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Abstract
The mechanisms for neuropathic pain amelioration by sigma-1 receptor inhibition are not fully understood. We studied 
genome-wide transcriptomic changes (RNAseq) in the dorsal root ganglia (DRG) from wild-type and sigma-1 receptor 
knockout mice prior to and following Spared Nerve Injury (SNI). In wildtype mice, most of the transcriptomic changes 
following SNI are related to the immune function or neurotransmission. Immune function transcripts contain cytokines and 
markers for immune cells, including macrophages/monocytes and CD4 + T cells. Many of these immune transcripts were 
attenuated	by	 sigma-1	knockout	 in	 response	 to	SNI.	Consistent	with	 this	we	 found,	using	flow	cytometry,	 that	 sigma-1	
knockout mice showed a reduction in macrophage/monocyte recruitment as well as an absence of CD4 + T cell recruit-
ment in the DRG after nerve injury. Sigma-1 knockout mice showed a reduction of neuropathic (mechanical and cold) 
allodynia and spontaneous pain-like responses (licking of the injured paw) which accompany the decreased peripheral 
neuroinflammatory	response	after	nerve	injury.	Treatment	with	maraviroc	(a	CCR5	antagonist	which	preferentially	inhibits	
CD4 + T cells in the periphery) of neuropathic wild-type mice only partially replicated the sigma-1 knockout phenotype, as 
it did not alter cold allodynia but attenuated spontaneous pain-like responses and mechanical hypersensitivity. Therefore, 
modulation of peripheral CD4 + T cell activity might contribute to the amelioration of spontaneous pain and neuropathic 
tactile	 allodynia	 seen	 in	 the	 sigma-1	 receptor	 knockout	mice,	 but	 not	 to	 the	 effect	 on	 cold	 allodynia.	We	conclude	 that	
sigma-1	receptor	inhibition	decreases	DRG	neuroinflammation	which	might	partially	explain	its	anti-neuropathic	effect.

Keywords	 Sigma-1	receptor	·	Neuropathic	pain	·	Neuroinflammation	·	T	cell	·	Macrophage	·	Artificial	intelligence

Received: 20 December 2023 / Accepted: 5 August 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Sigma-1 Receptors Control Neuropathic Pain and Peripheral 
Neuroinflammation After Nerve Injury in Female Mice: A 
Transcriptomic Study

M. Carmen Ruiz-Cantero1,2,3 · José M. Entrena2,3,8 · Antonia Artacho-Cordón1,2,3 · Miguel Á. Huerta1,2,3 · 
Enrique Portillo-Salido4 · Francisco R. Nieto1,2,3 · José M. Baeyens1,2,3 · Michael Costigan5,6 ·  
Rafael González-Cano1,2,3 · Enrique J. Cobos1,2,3,7

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11481-024-10144-8&domain=pdf&date_stamp=2024-8-10


Journal of Neuroimmune Pharmacology           (2024) 19:46 

Introduction

Sigma-1 receptor is a Ca2+-sensing chaperone with an 
important modulatory role in pain neurotransmission. Spe-
cifically,	 sigma-1	 receptors	 are	 considered	 a	 promising	
target for the treatment of neuropathic pain (Merlos et al. 
2017; Ruiz-Cantero et al. 2021).	The	anti-neuropathic	effect	
of sigma-1 receptor inhibition is classically attributed to 
a	decrease	 in	 sensory	amplification	within	 the	 spinal	cord	
(central sensitization) (reviewed by Merlos et al. 2017). 
However, we recently reported that sigma-1 receptors can 
also prominently modulate the sensitization of peripheral 
nociceptive neurons (Ruiz-Cantero et al. 2023a, b). Indeed, 
sigma-1	receptors	are	known	to	be	expressed	at	much	higher	
levels in the dorsal root ganglion (DRG), where the somas 
of peripheral sensory neurons are located, than in the spi-
nal cord dorsal horn (Sánchez-Fernández et al. 2014). It is 
worth	noting	that	all	DRG	neurons	express	sigma-1	recep-
tors in mice (Montilla-García et al. 2018; Bravo-Caparrós et 
al. 2020), rats (Shin et al. 2022) or humans (Ruiz-Cantero 
et al. 2023b).

The pivotal contribution of immune and glial cells to the 
development and maintenance of neuropathic pain has been 
firmly	established	 in	 recent	decades	 (Ji	 et	 al.	2014, 2018; 
Ruiz-Cantero et al. 2021; Ghazisaeidi et al. 2023). However, 
the	modulation	of	neuroinflammation	by	sigma-1	receptors	
during	nerve	injury	has	only	been	sparsely	explored.	Studies	
show that sigma-1 receptor antagonism decreases astrocy-
tosis in the dorsal spinal cord of animals with peripheral 
neuropathic pain (Moon et al. 2014, 2015). In addition, a 
decrease in spinal microgliosis by sigma-1 receptor inhibi-
tion after peripheral nerve injury was recently found (Den-
aro et al. 2023).	To	date,	only	one	study	explored	the	role	of	
sigma-1	receptors	on	peripheral	neuroinflammation	during	
chronic pain, demonstrating that sigma-1 receptor knock-
out	(KO)	mice	exhibited	decreased	macrophage/monocyte	
infiltration	 into	 the	DRG	after	nerve	 injury	 in	comparison	
to wild-type (WT) mice (Bravo-Caparrós et al. 2020). In 
addition to macrophages, other immune cells participate in 
peripheral	 neuropathic	 neuroinflammation	 such	 as	T	 cells	
(Cobos et al. 2018).	However,	there	are	no	studies	exploring	
the possible modulatory role of sigma-1 receptors on these 
mechanisms.

