 
(RR) (Tocris) [28] was administered i.pl. at a dose of 32 µg based on the 
dose-response results for anti-hyperalgesic effects with i.pl. PGE2 0.5 
nmol (Fig. S1). 

All drugs were dissolved in sterile physiological saline. To study the 
effects of systemic treatments, the drugs were injected subcutaneously 
(s.c.) into the interscapular region in a volume of 5 mL/kg. When testing 
associations between pairs of drugs, each drug was injected into a 
different area of the interscapular region. To test the effects of local 
treatments, drugs or their solvent were administered i.pl. in a volume of 
20 µL. The sigma-1 agonists and RR were administered 30 min before the 
behavioral tests. The sigma-1 antagonists were injected 5 min earlier 
(35 min before the tests). 

The doses chosen for BD-1063 (32 mg/kg, s.c. and 150 µg, i.pl.) and 
S1RA (200 µg, i.pl.) were based on our previous study [22]. 

An anti-Ly6G antibody (BE0075–1; Bio X Cell, Lebanon, NH, USA) 
was administered intraperitoneally (i.p.) at a standard dose (10 µg/0.2 
mL) to inhibit neutrophil infiltration [29]. A nonreactive isotype anti
body (BE0089; Bio X Cell) was used as a control. 

2.3. Superficial plantar incision procedure 

We chose a superficial plantar incision model to assess the effects of 
sigma-1 agonism on nociceptive behaviors, as this produces a non- 
severe lesion suitable for detecting subsequent increases in pain-like 
behaviors. The procedure was adapted from previous studies [30,31] 
reporting resolution of weight bearing asymmetry in mice as soon as 24 
h after surgical injury [31]. The mice were anesthetized with 4% iso
flurane (IsoVet®, B. Braun, Barcelona, Spain) in oxygen. Anesthesia was 
maintained with 2.5% isoflurane delivered via a nose cone during the 
procedure. The left hindpaw was prepared with 10% povidone-iodine 
and a 5-mm longitudinal incision made through the skin with a single 
stroke of a number 11 blade. The skin was opposed with two single 
sutures of Supramid 5/0 non-absorbable polyamide multifilament 
thread using a TB15-CT 19-mm needle. The sham procedure comprised 
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anesthesia and antiseptic preparation of the hindpaw, with no incision. 

2.4. Fluorescence-activated cell sorting (FACS) analysis 

Samples containing the incision site and surrounding tissue (0.6 ×
0.2 mm) were harvested 3.5 h and 24 h after plantar incision. The mice 
were euthanized by cervical dislocation and the plantar tissue dissected 
and digested with collagenase IV (1 mg mL-1, LS004188, Worthington, 
Lakewood, NJ, USA) and DNase I (0.1%, LS002007, Worthington) for 1 
h at 37 ◦C with agitation. The samples were mechanically crushed over a 
70-μm filter and refiltered into a tube with a cell strainer cap (pore size, 
35 µm). The rat anti-CD16/32 antibody (1:100, 20 min, 553141, Lot 
1293770, BD Biosciences, San José, CA, USA) was used to block binding 
of Fc-γRII (CD32) and Fc-γRIII (CD16) to IgG. The cells were incubated 
for 30 min on ice with antibodies recognizing the hematopoietic cell 
marker CD45 (1:200, clone 30-F11, 103108, Lot B266197, BioLegend, 
San Diego, CA), the myeloid marker CD11b (1:100, 101227, Lot 
B260459, BioLegend,), and the neutrophil-specific marker Ly6G (1:100, 
127617, Lot B351626, BioLegend); a viability dye (1:1000, 
65–0865–14, Lot 2330456, Thermo Fisher Scientific, Massachusetts, 
USA) was included. A gating strategy was used to identify neutrophils 
(CD45 + CD11b+ Ly6G+) and macrophages/monocytes (CD45 +
CD11b+ Ly6G-). The samples were washed three times in 2% fetal 
bovine serum (FBS)/ phosphate buffered saline (PBS) (FACS buffer) 
before and after antibody incubation. They were fixed with 2% para
formaldehyde for 20 min and on the next day assayed on a BD FACS
Canto II flow cytometer (BD Biosciences, San Jose, CA, USA). 
Compensation beads were used as compensation controls. Fluorescence 
minus one (FMO) controls were included to determine the level of 
nonspecific staining and autofluorescence associated with different cell 
subsets. All data were analyzed with FlowJo 2.0 software (Treestar, 
Ashland, OR, USA). 

2.5. Histology 

The paws were dissected and fixed with paraformaldehyde (Sigma- 
Aldrich) for 24 h at room temperature. They were then decalcified in 
Osteosoft solution (Sigma-Aldrich) for 5 days, also at room temperature. 
Next, they were dehydrated with 70% alcohol, embedded in paraffin, 
and sectioned transversally. Tissue Section (5 μm) were obtained from 
the mid-plantar region, between the two sutures (see Section 2.3), and 
stained with hematoxylin-eosin as previously described [32]. Images 
were acquired with a Nikon Eclipse 50i microscope equipped with a 
DS-Ri1 camera. 

2.6. In vivo ablation of TRPV1 + nociceptors 

Resiniferatoxin (RTX, Tocris Cookson Ltd) dissolved in vehicle (10% 
Tween 80% and 10% ethanol in physiological saline) was used as a 
molecular scalpel to selectively ablate TRPV1 + neurons. Each mouse 
received two i.p. doses of RTX (25 μg/kg per dose) on two consecutive 
days. Two doses were used to minimize distress [22]. The control group 
received a double injection with an equal volume of vehicle. To mini
mize suffering, all procedures were performed under isoflurane anes
thesia in oxygen. The initial dose for the induction of general anesthesia 
was 4% isoflurane administered for 5 min. Following the injection of 
RTX or its solvent, anesthesia was maintained for 10 min with isoflurane 
2%. Immunohistochemical staining of mouse L4 DRGs was used to 
determine treatment efficacy (see Results for details). The mice were 
returned to their housing cages for 5 days after the first i.p. injection 
(prior to the behavioral tests and sample collection). 

2.7. Immunohistochemistry 

The mice were anesthetized with 4% isoflurane in oxygen and 
perfused transcardially with 0.9% saline solution followed by 4% 

paraformaldehyde (Sigma-Aldrich). The L4 DRGs were dissected and 
post-fixed for 1 h in the same paraformaldehyde solution. The samples 
were then dehydrated and embedded in paraffin. 

Samples of human lumbar DRGs embedded in paraffin within 12–24 
h of the donor’s death were purchased from Tissue Solutions (Glasgow, 
Scotland). 

Tissue sections were cut to a thickness of 5 µm on a sliding micro
tome, mounted on microscope slides (Sigma-Aldrich), deparaffinized in 
xylol (Panreac Quimica, Castellar del Vàlles, Spain), and rehydrated 
before antigen retrieval (steam heating for 22 min with 1% citrate 
buffer, pH 8). 