The SNI (Spared Nerve Injury) model consists of the 
transection of the tibial and common peroneal branches 
of the sciatic nerve, and it is known to induce hundreds of 
transcriptional changes in the DRG, including transcripts 
corresponding	to	the	peripheral	neuroinflammatory	process	
(Costigan et al. 2010; Cobos et al. 2018). With the aim to 
obtain	 a	 comprehensive	 analysis	 of	 the	 effect	 of	 sigma-1	
deletion in the processes that occur at peripheral level 
after nerve injury, we studied genome-wide transcriptomic 

changes (by RNAseq) after SNI injury in the DRG in WT 
and sigma-1 receptor KO mice. The SNI is known to induce 
not only sensory hypersensitivity to several stimuli (Cobos 
et al. 2018; Bravo-Caparrós et al. 2020), but also spontane-
ous pain-like behaviors (Zheng et al. 2022). This is impor-
tant since spontaneous pain is thought to have much stronger 
clinical repercussions than cutaneous sensitivity (Mogil et 
al. 2010; Zheng et al. 2022). Sigma-1 receptor KO mice are 
well known to show a decreased neuropathic sensory hyper-
sensitivity (de la Puente et al. 2009; Bravo-Caparrós et al. 
2019, 2020), although whether they have reduced spontane-
ous	pain	has	not	been	explored.	Therefore,	we	also	aimed	to	
delve deeper into the phenotype of sigma-1 receptor knock-
out	mice	 to	 explore	 not	 only	 standard	 hypersensitivity	 to	
sensory stimuli but also possible alterations in spontaneous 
pain-like behaviors.

Methods

Experimental Animals

Experiments	were	performed	in	wild-type	(WT)	CD-1	mice	
(Charles River, Barcelona, Spain) and in sigma-1 receptor 
knockout	(KO)	mice	(Animal	Experimentation	Unit	-	CIC	
UGR, Granada, Spain), weighing 25–30 g (8 to 11 weeks 
old). Women show a higher prevalence of pain than men 
in most chronic neuropathic pain conditions. However, pre-
clinical studies have clearly been dominated by the use of 
male animals, and only in recent years female animals have 
been frequently incorporated into basic research (reviewed 
by Ghazisaeidi et al. 2023). In this study we used female ani-
mals	in	all	experiments.	Knockout	mice	were	generated	on	
a CD-1 background as previously described (Entrena et al. 
2009), by using a traditional backcrossing breeding strategy 
with WT progenitors from Charles River for at least 15 gen-
erations, which theoretically ensured that the genetic mate-
rial from the original background is virtually absent (Wong 
2002). Animals were housed in colony cages (10 mice per 
cage), in a temperature-controlled room (22 ± 2 °C) with an 
automatic 12-h light/dark cycle (08:00–20:00 h). An igloo 
and a plastic tunnel were placed in each housing cage for 
environmental enrichment. Animals were fed a standard 
laboratory diet and tap water ad libitum until the beginning 
of	 the	experiments.	The	behavioral	experiments	were	per-
formed during the light phase (from 9:00 a.m. to 3:00 p.m.). 
The mice were randomized to treatment groups, testing each 
day	a	balanced	number	of	animals	from	several	experimen-
tal groups, and they were also tested randomly throughout 
the estrous cycle. Mice were handled in accordance with 
international standards (European Communities Council 
directive	 2010/63),	 and	 the	 experimental	 protocols	 were	
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approved by regional (Junta de Andalucía) and Institutional 
(Research Ethics Committee of the University of Granada) 
authorities. To decrease the number of animals in this study, 
we used the same mice for behavioral studies and immunos-
taining	or	fluorescence-activated	cell	sorting	(FACS),	when	
possible.

Spared Nerve Injury

The spared nerve injury (SNI) was performed as previously 
described (Decosterd and Woolf 2000).	Briefly,	an	incision	
was made in the left thigh skin and through the biceps femo-
ris muscle, at the site of trifurcation of the sciatic nerve, 
and its three terminal branches (the sural, common pero-
neal,	and	tibial	nerves)	were	exposed.	The	tibial	and	com-
mon peroneal branches were ligated with a silk suture and 
transected distally, while the sural nerve was left intact. 
In sham-operated control mice, the sciatic nerve terminal 
branches	 were	 exposed	 but	 not	 ligated.	Mice	 were	 anes-
thetized	with	4%	isoflurane	(IsoVet®, B. Braun, Barcelona, 
Spain)	in	oxygen.	During	the	surgical	procedure,	anesthesia	
was	maintained	with	2.5%	isoflurane	delivered	via	a	nose	
cone. Wounds were closed and the animals returned to their 
cages. We monitor carefully for signs of distress after sur-
gery. Although mice can move, rise, and get access to food 
and water normally after surgery, we place some food pel-
lets	on	the	cage	floor	to	facilitate	access	to	them.	Autotomy	
behavior was not observed in any animal following SNI 
during this study. Sample collections and behavioral assays 
were made 7 days after surgery, as it is known that sensory 
hypersensitivity	 and	 DRG	 neuroinflammation	 has	 fully	
developed 7 days post SNI (e.g. Cobos et al. 2018; Bravo-
Caparrós et al. 2019, 2020).

RNA Analysis

RNA Preparation

The lumbar L3 and L4 dorsal root ganglia (DRGs) were 
carefully removed from naïve WT and sigma-1 receptor KO 
mice, and from mice from both genotypes 7 days after SNI 
surgery. We selected L3 and L4 DRGs because they contain 
all somas from the common peroneal and tibial branches 
of the sciatic nerve (Laedermann et al. 2014) which are 
injured during SNI (see 2.2 for details). We studied DRGs 
collected	in	five	biological	replicates	in	samples	from	naïve	
WT or sigma-1 receptor KO mice, and in four biological 
replicates from mice with SNI. Each biological replicate 
was	obtained	from	six	mice	(twelve	ipsilateral	L3/4	DRGs	
or	six	ipsilateral	dSCs).	Samples	were	immediately	frozen	
after dissection in 2 ml eppendorf tubes in contact with dry 
ice	and	stored	at	-80ºC	until	use.	RNA	was	extracted	using	

the RNeasy Plus Universal Min Kit (QIAcube / QIAGEN) 
according to the manufacturer’s instructions. Concentra-
tion	and	quality	of	extracted	RNA	were	measured	using	the	
Qubit	4	Fluorometer	(Thermo	Fisher	Scientific,	MA,	USA)	
and the 2100 Bioanalyzer Instrument (Agilent Technolo-
gies, CA, USA). Sample processing was carried out in the 
genomics	unit	of	the	Pfizer-University	of	Granada-Junta	de	
Andalucía Center for Genomics and Oncological Research 
(GENYO).