The sections were incubated for 1 h in blocking solution with 5% 
normal donkey or goat serum (depending on the experiment), 0.3% 
Triton X-100, and 0.1% Tween 20 in Tris buffer solution. The slides were 
then incubated with primary antibodies in blocking solution for 1 h at 
room temperature. The primary antibodies were rabbit anti-PGP9.5 
(1:400, AB1761, Lot 3307787, Millipore, MA, USA), mouse anti- 
sigma-1 receptor (1:200, sc-137075, Lot L1018, Santa Cruz Biotech
nology, Heidelberg, Germany), and goat anti-TRPV1 (1:100, sc-12498, 
Lot F0215; Santa Cruz Biotechnology). After primary antibody incuba
tion, the sections were washed again three times for 10 min and incu
bated with the appropriate secondary antibody: Alexa Fluor-488 donkey 
anti-goat (A11055, Lot 1182671), Alexa Fluor-488 goat anti-mouse 
(A11017, Lot 1107471), or Alexa Fluor-594 goat anti-rabbit (A11012, 
Lot 2119134) (all 1:500, from Thermo Fisher Scientific). The primary 
antibody was omitted from the staining procedure in some experiments 
to test the specificity of the sigma-1 receptor antibody. Tissue sections 
were also stained with Bandeiraea simplicifolia lectin I, isolectin B4 
(IB4) conjugated with Dylight-594 (1:100, DL-1207, Lot ZG0123; Vector 
Laboratories Ltd., Peterborough, UK). The slides were incubated for 5 
min with Hoechst 33342 for nucleic acid staining (1:1000, Life Tech
nologies, Carlsbad, CA, USA) and washed three times before mounting. 
Finally, they were coverslipped with ProLong Gold Antifade mounting 
medium (Thermo Fisher Scientific). Images were acquired with a 
confocal laser-scanning microscope (Model A1, Nikon Instruments 
Europe BV, Amsterdam, Netherlands). 

2.8. Behavioral tests 

The mice were placed in the experimental room for a 1-h acclima
tization period before the behavioral tests (mechanical stimulation and 
dynamic weight bearing). Each mouse was used in one or other of these 
tests. The evaluators were blinded to the treatment groups in all cases. 

2.8.1. Assessment of mechanical hyperalgesia 
Mechanical hypersensitivity was assessed with the paw pressure test 

following a previously described protocol [22]. After the appropriate 
time following drug administration, mechanical stimulation was applied 
to the right hindpaw using the 37215 Analgesy-Meter (Ugo-Basile, 
Varese, Italy). Briefly, the mice were gently pincer grasped (using the 
thumb and index finger) by the skin above the intercapsular area. A 
blunt cone-shaped paw-presser was applied at a constant intensity of 
100 g to the dorsal surface of the hindpaw until the animal exhibited a 
struggle response. Time to response (struggle latency) was measured 
with a chronometer. The test was performed three times at 1-min in
tervals; mean struggle latency across the three trials was calculated. 

2.8.2. Assessment of changes to hindpaw weight bearing distribution in 
freely moving mice 

The Dynamic Weight Bearing Test (Bioseb, Boulogne, France) was 
used to assess changes to the weight borne by each hindpaw in freely 
moving animals using a modification of a previously described method 
[33]. Each mouse was placed in a transparent plexiglass evaluation cage 
(11 cm wide × 11 cm long × 22 cm high) with an instrumented floor 
equipped with pressure sensors. The mice were allowed to move around 
freely for 5 min while a camera recorded each movement. The video 

M.C. Ruiz-Cantero et al.                                                                                                                                                                                                                      



Biomedicine & Pharmacotherapy 167 (2023) 115534

4

recording and paw pressure prints were synchronized and analyzed 
using the software supplied (BIO-ADWB2-v2.2.6, Bioseb). Pressure 
prints were manually corrected and validated by an observer blinded to 
the treatments using the video recording images as a reference. Frames 
with unstable pressure readings due to excessive movement of the 
mouse were automatically excluded by the software. Frames in which it 
was not possible to match a pressure print to a specific body part (i.e., 
when it was not evident whether the print had been made by a paw or 
another part of the mouse, such as the tail) were manually discarded by 
the observer. 

The baseline recording was registered, the mice anesthetized, and a 
plantar incision made. To evaluate the time course of the weight bearing 
alterations after plantar incision, the mice were evaluated at 3.5 h, 24 h, 
and 48 h post-incision. The sigma-1 agonists were administered 24 h 
after incision, and their effects tested at 30 min, 60 min, and 24 h. 
Reversal of effects was tested 30 min after administration using BD- 
1063, S1RA, and sigma-1 knockout. All results were expressed as the 
ratio of weight borne by the injured paw to that borne by the non-injured 
paw (weight bearing ratio). 

2.9. Data analysis 

Data were analyzed using SigmaPlot 12.0 (Systat Software Inc., San 
Jose, CA, USA). Results are shown as the mean ± SEM of three or more 
independent experiments. Most statistical analyses were performed 
using one-way analysis of variance (ANOVA). Two-way repeated-mea
sures ANOVA was used to analyze changes to weight distribution at 
different time points after plantar incision. The Student–Newman–Keuls 
post-test was used in all cases. Differences between means were 
considered significant when P < 0.05. All values obtained were included 
in the analyses. 

3. Results 

3.1. Comparison of PGE2-induced mechanical hyperalgesia in wild-type 
and sigma-1 knockout mice 

We first explored the effects of the peripheral sensitizer PGE2 on 
struggle response latency following mechanical stimulation in wild-type 
and sigma-1 knockout mice. Responses were tested 10 min after intra
plantar injection of PGE2 or its solvent (saline control). Wild-type and 
sigma-1 knockout mice exhibited a similar (non-significantly different) 
latency (21.67 ± 1.01 vs. 21.30 ± 1.22). PGE2 (0.125–0.5 nmol) 
induced a similar dose-dependent decrease in latency (mechanical 
hyperalgesia) in mice of both genotypes (Fig. 1). Differences in struggle 
latency between mice administered the low PGE2 dose (0.125 nmol) and 
those administered solvent were non-significant in both wild-type and 
sigma-1 knockout mice (Fig. 1). The lack of sensitization observed with 
the 0.125-nmol dose was not because the evaluation time was too short, 
as no significant differences in latency were observed between wild-type 
mice evaluated at 30 and 60 min after PGE2 administration and solvent- 
treated mice (Fig. S2). The higher PGE2 dose (0.5 nmol), by contrast, 
induced pronounced, sustained hyperalgesia from 10 min to at least 60 
min post-administration, with a struggle latency of approximately 8 s 
(Fig. S2). 

3.2. Systemic administration of sigma-1 agonists enhances PGE2-induced 
mechanical hyperalgesia without altering normal mechanical sensitivity 

We studied the effects of systemically administered sigma-1 agonists 
in mice injected with a low dose of i.pl. PGE2 (0.125 nmol), which as 
shown in the previous section does not induce sensitization to me
chanical stimulation. Subcutaneous administration of the nonselective 
sigma-1 agonist dextromethorphan (8–16 mg/kg) induced a dose- 
dependent decrease in struggle latency, which was less than 10 s with 
the 16-mg/kg dose (Fig. 2A). This latency was similar to that observed 

after sensitization with the much higher dose of PGE2 0.5 nmol 
(compare Fig. 1 and S2). The effect of PGE2 (dose-dependent decrease in 
struggle latency) was replicated with the s.c. administration of the 
prototypic sigma-1 agonist PRE-084 (8–32 mg/kg) and the selective 
sigma-1 agonist pridopidine (0.125–0.25 mg/kg) (Fig. 2A). 

No changes to struggle latency were observed when the sigma-1 
agonists were administered to non-sensitized mice at doses high 
enough to markedly potentiate PGE2-induced mechanical hyperalgesia 
(16 mg/kg for dextromethorphan, 32 mg/kg for PRE-084, and 0.25 mg/ 
kg for pridopidine) (Fig. 2B). 

These results indicate that systemic sigma-1 agonism is unable to 
induce sensitization to mechanical stimulus per se, but is able to enhance 
PGE2-induced mechanical hyperalgesia. 

3.3. Hindpaw weight bearing asymmetry following plantar incision: 
effects of systemically administered sigma-1 agonists and dependence on 
neutrophil infiltration 

As PGE2 is an inflammatory mediator, we next aimed to explore the 
effects of sigma-1 agonists on a more translational model involving 
inflammation. Since inflammation is a natural response to tissue dam
age, we used the hindpaw plantar incision model. Hematoxylin-eosin 
staining of the incision site showed that the incision had cut through 
the epidermis and dermis, causing no (or minimal) injury to the fascia or 
muscle tissue, as seen in the representative images taken 3.5 h after 
incision (Fig. 3A, middle panels; compare the images for the naïve 
control in the left panels). Edema and inflammation were still present in 
the dermis and subcutaneous tissue at 24 h, with a substantial inflam
matory infiltrate, even in muscle tissue (Fig. 3A, right panels). FACS 
showed little neutrophil and macrophage/monocyte recruitment 3.5 h 
after injury. At 24 h, however, a prominent immune infiltrate composed 
mainly of neutrophils, with some macrophages/monocytes, was 
observed (Fig. 3B and C). 

We next studied nociception after injury by evaluating the ratio of 
the weight borne by the injured (ipsilateral) hindpaw to that borne by 
the non-injured (contralateral) hindpaw (weight bearing ratio). The paw 

Fig. 1. PGE2-induced effects on behavioral responses to mechanical 
stimulus in wild-type and sigma-1 knockout mice. The results represent the 
latency to struggle in response to a mechanical stimulus of 100 g in wild-type 
and sigma-1 knockout mice intraplantarly (i.pl.) injected with PGE2 
(0.125–0.5 nmol) or its solvent (control). Each bar and vertical line represents 
the mean ± SEM of the values obtained in 7–8 mice. Statistically significant 
differences between the values obtained in non-sensitized control mice and the 
other experimental groups (**P < 0.01). No significant differences were found 
between wild-type and knockout values at any of the PGE2 doses tested (two- 
way ANOVA followed by Student-Newman-Keuls test). 
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pressure prints during the baseline recording (prior to incision) were 
very similar, with a ratio of close to 1. At 3.5 h after surgery, the mice 
exhibited significant weight bearing asymmetry, manifested as a sig
nificant reduction in the ipsilateral/contralateral hindpaw weight 
bearing ratio (decreased weight on the ipsilateral paw and increased 
weight on the contralateral paw). At 24 h, the weight bearing deficits 
had returned to near-baseline levels (Fig. 3D). Mice in the sham group 
showed no significant changes in weight bearing ratio at any of the time 
points tested (Fig. 3D). 

Altogether, the above findings show that while tissue injury and 
inflammation were still observable 24 h after plantar incision, they were 
not sufficient to induce hindpaw weight bearing asymmetry. 

We then tested the effects of sigma-1 agonists and their solvents on 
hindpaw weight distribution. Evident hindpaw weight bearing asym
metry was observed at 3.5 h after surgical injury in all groups of mice 
evaluated (Fig. 4A). At 24 h, immediately before the s.c. injection of 
sigma-1 agonists or their solvents (time 0), the asymmetry had resolved, 
with a weight bearing ratio of close to 1 (Fig. 4A). The non-selective 
sigma-1 agonist dextromethorphan (16 mg/kg), the prototypic sigma-1 
agonist PRE-084 (32 mg/kg), and the selective sigma-1 agonist prido
pidine (0.25 mg/kg) were injected s.c. at doses that had induced sensi
tization to mechanical stimulation in PGE2-injected mice. All the sigma- 
1 agonists induced a significant reduction in hindpaw weight bearing 
ratios after 30–90 min. There was no evidence of asymmetry 48 h after 
surgical injury (24 h after drug administration) (Fig. 4A). Subcutaneous 
saline injection had no significant effect on weight bearing ratios during 
the 24-h test period (Fig. 4A). 

Considering that immune cells are one of the main sources of PGE2 at 
inflamed sites (see Introduction for references) and that we observed 
obvious neutrophil infiltration in our experiments, we administered an 
anti-Ly6G antibody to test the influence of neutrophil depletion on the 
proalgesic effect of PRE-084. Mice injected with i.p. anti-Ly6G 10 μg and 
control mice administered a non-reactive isotype antibody showed 
similar weight bearing asymmetry 3.5 h after plantar incision, but 
recovered near-baseline values at 24 h. Subsequent administration of s. 
c. PRE-084 (32 mg/kg) induced a relapse in weight bearing asymmetry 

in the control mice (30–90 min after injection of the isotope antibody), 
but not in the mice treated with anti-Ly6G (Fig. 4B). We also tested the 
effects of both antibodies on immune cell recruitment after plantar 
incision. The anti-Ly6G antibody induced a 72% decrease in neutrophil 
infiltration compared to the isotype control. The differences in macro
phage/monocyte recruitment were non-significant (Fig. 4C and D), 
demonstrating the selectivity of the neutrophil depletion strategy. 

In summary, the sigma-1 agonists dextromethorphan, PRE-084, and 
pridopidine were able to trigger pain-like behaviors after apparent res
olution, when post-injury inflammation and immune cell infiltration 
were still present. The presence of neutrophils at the incision site is 
essential for the proalgesic effect induced by sigma-1 agonism. 

3.4. Selectivity of the pronociceptive effects induced by systemically 
administered sigma-1 agonists 

We also tested the selectivity of the effects induced by the s.c. 
administered sigma-1 agonists dextromethorphan, PRE-084, and pri
dopidine on PGE2-induced mechanical hyperalgesia and hindpaw 
weight bearing asymmetry after surgical injury. 