Next-Generation Transcriptome Sequencing (RNA-Seq) for 
Gene Expression Analysis

Libraries from mRNA were prepared using 1 µg of RNA 
starting material and the TruSeq Stranded mRNA Library 
Prep Kit (Illumina, CA, USA) according to the manufac-
turer’s protocol. This protocol captures poly-adenylated 
RNA by transcription by oligo-dT primer, after which the 
RNA is fragmented. The sample was back transcribed to 
generate	the	cDNA,	both	in	the	first	and	second	strands.	The	
3’ends were adenylated, the adapters and barcodes were 
ligated,	and	finally,	it	was	enriched	by	PCR.	Adapters	and	
samples	codes	(index-barcodes)	were	added	to	the	libraries	
to be able to be sequenced simultaneously. mRNA libraries 
were	sequenced	on	the	NextSeq	500	system	(Illumina,	CA,	
USA) using the highest output mode and paired-end 75 bp 
read lengths with a depth of 25–30 million reads for each 
sample. Sequencing was performed in the genomics unit of 
GENYO.

Expression	data	can	be	found	in	Gene	Expression	Omni-
bus (GEO) database, with accession number GSE241361.

Bioinformatics

FastQS were obtained using Illumina’s bcl2fastq software. 
The quality of the sequences was screened using fastQC, 
qualimap (Okonechnikov et al. 2016) and multiQC (Ewels 
et al. 2016). Using the RSEM pipeline (Li and Dewey 
2011),	 the	 gene	 expression	 was	 obtained	 by	 mapping	
RNAseq reads with hisat2 aligner (Kim et al. 2019) to the 
Gencode mouse genome GRCm38 and annotated with the 
vM25 gtf (Frankish et al. 2021).	The	differential	expression	
was normalised with NOISeq (Tarazona et al. 2011) follow-
ing the approach of Trimmed Mean of M values (Gu et al. 
2016).	The	differential	expression	analysis	was	performed	
with the default recommendations of DESeq2 (Love et al. 
2014).	Transcripts	were	 considered	 significantly	 regulated	
when the P value < 0.01. A threshold fold change of 1.4 was 
imposed for each transcript to be included in the analysis, 
similar than in previous transcriptomic studies (Costigan et 
al. 2010; Yokoyama et al. 2020).	To	better	analyze	the	differ-
ences in WT vs. sigma-1 receptor KO mice during the naïve 
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Fluorescence-Activated Cell Sorting (FACS)

FACS was used to determine the immune cell populations 
in wild type and sigma-1 receptor KO mice after SNI. Each 
sample	contained	the	ipsilateral	L3	and	L4	DRGs	from	six	
animals with SNI. The DRGs contralateral to the nerve 
injury were used as a control. As an additional control, 
we also tested both left and right L3 and L4 DRGs from 3 
naïve animals (12 DRGs in all cases). To study immune cell 
recruitment	after	paw	inflammation	in	mice	from	both	geno-
types, we tested plantar tissue from animals injected with 
CFA, using tissue from the paw contralateral to the injec-
tion as a control, as well as paw tissue from naïve mice. 
In all cases, mice were euthanized by cervical dislocation 
and DRGs or plantar tissue were dissected and digested 
with	 collagenase	 IV	 (1	 mg/mL,	 LS004188,	Worthington,	
Lakewood, NJ, USA) and DNAse I (0.1%, LS002007, 
Worthington) for 1 h at 37 °C with agitation. The digestion 
was neutralized washing with PBS. Cells of DRGs were 
gently pipetted up and down, in a PBS with DNAse I solu-
tion, to obtain a single cell suspension. In case of plantar 
tissue,	 samples	were	mechanically	 crushed	 over	 a	 70	 μm	
filter.	Then	samples	were	filtered	in	a	tube	with	cell	strainer	
cap	 (pore	 size	 35	μm)	 and	 the	 rat	 anti-CD32/16	 antibody	
(1:100, 20 min, 553141; Biolegend, San Diego, CA) was 
used	to	block	Fc-γRII	(CD32)	and	Fc-γRIII	(CD16)	binding	
to IgG. Cells were incubated with antibodies recognizing 
the hematopoietic cell marker CD45 (1:200, 103108, clone 
30-F11, Biolegend), the myeloid marker CD11b (1:100, 
101227,	 clone	M1/70,	 Biolegend),	 the	 neutrophil-specific	
marker Ly6G (1:100, 127617, clone 1A8, Biolegend), the 
B cells CD45R/B220 (1:200, 103239, clone RA3-6B2, Bio-
legend),	 the	T	 cells	marker	TCR	β	 (1:100,	 553174,	 clone	
H57-597, BD Biosciences, San Jose, CA, USA), the CD4 
marker (1:160, 100555, clone RM4-5, Biolegend) and the 
CD8a marker (1:80, 100752, clone 53 − 6.7, Biolegend), 
together with a viability dye (1:1000, 65-0865-14, Thermo 
Fisher	 Scientific),	 for	 30	 min	 on	 ice.	 The	 populations	 of	
macrophages/monocytes (CD45 + CD11b + Ly6G − cells), 
neutrophils (CD45 + CD11b + Ly6G + cells), B cells 
(CD45 + CD45R/B220+), T cells (CD45 +	TCRβ+), 
CD4 T cells (CD45 +	TCRβ	+ CD4+) and CD8 T cells 
(CD45 +	TCRβ	+ CD8a+) were determined from the mark-
ers indicated above in cells labeled with the viability dye. 
Before and after incubation with the antibodies, the cells 
were	washed	 three	 times	 in	 2%	FBS/PBS	 (FACS	buffer).	
Cells	 were	 fixed	 with	 paraformaldehyde	 (2%,	 158127,	
Sigma-Aldrich)	 for	 20	min,	 and	 on	 the	 next	 day	 samples	
were	 assayed	with	 a	BD	FACSymphony	A5	 flow	 cytom-
eter (BD Biosciences). Compensation beads were used as 
compensation	controls,	and	fluorescence	minus	one	(FMO)	
controls	were	included	to	determine	the	level	of	nonspecific	

condition and after SNI, we constructed a Weighted Gene 
Co-expression	Network	Analysis	(WGCNA)	using	the	reg-
ulated transcripts in the 4 groups of samples (naïve WT vs. 
naïve	KO	and	SNI	WT	vs.	SNI	KO)	to	find	groups	of	genes	
(modules)	with	similar	expression	changes	across	the	exper-
imental	conditions	tested.	Briefly,	we	computed	the	absolute	
Pearson	correlation	coefficients	between	each	transcript	and	
every	other	 transcript	 in	 the	expression	dataset;	 these	val-
ues were used to determine the topological overlap, a mea-
sure of connection strength, or ‘neighborhood sharing’, in 
the	network.	This	results	in	modules	of	co-expressed	genes	
where the members of each network have high topological 
overlap in their patterns of regulation (Horvath et al. 2006; 
Cobos et al. 2018). WGCNA and the similarity plot of the 
module eigengenes from each module were done with its 
corresponding R’s package (Langfelder and Horvath 2008), 
considering an unsigned network for the topological overlap 
matrix	calculated	with	a	bidweight	midcorrelation.