We first tested the effects of combined treatment with these agonists 
and the sigma-1 antagonist BD-1063 (32 mg/kg, s.c.) on PGE2-induced 
hyperalgesia. BD-1063 alone did not modify struggle latency in the paw 
pressure test in non-sensitized mice (Fig. 5A), but when it was admin
istered in association with the sigma-1 agonists at doses capable of 
markedly enhancing the hyperalgesia induced by low-dose PGE2 (0.125 
nmol) (16 mg/kg for dextromethorphan, 32 mg/kg for PRE-084, and 
0.25 mg/kg for pridopidine), it was able to fully reverse the sensitizing 
effect of all sigma-1 agonists tested, increasing struggle latencies to 
values similar to those observed in non-sensitized control mice (Fig. 5A). 

Mice lacking the sigma-1 receptor, the purported target of the three 
sigma-1 agonists, were used to test the selectivity of the effects of these 
drugs on PGE2-induced hyperalgesia. As previously shown, wild-type 
and sigma-1 knockout mice exhibited similar responses to mechanical 
stimulation in paws injected with PGE2 0.125 nmol or its solvent 
(Fig. 5B). However, although s.c. dextromethorphan (16 mg/kg), PRE- 

Fig. 2. Systemic administration of sigma-1 agonists enhances PGE2-induced mechanical hyperalgesia. The results represent latency to struggle in response to 
a mechanical stimulus of 100 g in wild-type mice. (A) Effects of subcutaneous (s.c.) administration of dextromethorphan (DEXTRO), PRE-084 (PRE), pridopidine 
(PRIDO), or their solvent (saline) in mice sensitized with an intraplantar (i.pl.) injection of a low dose of PGE2 (0.125 nmol). (B) Absence of effect in non-sensitized 
mice (mice not treated with i.pl. PGE2). (A and B) Each bar and vertical line represents the mean ± SEM of the values obtained in 6–8 mice. (A) Statistically sig
nificant differences between the values obtained in non-sensitized control mice (white bar) and the other experimental groups (**P < 0.01) and between values 
obtained in PGE2-sensitized wild-type mice administered the sigma-1 agonists (blue, red and green bars) or their solvent (black bar) (##P < 0.01) (one-way ANOVA 
followed by Student-Newman-Keuls test). (B) There were no significant differences between the values obtained in non-sensitized mice treated with the sigma-1 
agonists or their solvents (one-way ANOVA followed by Student-Newman-Keuls test). 
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084 (32 mg/kg), and pridopidine (0.25 mg/kg) markedly enhanced 
PGE2-induced hyperalgesia and significantly decreased struggle latency 
in wild-type mice, none of these agonists altered behavioral responses in 
PGE2-injected sigma-1 knockout mice (Fig. 5B). This absence of effect in 
mice lacking sigma-1 receptors suggests that off-target effects do not 
contribute to the potentiation of PGE2-induced hyperalgesia by these 
drugs. 

We then tested the selectivity of the effects induced by the sigma-1 
agonists on weight bearing asymmetry after plantar incision using the 
same strategies as above. The experiments were performed 24 h after 
superficial plantar incision, when as described in the section above, mice 
had recovered a weight bearing ratio of close to 1; subsequent s.c. 
administered dextromethorphan (16 mg/kg), PRE-084 (32 mg/kg), and 
pridopidine (0.25 mg/kg) induced a relapse in weight bearing asym
metry. Subcutaneous BD-1063 did not modify the weight bearing ratio 
in the control (non-injured) mice, but it fully reversed the weight 
bearing asymmetry induced by the sigma-1 agonists (Fig. 5C). When we 
compared wild-type and sigma-1 knockout mice, we found no signifi
cant differences in the weight bearing ratios of sham mice and those 
subjected to plantar incision 24 h before evaluation in mice of either 
genotype. Finally, although the sigma-1 agonists induced weight 
bearing asymmetry in wild-type mice, they were unable to alter the 
weight bearing ratio in sigma-1 knockout mice (Fig. 5D). 

The above results support the selectivity of the effects induced by the 
sigma-1 agonists on both PGE2-induced hyperalgesia and hindpaw 
weight bearing asymmetry during inflammation-associated tissue 
damage. 

3.5. Expression of sigma-1 receptors in mouse and human DRG 

We analyzed expression of sigma-1 receptors in DRG by immuno
histochemical staining. DRG neurons were first identified using the pan- 
neuronal marker PGP9.5. Sigma-1 receptor immunoreactivity was 
detected in most (if not all) PGP9.5 + DRG cells, indicating that both 
markers label an overlapping cell population (DRG neurons). The 
staining patterns in the neuronal bodies, however, were different: most 
neurons contained a central round area that was completely devoid of 
sigma-1 receptor staining but showed intense PGP9.5 expression 
(Fig. 6A, top panels). Higher-magnification photomicrographs showed 
that this area clearly overlapped with the area expressing Hoechst 33342 
(Fig. 6A, middle panels). Because Hoechst 33342 labels the cell nuclei, 
these findings indicate that sigma-1 receptors are not present in this 
location. Sigma-1 receptor immunostaining was not observed in DRG 
sections when the sigma-1 receptor primary antibody was omitted 
(Fig. 6A, bottom panels), supporting the specificity of the antibody used. 

Staining for PGP9.5 and the sigma-1 receptor in human DRG samples 
yielded similar results, with sigma-1 staining visible in virtually all the 
PGP9.5 + cells although not present in the neuronal nuclei (Fig. 6B, top 
and middle panels). The human DRG neurons were notably larger than 
the mouse neurons (compare Fig. 6A and B). In contrast to findings for 

the mouse samples, the sigma-1 receptor antibody labeled some small 
extraneuronal particles in the human samples (Fig. 6B top and middle 
panels). Omission of the primary sigma-1 receptor antibody in the 
staining procedure resulted in a complete loss of sigma-1-like staining in 
PGP9.5 + cells, but preserved extraneuronal staining (Fig. 6B bottom 
panels). These results support the specificity of sigma-1 staining in 
human sensory neurons and also indicate that the extraneuronal label
ing detected is due to nonspecific staining during the procedure. 

Altogether, our results show that sigma-1 receptors are markedly 
present in both mouse and human peripheral sensory neurons. 

3.6. Involvement of TRPV1 + nociceptors in the pronociceptive effects of 
sigma-1 agonism 

We also tested whether the pronociceptive effects of sigma-1 ago
nism were mediated by TRPV1 + peripheral sensory neurons. Staining 
for TRPV1 and IB4 showed minimal or no overlap in DRG neurons from 
intact mice (see top panels of Fig. 7A for representative images). 
Treatment with the molecular scalpel RTX abolished TRPV1 but not IB4 
expression (Fig. 7A, bottom panels), confirming the specificity of the 
ablation procedure. 

We next studied the effects of in vivo RTX ablation of 
TRPV1 + neurons on the effects of sigma-1 agonists. Ablation did not 
affect struggle latencies in mice injected with the low dose of i.pl. PGE2 
(0.125 nmol) or its solvent. Of note, s.c. administration of sigma-1 ag
onists (dextromethorphan 16 mg/kg, PRE-084 32 mg/kg, or pridopidine 
0.25 mg/kg) did not enhance PGE2-induced sensitization to the me
chanical stimulus in mice treated with RTX; this result contrasts with the 
marked decrease in struggle response latency observed in PGE2- 
sensitized mice treated with solvent of this molecular scalpel (Fig. 7B). 

We also explored whether TRPV1 + neurons were responsible for the 
effects of sigma-1 agonists on weight bearing asymmetry after plantar 
incision. As above, the experiments were performed 24 h after plantar 
incision, which is when the mice appeared to recover normal weight 
distribution on the injured and non-injured hindpaws. Subcutaneous 
treatment with the sigma-1 agonists dextromethorphan (16 mg/kg), 
PRE-084 (32 mg/kg), and pridopidine (0.25 mg/kg) caused weight 
bearing asymmetry to reappear. Ablation of TRPV1 + neurons with 
RTX, however, did not induce any changes in weight bearing ratios in 
mice that underwent plantar incision or control mice (sham procedure 
and solvents). It did, however, fully prevent the sensitizing effect of all 
three sigma-1 agonists on weight bearing asymmetry (Fig. 7C). 

These results suggest that sigma-1 agonists need TRPV1 + afferents 
to potentiate both PGE2-induced hyperalgesia and hindpaw weight 
bearing asymmetry after surgical injury. 

3.7. The effect of sigma-1 agonism is exerted at sensitized sites 

As the pronociceptive effect of the systemically administered sigma-1 
agonists depended on the presence of TRPV1 + neurons, we 

Fig. 3. Time course of changes in hindpaw weight bearing ratio, immune cell recruitment, and histological findings after plantar incision. (A) Repre
sentative pictures of paws from uninjured (naïve) mice and injured mice 3.5 h and 24 h after plantar incision and corresponding photomicrographs of hematoxylin- 
eosin–stained paw sections from the mid-plantar region. Scale bar is 500 µm in the upper panels, 100 µm in the middle panels, and 50 µm in the bottom panels. The 
middle and bottom panels show details of the boxed areas in the top and middle panels, respectively. The relevant structures are labeled in the middle panels for 
clarity (e, epidermis; d, dermis; sc, subcutaneous tissue; m, muscle tissue). Note the increase in thickness of d and sc at 3.5 h and 24 h after incision and the in
flammatory infiltrate in sc and m at 24 h after incision. (B) Representative FACS diagrams with gating from CD45+ cells showing an increase in neutrophils 
(CD11b+Ly6G+) and to a lesser extent macrophages/monocytes (CD11b+Ly6G-) in the paw 24 h after incision. Gating for neutrophil and macrophage/monocyte 
quantification is shown in black and gray rectangles, respectively. (C) Quantification of neutrophils and macrophages/monocytes with respect to number of living 
cells in paw samples from naïve mice and mice that underwent plantar incision. Each bar and vertical line represents the mean ± SEM of the values obtained in 5 
samples per group, with each sample taken from a single animal. Statistically significant differences between the values obtained for each cell type in samples from 
naïve mice and the other experimental groups (**P < 0.01) (one-way ANOVA followed by Student-Newman-Keuls test). (D) The results represent the ratio between 
the weight borne by the ipsilateral (ipsi) and the contralateral (contra) paw to the incision before surgery and at 3.5 h, 24 h, and 48 h after incision (or the sham 
procedure) in wild-type mice. Each point and vertical line represents the mean ± SEM of the values obtained in 7 animals per group. Statistically significant dif
ferences between baseline and post-incision values (**P < 0.01) and between the values from sham and injured mice evaluated at the same time points after the 
procedure (##P < 0.01) (two-way repeated-measures ANOVA followed by Student-Newman-Keuls test). 
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investigated whether local (intraplantar) administration of the TRP 
antagonist RR at the sensitized site would be sufficient to reverse the 
PGE2-induced mechanical hyperalgesia potentiated by sigma-1 ago
nism. An RR dose of just 32 µg administered at the site injected with 
PGE2 (0.125 nmol) fully reversed this hyperalgesia in mice administered 
s.c. PRE-084 (32 mg/kg). The effect was exerted locally, at the injection 
site, as no effects were observed when RR was injected into the paw 
contralateral to PGE2 injection (Fig. 8A). These results suggest that TRP 
activation at the PGE2-sensitized site is needed for systemically 

administered PRE-084 to exert its prohyperalgesic effect. We then 
explored the participation of sigma-1 receptors at the PGE2-sensitized 
site in the prohyperalgesic effects induced by the systemic administra
tion of PRE-084. Injection of the sigma-antagonists BD-1063 (150 µg) 
and S1RA (200 µg) into the PGE2-injected paw showed that local sigma- 
1 antagonism at the sensitized site was able to abolish the prohyper
algesic effect of systemic sigma-1 agonism. Again, this effect was pro
duced locally since sigma-1 antagonists were devoid of effect when 
administered in the paw contralateral to PGE2 injection (Fig. 8A). Since 

Fig. 4. Systemic administration of sigma-1 agonists induces relapse of hindpaw weight bearing asymmetry after plantar incision in wild-type mice 
through the actions of neutrophils. (A and B) Weight bearing ratio of injured ipsilateral (ipsi) paw to contralateral (contra) paw in wild-type mice (A) injected 
subcutaneously (s.c.) with dextromethorphan (DEXTRO), PRE-084 (PRE), pridopidine (PRIDO), or their solvents and (B) injected intraperitoneally (i.p.) with the 
anti-Ly6G antibody (10 μg) or the isotype control 24 h before plantar incision and injected s.c. with PRE 24 h after incision. Hindpaw weight bearing was recorded 
before plantar incision (basal) and 3.5 h after injury. The next day, they were evaluated immediately before administration of sigma-1 agonists (0 min) and at 30 min, 
90 min, and 24 h after drug injection. (C) Representative FACS diagrams, with gating from CD45 + cells, showing neutrophils (CD11b+Ly6G+) and macrophages/ 
monocytes (CD11b+Ly6G-) in uninjured (sham) mice and mice injected with anti-Ly6G or the isotype control 24 h after plantar incision. Gating for neutrophils and 
macrophage/monocytes is shown in black and gray rectangles, respectively. (D) Quantification of neutrophils and macrophages/monocytes with respect to number of 
living cells in the paws of sham mice and anti-Ly6G/isotype control–treated mice at 24 h after incision. (A and B). Each point and vertical line represents the mean 
± SEM of the values obtained in 7–9 mice. Statistically significant differences between baseline and other values (*P < 0.05, **P < 0.01), between values obtained 
before drug administration (0 min) and afterwards (#P < 0.05 ## P < 0.01), between mice treated with the drugs or saline, and between mice treated with anti- 
Ly6G or the isotype control (††P < 0.01) (two-way repeated-measures ANOVA followed by Student-Newman-Keuls test). (D) Each bar and vertical line represents the 
mean ± SEM of the values obtained in 5 samples per group, with each sample taken from a single animal. Statistically significant differences between the number of 
neutrophils and macrophages/monocytes in sham mice and the other experimental groups (*P < 0.05, **P < 0.01) and between the number of neutrophils in mice 
treated with anti-Ly6G or the isotype control (## P < 0.01). There were no statistical differences between the number of macrophages/monocytes in mice treated 
with anti-Ly6G or the isotype control (one-way ANOVA followed by Student-Newman-Keuls test). 
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these results pointed to a relevant role for sigma-1 receptors at the 
sensitized site, we tested whether the administration of PRE-084 at the 
PGE2-injected site would be sufficient to potentiate mechanical hyper
algesia. We found that i.pl. administration of PRE-084 (50–75 µg) at the 
PGE2-injected site dose-dependently decreased struggle latency during 
mechanical stimulation. These effects were mediated locally and were 
not observed when PRE-084 (75 µg) was injected into the paw contra
lateral to PGE2 injection (Fig. 8B). Altogether, these results suggest that 
peripheral sigma-1 receptors at the sensitized site play a relevant role in 
the potentiation of PGE-induced mechanical hyperalgesia, which also 
depends on local TRP activation. 