Heat maps were generated using HeatMapImage tool 
from GenePattern software (v. 3.9.11). To facilitate compar-
ison	of	transcriptional	regulation	in	the	different	experimen-
tal conditions, the height of heat maps shown maintained the 
same proportion with the number of regulated transcripts 
throughout	all	figures.

To identify the functional categories most prominently 
represented in the lists of regulated transcripts and in the 
modules obtained using the WGCNA we made functional 
Enrichment Analyses analyzing gene lists with Ingenuity 
Pathway Analysis (IPA) software, version 84,978,992 (Qia-
gen, USA). This program can identify the annotations for 
each gene of a given set in its database, which is constructed 
from previously published information, and calculates the 
most over-represented descriptors in the list to return a Ben-
jamini-Hochberg (B-H) adjusted P value as a measure of the 
enrichment in each functional subdivision.

CFA-Induced Peripheral Inflammation

To	compare	the	immune	cell	recruitment	due	to	paw	inflam-
mation in WT and sigma-1 receptor KO mice, 10–20 µL 
of complete Freund’s adjuvant (CFA; Sigma-Aldrich) was 
injected into the right hindpaw of mice from each geno-
type, using a 1710 TLL Hamilton microsyringe (Hamilton 
Company,	NV,	USA)	with	a	30½-gauge	needle.	Seven	days	
after the injection, the paws were dissected and the immune 
cell recruitment was measured by FACS. As a control of 
the	 immune	 cell	 presence	 in	 noninflamed	 tissue,	we	 used	
samples from the paw contralateral to the injection, as well 
as samples from naïve mice and from mice injected with 20 
µL of saline.
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at	RT.	The	secondary	antibodies	used	were	Alexa	Fluor-488	
goat anti-mouse (1:500, A-11029, Thermo Fisher Scien-
tific)	and	Alexa	Fluor-594	goat	anti-rabbit	(1:500,	A-11012,	
Thermo	 Fisher	 Scientific),	 in	 the	 experiments	 labelling	
sigma-1	receptor	and	NeuN,	and	Alexa	Fluor-647	goat	anti-
rabbit	(1:500,	A-21245,Thermo	Fisher	Scientific)	and	Alexa	
Fluor-488 goat anti-rat (1:500, A-11006, Thermo Fisher 
Scientific)	 in	 the	experiments	 for	 the	 labelling	of	 immune	
cells. In this latter case, after incubation with the second-
ary antibodies, sections were washed again three times for 
10 min and incubated with the conjugated anti-NeuN anti-
body also for 1 h at RT.

Finally, slides were washed three times for 10 min before 
the mounting procedure and they were coverslipped with 
ProLong Gold Antifade mounting medium (Thermo Fisher 
Scientific).	 Images	 were	 acquired	 with	 a	 confocal	 laser-
scanning microscope (Model ZEISS LSM 900, Carl Zeiss 
Microscopy, NY, USA).

Maraviroc Administration

The day before the SNI, a baseline measurement of the von 
Frey threshold and the responses to the cold stimulus (ace-
tone) were recorded. Then, the CCR5 antagonist maraviroc 
was orally administered until day 7 after surgery, when the 
sensory evaluation took place. Mice were fed with the same 
diet as the control group, but received 300 mg/L maraviroc 
(Sigma-Aldrich, Madrid, Spain) in the drinking water. The 
dose of maraviroc was selected based on previous studies 
(Ochoa-Callejero et al. 2013; Pérez-Martínez et al. 2020). 
This drug concentration in the drinking water results in an 
approximate	daily	dose	of	50	mg/kg	 for	 a	mouse	of	30	g	
weight and a daily intake of 5 ml of drinking water, which 
is the average water consumption under the housing condi-
tions of our mice. The drinking water with the diluted drug 
was prepared and poured into a 100 ml drinker, which was 
changed every day to avoid possible degradation of the drug. 
Control mice received drinking water without any additives.

Assessment of Mechanical Allodynia

Mechanical thresholds were tested before surgery (base-
line) and 7 days after SNI. Mechanical allodynia was 
assessed	 with	 von	 Frey	 filaments	 according	 to	 a	 pre-
viously	 described	 method,	 with	 slight	 modifications	
(Bravo-Caparrós et al. 2020). On each day of evaluation 
the mice were habituated for 60 min in individual trans-
parent plastic chambers (7 × 7 ×	13	cm)	with	a	floor	made	
of wire mesh. After the acclimation period, calibrated von 
Frey	 monofilaments	 (Stoelting,	 Wood	 Dale,	 IL,	 USA)	
with bending forces that ranged from 0.02 to 1.4 g were 
applied with the up-down paradigm in the sural nerve 

staining	and	autofluorescence	associated	with	different	cell	
subsets. All data were analyzed with FlowJo 2.0 software 
(Treestar, Ashland, OR, USA).

Immunohistochemistry

On day 7 after surgery, SNI mice were anesthetized with 
4%	isoflurane	(in	oxygen)	and	perfused	transcardially	with	
0.9% saline solution followed by 4% paraformaldehyde 
(Sigma-Aldrich). The lumbar L4 DRG, were injured and 
noninjured	neurons	coexist	(Laedermann	et	al.	2014), were 
dissected	and	post-fixed	for	1	h	in	the	same	paraformalde-
hyde	 solution.	 Embedding	 procedure	 differed	 depending	
on the staining to be performed, as not all antibodies used 
showed optimal results in all embedding media. Samples 
for sigma-1 receptor immunostaining were dehydrated and 
embedded	 in	 paraffin.	 Tissue	 Sect.	 5	 μm	 thick	 were	 cut	
with a sliding microtome, 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). Samples for the staining of immune cells were incu-
bated for 48 h in 30% sucrose (Sigma-Aldrich) at 4ºC to 
be embedded in O.C.T Tissue-Tek medium (Sakura Finetek, 
Barcelona, Spain), and frozen and stored at -80º C until their 
immunohistochemical	study.	Sections	of	15	μm	thick	were	
cut with a cryostat and thaw-mounted onto Superfrost Plus 
microscope	slides	(Thermo	Fisher	Scientific).

Tissue sections were incubated for 1 h in blocking solu-
tion with 5% normal goat serum, 0.3% Triton X-100, and 
0.1%	Tween	20	in	Tris	buffer	solution.	Then,	the	slides	were	
incubated with the primary antibodies in blocking solu-
tion. The primary antibodies used for the immunostaining 
of neurons in combination with the sigma-1 labelling were: 
mouse anti-sigma-1 receptor (1:200, sc-137075, Santa 
Cruz Biotechnology, Inc, Heidelberg, Germany) and rabbit 
anti-NeuN (neuronal nuclei) (1:500, ABN78, Merck Mil-
lipore, MA, USA). The primary antibodies for the immu-
nostaining of neurons in combination with immune cells 
were:	mouse	 anti-NeuN	conjugated	with	Alexa	Fluor	555	
(1:500, MAB377A5) for the neuronal staining, and the 
antibodies labelling immune cell populations: rabbit anti-
Allograft	Inflammatory	Factor	1	(AIF1,	1:1000,	019-19741,	
Wako Chemical, Neuss, Germany), also known as ionized 
calcium-binding adapter molecule 1 (IBA-1), and rat anti-
mouse CD3 (1:200, 555273, BD Biosciences).

Incubation with the primary antibody for sigma-1 recep-
tor lasted for 1 h at room temperature (RT), whereas incuba-
tion with the anti-AIF1 and the anti-CD3 antibodies lasted 
overnight at 4 °C. After incubation with the primary anti-
bodies, sections were washed three times for 10 min and 
incubated with the appropriate secondary antibodies for 1 h 
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computer (Kubii, France) that stored the video recordings 
on USB sticks, which can be later transferred to a computer 
for subsequent analysis. The recordings were captured at a 
rate of 10 frames per second. Naïve animals, or animals after 
SNI or sham surgery, were single-housed in the recording 
devices with food and water ad libitum, starting 7 days after 
the	procedure,	and	during	a	maximum	of	72	h	(from	Friday	
at 10:00 AM till Monday at 9:00 AM). Only the data of the 
last 48 h was considered for analysis. We built 8 devices to 
simultaneously record 8 animals. A picture of the device is 
shown in Fig. S1A.

Video Analysis and Clustering of Behaviors

We used DeepLabCut™ software to automatically label 
the	positions	of	specific	body	parts	of	the	animals	(nose,	
right ear, left ear, neck, back, right thigh, left thigh, base 
of the tail) in each frame of the recordings. The labeled 
body parts of the mice are depicted in Fig. S1B. The 
automatic detection of those key anatomical features of 
each animal makes possible to calculate their relative 
coordinates and hence the postures of the animals. In 
addition, it is also possible to objectively quantify the 
differences	 in	 the	 position	 of	 these	 body	 parts	 between	
frames to measure the displacement of the labels (e.g. the 
movement of the animal or a body part). The data were 
grouped into one-second intervals (i.e., 10 consecutive 
frames) and compressed using a variational autoencoder 
(VAME)	(Fig.	S1C).

We then applied the K-Means algorithm to cluster 
the data from naïve and SNI mice into distinct behav-
ioral	groups	 in	an	unsupervised	manner.	We	 initially	fit	
K-Means to 100 groups and then eliminated the clusters 
that	 exhibited	 a	 frequency	 below	 1%.	 From	 all	 behav-
iors	 recorded,	 we	 specifically	 selected	 asymmetrically	
directed clusters of behaviors that involved the approach 
of	the	head	of	the	animal	to	the	injured	limb	for	quantifi-
cation	and	further	analysis.	These	clusters	will	be	defined	
as pain-like behaviors and include for instance licking or 
biting the injured limb. The clusters that implied a sus-
tained approach of the head to the limb (e.g. some pos-
tures where the mouse is sleeping), were not considered 
for the analysis. Once the clusters of pain-like responses 
were	selected,	 they	were	used	 for	quantification.	As	we	
found	statistically	significant	differences	in	the	time	spent	
performing these pain-like responses between naïve and 
SNI mice (as it will be described in the Sect. 3.6), we 
used the previously trained K-Means to look for this spe-
cific	group	of	behaviors	in	new	recordings	from	all	other	
experimental	groups	(e.g.	the	behavior	of	uninjured	and	
SNI sigma-1 KO mice, or the behavior of neuropathic 
mice after treatment with maraviroc or its control). All 

territory,	 starting	with	 the	 0.6	 g	 filament,	 and	 allowing	
10 s between successive applications. The response to the 
filament	was	considered	positive	if	immediate	flinching,	
licking/biting or rapid withdrawal of the stimulated paw 
was observed. In each consecutive test, if there was a 
positive	 response,	 a	 weaker	 filament	 was	 then	 used;	 if	
there	was	no	response	to	the	filament,	a	stronger	stimulus	
was then selected. This sequence was repeated 4 times to 
limit the values of the mechanical threshold. Behavioral 
evaluations were performed by an observer blinded to the 
mouse genotype or pharmacological treatment.

Assessment of Cold Allodynia

Cold sensitivity was tested before surgery (baseline) and 7 
days after SNI. Cold allodynia was tested by gently touch-
ing the plantar skin of the hind paw with an acetone drop, 
as previously described (Cobos et al. 2018). On each day of 
evaluation the mice were housed and habituated for 30 min 
in individual transparent plastic enclosures (7 × 7 × 13 cm) 
with	a	floor	made	of	wire	mesh.	Acetone	was	applied	three	
times to the ipsilateral hind paw at intervals of 30 s, and the 
duration of biting or licking of the hind paw was recorded 
with a stopwatch and reported as the cumulative time of bit-
ing/licking	in	all	three	measurements.	A	cutoff	time	of	10	s	
was used in each of the three trials, because animals rarely 
licked their hind paw for more than 10 s. During the pre-
surgery baseline evaluation we discarded ≈ 5% of the mice 
tested	due	 to	an	exaggerated	atypical	 response	 to	 the	ace-
tone (> 2 s of cumulative responses to acetone in the three 
measures).

Evaluation of Spontaneous Pain-Like Behaviors

To evaluate spontaneous pain-like behaviors we built in 
house a device to record the mice in their home cage, and 
performed an in-depth video analysis using an algorithm 
suitable for analyzing the behaviors of the mice, as it is 
described below.