Finally, we tested the effects of i.pl. injection of RR (32 µg), BD-1063 
(150 µg), S1RA (200 µg), and PRE-084 (75 µg) in non-sensitized mice, 
and found that none of these treatments modified struggle latency 
(Fig. 8C). Our results, therefore, suggest that peripheral TRPs and sigma- 
1 receptors only influence response to mechanical stimulation during 
sensitizing conditions. 

4. Discussion 

In this study, we have shown that sigma-1 agonism enhances PGE2- 

induced hyperalgesia and post-incisional pain. 
Systemic administration of dextromethorphan does not per se induce 

mechanical hypersensitivity, but it does increase mechanical hyper
algesia induced by a low, otherwise inactive, dose of PGE2. The dex
tromethorphan doses used in the present study are lower than those used 
to investigate antitussive effects in rodents (e.g. [34]). Sigma-1 agonism 
is thought to contribute to the antitussive effects of dextromethorphan 
[5,6], but this compound has several pharmacological properties [6] 
that could potentially contribute to its antitussive and prohyperalgesic 
effects. Importantly, the effects of dextromethorphan were replicated by 
the selective sigma-1 agonists PRE-084 and pridopidine [8–10]. 

Changes to hindpaw weight distribution were observed in the im
mediate postoperative period (3.5 h after plantar incision), with a 
reduction in the weight borne by the injured limb and an increase in that 
borne by the non-injured contralateral limb. The incision was sufficient 
to induce robust behavioral effects without causing severe deep tissue 
injury. The weight bearing asymmetry was no longer evident at 24 h, 
supporting previous reports which also used a superficial incision [31]. 
Despite this, the incision had not fully healed, as inflammation and 
prominent neutrophil recruitment were still evident at the incision site. 
Systemic administration of the three sigma-1 agonists at this time 

Fig. 5. Selectivity of effects induced by systemic administration of sigma-1 agonists on PGE2-induced mechanical hyperalgesia and on hindpaw weight 
bearing asymmetry after plantar incision. (A and C) The sigma-1 antagonist BD-1063 (BD) reversed the effects of sigma-1 agonists on (A) mechanical hyperalgesia 
induced by intraplantar (i.pl.) injection of PGE2 and on (C) hindpaw weight bearing asymmetry 24 h after plantar incision in wild-type mice. The mice were 
subcutaneously (s.c.) treated with BD or its solvent alone or in combination with s.c. dextromethorphan (DEXTRO), PRE-084 (PRE), pridopidine (PRIDO), or their 
solvents. (B and D) Comparison of pronociceptive effects of sigma-1 agonists in wild-type and sigma-1 knockout mice on (B) PGE2-induced mechanical hyperalgesia 
and on (D) hindpaw weight bearing asymmetry 24 h after plantar incision. (A-D) Each bar and vertical line represents the mean ± SEM of the values obtained in 6–8 
mice. Statistically significant differences between the values obtained in non-sensitized control wild-type mice (left white bars) and the other experimental groups 
(*P < 0.05, **P < 0.01). (A and C) Statistically significant differences between the values obtained in sensitized wild-type mice injected with PGE2 or subjected to 
paw incision (black bars) administered sigma-1 agonists or their solvent (##P < 0.01) and between the values obtained in sensitized wild-type mice administered the 
sigma-1 agonist in combination with BD or its solvent (††P < 0.01). (B and D) Statistically significant differences between the values obtained in wild-type animals 
injected with PGE2 or subjected to paw incision (black bars) administered the sigma-1 agonists or their solvent (#P < 0.05, ##P < 0.01) and between the effects of 
sigma-1 agonists administered to wild-type and sigma-1 knockout mice (†P < 0.05; ††P < 0.01) (one-way ANOVA followed by Student-Newman-Keuls test). 
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induced similar pain-like behaviors to those seen in the immediate 
postoperative period (shift of body weight toward the non-injured limb). 
This pronociceptive effect of sigma-1 agonism was shown to be fully 
dependent on the presence of neutrophils at the injured site, suggesting 
that factors released by these immune cells (and not by other cells such 
as epithelia and fibroblasts) were responsible for the weight bearing 
asymmetry induced by sigma-1 agonism. PGE2 is one of the major 
algogenic chemicals produced by neutrophils [35]. Considering the 
enhancement of the PGE2-induced hyperalgesia observed, it could be 
speculated that the effects of sigma-1 agonists on weight bearing 
asymmetry are (at least partially) due to enhancement of the pronoci
ceptive effects of neutrophil-derived PGE2. Neutrophils, however, are 
able to produce other proalgesic substances [36] that might also 
participate in the proalgesic effects of sigma-1 agonism. Further studies 
are needed to fully unveil the effects of sigma-1 agonism on a more 
complete repertoire of immune cell–derived peripheral sensitizers. 

While the decrease in struggle latency observed in the paw pressure 
test during the experiments with PGE2 is clearly linked to hyperalgesia, 
the significance of weight bearing asymmetry is not so clear. While 
weight bearing changes may reflect spontaneous or pressure-evoked 

pain (in this case contact between the injured limb and the floor), 
they might also reflect pain avoidance behavior, since pain anticipation 
may lead to motor control changes and avoidance of activities that could 
induce or aggravate existing pain (such as placing weight on an injured 
limb) [37,38]. There are also important methodological differences 
between the paw pressure and weight bearing tests. Paw pressure tests 
are short (typically 10–20 s) and require the mice to be held by the 
experimenter, an additional stressor. Hindpaw weight bearing tests, by 
contrast, take place over several minutes, assessing therefore sustained 
postural changes, and are performed in freely moving mice. Another 
obvious difference between the tests is that in the paw pressure test, the 
mice were sensitized with an intraplantar injection of a single inflam
matory mediator (PGE2), whereas in the weight bearing test, they un
derwent plantar incision leading to subsequent incision site 
inflammation. Despite the differences in the pain stimuli and method
ologies used, our findings show that dextromethorphan, PRE-084, and 
pridopidine all exerted proalgesic effects in both experimental condi
tions, supporting the robustness of the effects induced by these sigma-1 
agonists. 