Video Setup and Recording

To monitor the behavior of the animals, we constructed 
a recording system, which consisted of a methacrylate 
structure holding a high-resolution infrared video camera 
(1440 ×	1024	 pixels)	 (Kuman	 RPi	 Camera,	 USA).	 This	
structure was placed above the home cage, which was a 
standard	 transparent	methacrylate	 cage	 (16	wide	x	22	 cm	
long	x	14	cm	high).	Each	camera	was	equipped	with	 two	
infrared light-emitting diodes (IR-LEDs) to minimize the 
influence	 of	 ambient	 light	 on	 the	 recordings.	 The	 cam-
era was controlled by a Raspberry Pi Zero single-board 
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Results and Discussion

Transcriptional Profile of the DRG from Naïve 
Sigma-1 Receptor KO Mice

We	evaluated	global	gene	expression	of	 the	L3/L4	DRGs	
from naïve WT and naïve sigma-1 receptor KO mice by 
RNAseq.	A	 heat	map	 of	 the	 differentially	 expressed	 tran-
scripts, where the intensity of the color represents changes 
in	 gene	 expression	 (not	 absolute	 values),	 is	 shown	 in	
Fig. 1A.	We	found	significant	differences	in	the	expression	
of 1156 transcripts between genotypes, with 547 of them 
upregulated in the sigma-1 receptor KO mice (light blue in 
WT; dark blue in KO) and 609 transcripts downregulated in 
the sigma-1 receptor KO mice (dark blue in WT; light blue 
in mutant mice, Fig. 1A).	The	genes	whose	expression	sig-
nificantly	differ	in	the	DRG	from	uninjured	mice	from	both	
genotypes	(WT	and	sigma-1	receptor	KO)	are	identified	in	
Table S1.

Next,	we	performed	a	functional	enrichment	analysis	
of	the	DRG	transcripts	that	show	differential	expression	
between	genotypes.	Transcripts	expressed	at	higher	lev-
els	in	the	KO	DRGs	demonstrate	a	significant	enrichment	

scripts employed in the analysis were written in Python 
(version 3.5). The computational processing was per-
formed on a computer equipped with an Intel® Core™ 
i9-9820X	 CPU	 @	 3.30	 GHz	 and	 an	 NVIDIA	 2080Ti	
graphics	 processing	 unit	 (GPU),	 providing	 significant	
computational power for the video analysis and machine 
learning tasks.

Data Analysis of the Expression of Individual Genes, 
Behavioral and FACS Experiments

The data were analyzed with the SigmaPlot 12.0 program 
(Systat Software Inc., San Jose, CA, USA). For the sta-
tistical	 analysis	 of	 the	 expression	 of	 individual	 genes,	
we	used	a	 two-way	analysis	of	variance	(ANOVA).	For	
behavioral studies, statistical analysis was carried out 
with	two-way	repeated-measures	ANOVA.	For	the	results	
from FACS assays statistical analysis was performed 
with	 two-way	 ANOVA.	 The	 Student-Newman-Keuls	
post-test	was	used	in	all	cases.	The	differences	between	
means	were	considered	significant	when	the	P	value	was	
below 0.05.

Fig. 1	 Comparison	of	the	transcriptional	profile	of	the	dorsal	root	gan-
glia (DRG) from naïve wild-type (WT) and sigma-1 receptor knockout 
(KO) mice. (A)	Heatmap	of	the	relative	expression	of	the	transcripts	
from	the	L3-L4	DRG	with	significant	differences	(P < 0.01 and a fold 
change of at least 1.4) between naïve WT and KO mice. Light blue 
represents	 low-level	expression	and	dark	blue	high-level	expression.	

The total number of regulated transcripts is indicated. (B-C) Repre-
sentative functional characteristics sorted by the strength of statistical 
significance	(-log	of	Benjamini-Hochberg	adjusted	P-value) that IPA 
software ascribed the function given, using the lists of transcripts (B) 
upregulated or (C) downregulated by the knockout of sigma-1 recep-
tor gene
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The Regulation of the Transcriptome in the Injured 
DRG After SNI in WT and Sigma-1 KO Mice Is Broadly 
Similar

Next,	we	compared	the	transcriptional	profile	of	the	L3/L4	
DRGs from naïve and 7 days post-SNI WT mice. 1498 tran-
scripts were regulated in the injured DRG compared to the 
naïve condition. A heat map of the regulated transcripts is 
shown in Fig. 2A. Most of the transcripts regulated in the 
injured	WT	DRG	increase	their	expression	after	SNI	(925	
transcripts; light to dark red on the heat map), although a 
significant	 portion	 of	 the	 transcripts	 were	 downregulated	
(573 transcripts; dark to light red after injury). The tran-
scripts	 significantly	 regulated	 in	 the	DRG	 from	WT	mice	
after	SNI	are	identified	in	Table	S4.

Functional enrichment analysis using the transcripts 
upregulated after SNI demonstrates a marked enrichment 
for the annotation of immune functions, with B-H P values 
close to 10− 45 (Fig. 2B). The description of the content of 
the functional annotations of the upregulated transcripts is 
shown in Table S5. These include cathepsins, chemokines, 
chemokine receptors, and some well-known immune mark-
ers, such as the myeloid marker CD11b, the macrophage/
monocyte marker AIF1, or the T cell marker CD4 (among 
many	 others).	 These	 illustrate	 the	 inflammatory	 process	
which occurs in the DRG after nerve injury, a process 
repeatedly described in previous transcriptomic studies 
(Lacroix-Fralish	 et	 al.	2011; Cobos et al. 2018; Ino et al. 
2023). In contrast, when the functional enrichment analy-
sis was carried out using the list of downregulated genes, 
we found that neuronal functions, such as “Neurotransmis-
sion”,	 or	 “Transport	 of	 ion”	 showed	 a	 highly	 significant	
B-H P values in the range of 10− 14 − 10− 15 (Fig. 2D). The 
description of the content of the functional annotations of 
the downregulated transcripts is shown in Table S6. These 
transcripts include some neurotransmitter receptors but also 
many	 different	 ion	 channels,	 such	 as	 several	 potassium,	
sodium or calcium channels, among many other neuronal-
related alterations. All these transcriptional regulations are 
also	 extensively	 documented	 in	 previous	 studies	 (Davis-
Taber and Scott 2006; Du and Gamper 2013; Laedermann 
et al. 2014).

The association of both immune and neuronal functions 
to the up- and downregulated gene lists respectively in the 
DRG after SNI agrees well with previous studies in rodents 
(Costigan et al. 2010; Cobos et al. 2018) but also in human 
patients with neuropathic pain (Hall et al. 2022). Interest-
ingly, whereas immune genes are increased by SNI in the 
WT DRG they are downregulated in the naïve sigma-1 KO 
mice relative to naïve WT mice. Therefore, in broad terms, 
the	basal	transcriptional	profile	found	in	the	DRG	of	naïve	
sigma-1 receptor KO mice is opposite to the changes found 

for the annotation of neuronal functions, which include 
functions such as “Development of neurons”, “Neuro-
transmission”, “Neuritogenesis”, or “Proliferation of 
neuronal cells”, with B-H P values ranging from 10− 13 to 
10− 25. “Transport of ion”, which is enriched in neuronal 
ion channels, was also present with a B-H P value of 10− 8 
(Fig. 1B). The description of the content of the functional 
annotations for the KO enriched transcripts is shown in 
Table S2.

We and others have previously reported by immuno-
histochemical	experiments	that	within	the	DRG,	sigma-1	
receptors	 are	 exclusively	 present	 in	 sensory	 neurons	
(Montilla-García et al. 2018; Bravo-Caparrós et al. 2020; 
Shin et al. 2022; Ruiz-Cantero et al. 2023b). Therefore, 
the	alterations	in	neuronal	genes	could	be	explained	as	a	
direct consequence of the absence of sigma-1 receptors in 
these cells. Despite the large number of neuronal genes 
with	 increased	 expression	 in	 the	 naïve	KO	DRG,	 these	
mutant mice do not have any overt basal sensory phe-
notype relative to WT, as shown in numerous previous 
studies (reviewed in Tsai et al. 2009; Merlos et al. 2017; 
Ruiz-Cantero et al. 2021). However, under conditions 
which normally induce a sensitization of the nociceptive 
system, such as after administration of chemical algogens 
or in pathological pain models, sigma-1 receptor KO mice 
show a decreased sensitization (reviewed Tsai et al. 2009; 
Merlos et al. 2017; Ruiz-Cantero et al. 2021). Therefore, 
basal transcriptional alterations in neuronal genes shown 
here	 in	 sigma-1	 receptor	KO	mice	might	 reflect	 a	 state	
which dampens nociceptive sensitization.

The analysis of the transcripts which were down-
regulated in the KO mice relative to WT yielded starkly 
divergent results, since all functional annotations 
retrieved were related with the actions and functioning 
of the immune system, such as “Quantity of blood cells”, 
“Leukocyte	migration”,	“Inflammation”	or	“Chemotaxis	
of blood cells”, with B-H P value ranging from 10− 16 
to 10− 23 (Fig. 1C). The description of the content of the 
functional annotations of the downregulated transcripts is 
shown in Table S3. It is known that neurons are the major 
source of some chemokines in the DRG, such as CCL2 
(Zhu et al. 2014) and here we show that naïve sigma-1 
receptor	KO	mice	have	a	decreased	expression	in	several	
chemokines, including CCL2. It could be hypothesized 
that the absence of sigma-1 receptors in sensory neurons 
could alter the production of neuronal-derived chemo-
kines, which in turn might have an impact on the baseline 
recruitment/activation of resident immune cells.
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Fig. 2	 Transcriptional	profile	of	
the injured dorsal root ganglia 
(DRG) from wild-type (WT) and 
sigma-1 knockout (KO) mice 
after spared nerve injury (SNI). 
(A) Heatmap of the relative 
expression	of	the	transcripts	
regulated (P < 0.01 and a fold 
change of at least 1.4) in the 
L3-L4 DRG from WT mice 
7 days after SNI compared to 
naïve mice. Light red repre-
sents	low-level	expression	and	
dark	red	high-level	expression.	
The total number of regulated 
transcripts is indicated. (B-C) 
Representative functional char-
acteristics sorted by the strength 
of	statistical	significance	(-log	
of Benjamini-Hochberg adjusted 
P-value) that IPA software 
ascribed the function given, 
using the lists of transcripts 
(B) upregulated or (C) down-
regulated by nerve injury. (D) 
Heatmap	of	the	relative	expres-
sion of the transcripts regulated 
in the L3-L4 DRG from KO 
mice 7 days after SNI compared 
to naïve mice. Light purple 
represents	low-level	expres-
sion and dark purple high-level 
expression.	The	total	number	of	
regulated transcripts is indicated. 
(E-F) Representative functional 
characteristics sorted by the -log 
of Benjamini-Hochberg adjusted 
P-value ascribed to the function 
given, using the list of transcripts 
(E) upregulated or (F) down-
regulated by nerve injury

 

1 3

Page 9 of 23    46 



Journal of Neuroimmune Pharmacology           (2024) 19:46 

and	dark	green	high-level	expression.	For	clarity,	the	mod-
ule	eigengenes,	as	the	representative	of	the	gene	expression	
profiles	 in	 each	module,	 are	 shown	 in	Fig.	3B. The simi-
larities between each module are shown in the heat map in 
Fig. 3C.

It	 is	 thought	 that	 genes	 that	 display	 similar	 expression	
patterns across a wide data set represent groups of function-
ally interconnected genes (e.g., Horvath et al. 2006; Cobos 
et al. 2018) and WGCNA groups these genes into modules. 
Therefore, we performed a functional enrichment analysis 
for	each	module.	The	most	significantly	associated	biologi-
cal function for each WGCNA module, together with the 
B-H P	value	and	some	example	genes,	is	shown	in	Fig.	3A.

Module I is composed of 436 transcripts. The content of 
this module is enriched in transcripts related to the func-
tioning of the immune system, as “leukocyte migration” 
represents its functional annotation (see Fig. 4A). All tran-
scripts associated with this function are shown in Table S12. 
Expression	of	these	genes	is	mainly	downregulated	between	
the WT and sigma-1 receptor KO under naïve conditions, 
and	their	expression	remained	unchanged	after	SNI	in	both	
genotypes (see Fig. 3A and B). These genes then represent 
a reduced general immune phenotype in the sigma-1 recep-
tor KO but are not regulated following injury, so likely do 
not	correspond	to	a	differential	phenotype	following	nerve	
injury.