Two of our findings indicate that the pronociceptive effects induced 

Fig. 6. The sigma-1 receptor is selectively 
present in mouse and human DRG neurons. 
Representative images showing labeling with 
the pan-neuronal marker PGP9.5 (magenta), 
the sigma-1 receptor (Sigma-1R, green), and 
Hoechst 33342 (Hoechst) (blue) in samples 
from (A) an L4 DRG from intact mice and (B) a 
human lumbar DRG. The top and bottom panels 
show low-magnification images of experiments 
performed in the presence (top) or absence 
(bottom) of the sigma-1 receptor primary anti
body. The middle panels show a higher- 
magnification view of the areas squared in the 
top panels. Scale bar is 100 µm.   
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by the sigma-1 agonists tested—both the selective agonists PRE-084 and 
pridopidine and the non-selective agonist dextromethorphan—are 
mediated by sigma-1 receptors. On the one hand the effects of the ag
onists were reversed by the known sigma-1 antagonist BD-1063 and on 
the other, none of the agonists were able to induce pronociceptive effects 
in mice lacking sigma-1 receptors, their purported pharmacological 
target. 

There are some discrepancies between the effects of pharmacological 
and genetic inhibition of sigma-1 receptors. In a previous study, we 
reported that sigma-1 antagonism abolished PGE2-induced hyperalgesia 
[22], but in this study we show that sigma-1 knockout mice exhibited 
the same PGE2-induced hyperalgesia as wild-type mice. This is not the 
first report of conflicting results of this type in sigma-1 receptor 

research. While some studies have shown that sigma-1 antagonists can 
abolish inflammatory and neuropathic heat hyperalgesia [27,39,40] and 
potentiate opioid-induced antinociception to heat stimulus (e.g. [41, 
42]), others have shown that the effects of sigma-1 antagonists are not 
replicated in sigma-1 knockout mice and that these exhibit similar 
behavioral responses to wild-type mice in these situations [39,40,42, 
43]. One proposed explanation is the development of compensatory 
mechanisms in the heat pain pathways of sigma-1 knockout mice [39, 
40]. Although we tested PGE2-induced hyperalgesia to mechanical 
stimulus in this study, it should be noted that this form of sensory hy
persensitivity is fully dependent on the sensitization of TRPV1 + per
ipheral sensory neurons [22], which while needed for mechanical 
hyperalgesia in this context, normally code for heat stimulus [44]. It 

Fig. 7. Effects of in vivo ablation of TRPV1 þ neurons on the effects induced by sigma-1 agonists on PGE2-induced mechanical hyperalgesia and hindpaw 
weight bearing asymmetry after plantar incision. Wild-type mice were injected intraperitoneally (i.p.) with resiniferatoxin (RTX, 25 μg/kg) or its vehicle on 2 
consecutive days 5 days before sample collection or behavioral experiments. (A) Double labeling of TRPV1 (magenta) and IB4 (green) in L4 DRG. Top panels: samples 
from vehicle-treated mice (control). Bottom panels: samples from mice treated with RTX. Scale bar is 100 µm. (B) The results represent latency to struggle in response 
to a mechanical stimulus of 100 g in mice administered subcutaneously (s.c.) with the sigma-1 agonists dextromethorphan (DEXTRO), PRE-084 (PRE), pridopidine 
(PRIDO), or their solvent, and injected intraplantarly (i.pl.) with PGE2 (0.125 nmol) or its solvent. (C) The results represent the ratio between the weight borne by the 
ipsilateral (ipsi) and the contralateral (contra) hindpaw to the incision in wild-type mice administered the s.c. sigma-1 agonists or their solvent. Behavioral responses 
were evaluated 24 h after plantar incision. (B and C) Each bar and vertical line represents the mean ± SEM of the values obtained in 6–8 mice. Statistically significant 
differences between the values obtained in non-sensitized control animals (left white bars) and the other experimental groups (**P < 0.01), between the values 
obtained in sensitized mice injected with PGE2 or subjected to paw incision (black bars) and administered the sigma-1 agonists or their solvents (##P < 0.01), and 
between sensitized animals administered the sigma-1 agonists and injected with RTX or its vehicle (††P < 0.01 (one-way ANOVA followed by Student-Newman- 
Keuls test). 
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could thus be hypothesized that this compensatory mechanism might 
modulate the effects of sigma-1 receptors on TRPV1 + sensory neurons. 

Our findings also show strikingly similar sigma-1 receptor immu
nostaining patterns in mouse and human DRG samples, with reactivity 
detected in most (if not all) peripheral sensory neurons. TRPV1 is 
expressed in DRGs by peptidergic C neurons, which constitute a distinct 
cellular population in mice, with virtually no overlap with non- 

peptidergic C neurons, which can be labeled with IB4, as reported 
here and elsewhere [22,45]. We showed that in vivo ablation of 
TRPV1 + neurons abolished the effect of sigma-1 agonists on the 
potentiation PGE2-induced mechanical hyperalgesia and in the relapse 
of weight bearing asymmetry 24 h after plantar incision. These sensory 
neurons are thus necessary for the pronociceptive effects of sigma-1 
agonism in both circumstances. The enhancement of PGE2-induced 

Fig. 8. Effects of the local administration of sigma-1 drugs and the TRP antagonist ruthenium red on PGE2-induced mechanical hyperalgesia. Struggle 
latencies evoked by a mechanical stimulus of 100 g in wild-type mice treated intraplantarly (i.pl.) with PGE2 (0.125 nmol) or its solvent. (A) Mice were injected 
subcutaneously (s.c.) with the sigma-1 agonist PRE-084 (PRE) and i.pl. with the sigma-1 antagonists BD-1063 (BD) or S1RA, or the TRP antagonist RR, or their 
solvents, in the paw ipsilateral (ipsi) and contralateral (contra) to the PGE2 injection. Mechanical stimulation was performed in the ipsi paw. (B) Mice were i.pl. 
injected with PRE in the paw ipsilateral or contralateral to the PGE2 injection. Mechanical stimulation was performed in the ipsi paw. (C) Absence of effect of i.pl. RR, 
BD, S1RA, and PRE in non-sensitized mice. (A-C) Each bar and vertical line represents the mean ± SEM of the values obtained in 6–8 mice. (A and B) Statistically 
significant differences between the values obtained in non-sensitized control animals (white bars) and the other experimental groups (**P < 0.01) and between the 
values obtained in sensitized wild-type mice injected with PGE2 (black bars) and administered PRE or its solvent (##P < 0.01). (A) Statistically significant dif
ferences between PGE2-sensitized animals administered PRE alone or in combination with BD, S1RA, or RR (††P < 0.01). (C) There were no significant differences 
between the values obtained in non-sensitized mice treated with any of the i.pl. drugs or their solvents (one-way ANOVA followed by Student-Newman-Keuls test). 
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hyperalgesia produced by the systemic administration of PRE-084 was 
abolished not only by administration of the standard TRP antagonist RR 
in the sensitized paw but also by the local administration of two different 
sigma-1 antagonists: BD-1063 and S1RA. Hyperalgesia was thus due to 
simultaneous TRP and sigma-1 activation at the sensitized site. In fact, 
locally administered PRE-084 at the PGE2-injected site was sufficient to 
significantly enhance hyperalgesia. Our results suggest that peripheral 
sigma-1 receptors play a prominent role in the pronociceptive actions of 
sigma-1 agonists. Just one previous report investigating the pronoci
ceptive role of peripheral sigma-1 agonists showed that locally (intra
plantarly) injected PRE-084 enhanced allodynia induced by activation 
of acid-sensing ion channels and purinergic P2X receptors [46]. Inter
estingly, both these targets are minimally present or even absent in 
mouse TRPV1 + neurons [45,47]. We and others have shown that 
sigma-1 receptors can bind to [22,48] and modulate TRPV1 activity 
[22], possibly explaining why the effects induced by sigma-1 agonism in 
this study were dependent on TRPV1. 

Dextromethorphan is a widely used antitussive agent found in most 
over-the-counter cough-suppressing drugs [6]. Considering that more 
than 300 million people worldwide undergo surgery each year [49], it 
would not be unusual for some patients to be taking this drug at the time 
of surgery. Clinical studies investigating the influence of dextrome
thorphan on immediate post-operative pain have reported conflicting 
results, with some finding no apparent effect (e.g. [50,51]) and others 
reporting analgesic effects, purportedly attributable to NMDA antago
nism (e.g. [52,53]). To our knowledge, no studies have examined the 

effects of dextromethorphan in the late postoperative recovery phase, 
when (according to our findings) it might enhance pain due to residual 
inflammation secondary to tissue injury and repair. It would be inter
esting to carry out a retrospective study examining associations between 
dextromethorphan treatment and postoperative pain duration. We also 
tested the selective sigma-1 agonists PRE-084 and pridopidine. PRE-084 
is a prototypic sigma-1 agonist used in most preclinical sigma-1 receptor 
studies (e.g. [8]). It is far from being used in clinical settings. Pridopi
dine, by contrast, is currently being investigated for the treatment of 
Huntington’s disease [9] and ALS [10] in clinical trials. Pain is very 
common in both diseases [54,55]. While they are eminently central 
nervous system disorders, blood from patients with Huntington’s disease 
shows increased inflammatory markers (such as C-reactive protein and 
IL-6) indicating peripheral inflammation [56]. A peripheral inflamma
tory component has also been described in ALS, and it might affect 
sensory neurons [57]. It could, therefore, be worth monitoring pain 
levels in patients with these diseases being treated with pridopidine in 
clinical trial settings. A similar recommendation could be made for other 
sigma-1 agonists, such as blarcamesine (ANAVEX2–73), which is 
currently being investigated in clinical trials for its potential to treat 
other neurodegenerative diseases, such as Alzheimer’s disease, Rett 
syndrome and Parkinson’s disease [58]. All these diseases cause pain 
[59–61] and, according to recent findings, involve a peripheral in
flammatory response [62–64]. 

Fig. 9. Proposed mechanism for the proalgesic actions of sigma-1 agonism during a mild inflammatory reaction. (Upper panels) Neutrophilic inflammation is 
present 24 h after plantar incision. (A) Under normal conditions, the mice appear to recover from the pain induced by the surgical procedure performed 24 h earlier. 
(B) However, in the presence of a sigma-1 agonist, the mice once again exhibit pain-like behavior due to the enhancement of the effects of proalgesic mediators such 
as PGE2 released by immune cells, which recruit the actions of TRPV1 + peripheral sensory neurons. 
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5. Conclusions 

This study shows that the sigma-1 receptor is present in human and 
mouse DRG neurons and that sigma-1 agonism exacerbates pain-like 
responses in mice with mild inflammatory changes. The mechanism 
underlying the pronociceptive effects of sigma-1 agonism involves 
enhancement of the sensitizing actions of algogenic chemicals such as 
PGE2 that are released by immune cells and able to sensitize 
TRPV1 + nociceptors (Fig. 9A and B). Whether or not this potentiation 
of immune-driven pronociceptive effects by sigma-1 agonism also occurs 
in humans, either in medical practice or clinical trials, is unknown, but 
may merit further clinical investigation. 
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M.C. Ruiz-Cantero and M.Á. Huerta were supported by the Training 
University Lecturers Program (FPU16/03213 and FPU21/02736, 
respectively) of the Spanish Ministry of Economy and Competitiveness 
(MINECO). M. Santos-Caballero was supported by the Predoctoral 
Research Program of the Spanish Ministry of Science and Innovation 
(FPI, PRE2020-096203). This study was partially supported by the 
University of Granada (grant number PPJIB2019.11), the Spanish State 
Research Agency (10.13039/501100011033) under the auspices of 
MINECO (grant number PID2019-108691RB-I00), the Andalusian 
Regional Government (grant CTS-109), and the European Regional 
Development Fund. We thank Ana Santos Carro, Mohamed Tassi 
Mzanzi, and Sara Moreno San Juan for their technical support with 
confocal microscopic image acquisition, Gustavo Ortíz Ferrón for his 
technical support in the FACs experiments, Vanessa Blanca Benito for 
her technical support in the histological techniques, Pablo Huerta 
Martínez for his help with graphic design, and A. Murray for improving 
the use of English in the manuscript. This research was done in partial 
fulfilment of the requirements for the doctoral thesis of M.C. Ruiz- 
Cantero. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 

online version at doi:10.1016/j.biopha.2023.115534. 

References 
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R. González-Cano, M.C. Ruiz-Cantero, J.M. Penninger, J.M. Vela, J.M. Baeyens, E. 
J. Cobos, Sigma-1 receptors control immune-driven peripheral opioid analgesia 
during inflammation in mice, Proc. Natl. Acad. Sci. USA 114 (2017) 8396–8401, 
https://doi.org/10.1073/PNAS.1620068114/SUPPL_FILE/PNAS.201620068SI. 
PDF. 

[30] J. Xu, T.J. Brennan, Comparison of skin incision vs. skin plus deep tissue incision 
on ongoing pain and spontaneous activity in dorsal horn neurons, Pain 144 (2009) 
329–339, https://doi.org/10.1016/J.PAIN.2009.05.019. 

[31] F. Lu, J. Kato, T. Toramaru, M. Sugai, M. Zhang, H. Morisaki, Objective and 
quantitative evaluation of spontaneous pain-like behaviors using dynamic weight- 
bearing system in mouse models of postsurgical pain, J. Pain. Res 15 (2022) 
1601–1612, https://doi.org/10.2147/JPR.S359220. 
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