Module II is topologically close to module I (Fig. 3C), 
with	 a	 Pearson	 correlation	 coefficient	 between	 both	mod-
ules of 0.89. However, functional analysis of this group of 
547 genes shows that this module is heavily associated with 
neurotransmission as opposed to module I which is associ-
ated with immune genes (Fig. 3A). This result highlights 
the	usefulness	of	WGCNA	to	detect	subtle	differences	in	the	
patterns	 of	 expression	 of	 group	 of	 genes	with	 differences	
in biologically relevant functions. These genes are not reg-
ulated by SNI in WT mice, like the transcripts in module 
I, again suggesting that these genes do not correspond to 
a	 differential	 phenotype	 following	 nerve	 injury.	 Interest-
ingly,	SNI	induces	changes	in	expression	of	these	genes	in	
sigma-1 receptor KO mice, which approach to the values of 
WT mice (Fig. 3A and B). So, module II represents neuronal 
genes that are mainly high in the naïve KO DRG and down-
regulated to similar levels to the WT following nerve injury. 
Again, these genes are likely not relevant to the nerve injury 
response as they are not regulated in nerve injury in the WT 
and are normalized by nerve injury in the KO.

Module III is the least populated, with only 44 genes 
(Fig. 3A),	and	shows	little	overlap	in	the	pattern	of	expres-
sion with the other modules (Fig. 3C). Functionally this 
group is not annotated (Fig. 3A).	Here	expression	 is	high	
in the WT naïve with strong downregulation following 
injury.	 Expression	 starts	 low	 in	 the	 naïve	 KO	 and	 falls	

in the DRG after nerve injury in the WT mice, as if the 
mutant	 mice	 exhibit	 a	 basal	 “anti-neuropathic”	 transcrip-
tomic	profile.

Next,	 we	 studied	 SNI	 induced	 transcriptional	 regula-
tion in the L3/4 DRGs of sigma-1 receptor KO mice. We 
obtained 2134 regulated transcripts in the injured DRG 
compared to the naïve condition. Most of the transcripts 
regulated	in	the	injured	DRG	increase	their	expression	after	
SNI (1233 transcripts; light to dark purple, Fig. 2D), with 
901 transcripts regulated in the opposite direction (dark to 
light purple Fig. 2D), broadly similar to the changes present 
in	WT	mice.	The	genes	significantly	regulated	in	the	DRG	
from	sigma-1	receptor	KO	mice	after	SNI	are	identified	in	
Table S7. We conducted a functional enrichment analysis 
with the lists of transcripts which were up- or downregu-
lated after SNI. Like that described for WT mice after injury, 
when testing the upregulated transcripts, we found a marked 
increase in the enrichment for the annotation of immune 
functions (Fig. 2E), and functional enrichment analysis of 
downregulated genes yielded a clear predominance of neu-
ronal functions (Fig. 2F). The description of the content of 
the functional annotations of the up- and downregulated 
transcripts are shown in Table S8 and S9. The B-H P val-
ues of all these functions were even more robust than the 
values seen in WT mice after SNI (compare Fig. 2B-C and 
E-F),	which	 could	 be	 influenced	 by	 the	 altered	 transcrip-
tional	profile	found	in	naïve	sigma-1	receptor	KO	mice,	as	
the baseline in naïve mice is the opposite of the regulation 
of immune and neuronal transcripts after the SNI, which 
may amplify the sensitivity of the technique for detecting 
changes after injury. It can be concluded that the overall 
immune and neuronal transcriptional alterations induced by 
nerve injury in the sigma-1 receptor KO mice are like those 
seen in wild type animals.

Analysis of the Transcriptomic Differences in the 
DRG from WT and Sigma-1 Receptor KO Mice by 
WGCNA

As we found broad similarities between the functional 
groups of genes regulated by SNI in WT or sigma-1 KO 
mice,	we	performed	a	more	detailed	analysis	of	differential	
regulation	using	a	Weighted	Gene	Co-expression	Network	
Analysis	(WGCNA).	Here	we	used	those	transcripts	differ-
entially regulated between either genotype (WT or KO) in 
the naïve as well as SNI conditions (1259 transcripts).

Following WGCNA analysis, all the regulated transcripts 
were grouped in 4 clusters attending to their topological 
overlap in their pattern of regulation (Table S10), with the 
exception	of	9	transcripts	that	do	not	belong	to	any	module	
(Table S11). The heat maps of these modules are shown in 
Fig. 3A,	where	light	green	represents	low-level	expression	
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for nociception, such as TRPA1 and the OPRM1 (Fig. 3A). 
OPRM1 or TRPA1 are of note, since both are protein part-
ners of the sigma-1 receptor (Cortés-Montero et al. 2019; 
Marcotti et al. 2023; Ruiz-Cantero et al. 2023a). The 
decreased	expression	of	the	µ	opioid	receptor	in	the	naïve	
sigma-1	KO	mice	might	explain	discrepancies	between	the	

more following nerve injury (Fig. 3A and B). As this group 
alters following injury the genes may be related to SNI 
phenotype present in both genotypes. Interestingly there 
were some genes relevant to neurotransmission inside of 
this module, such as some receptors for neurotransmitters 
(GABA and serotonin), and some neuronal genes important 

Fig. 3 WGCNA of the transcripts in the dorsal root ganglia (DRG) 
which	 are	 differentially	 expressed	 between	 wild-type	 (WT)	 and	
sigma-1 receptor knockout (KO) mice at either naïve (N) or post-SNI 
conditions. (A)	Transcripts	from	the	L3-L4	DRG	with	significant	dif-
ferences (P < 0.01 and a fold change of at least 1.4) between WT and 
KO mice with or without nerve injury were subjected to WGCNA 
analysis to produce unbiased modules of coregulated transcripts. The 
first	column	defines	the	module	number.	The	second	column	shows	the	
heatmaps	of	the	relative	expression	of	each	transcript	in	each	module.	
Light	green	represents	low-level	expression	and	dark	green	high-level	
expression.	The	third	column	shows	the	number	of	transcripts	for	each	

module. The fourth column gives a brief description of module func-
tion	as	defined	by	 IPA	software,	 indicating	 the	Benjamini-Hochberg	
P-value	 ascribed	 to	 the	 function	 given,	 except	 for	module	 II	which	
could	not	be	 identified	within	any	functional	category	and	remained	
unannotated.	The	 final	 column	 gives	 example	 transcripts	 from	 each	
functional subdivision. (B)	Representations	of	 the	 expression	of	 the	
eigengenes	for	modules	I-IV,	with	intensity	of	regulation	on	the	y	axis.	
Each module contains not only genes regulated in the fashion drawn 
but also reciprocal regulation events. (C) Heatmap of the similarities 
(adjacencies) in the eigengene network, in which blue color represents 
low adjacency and red represents high adjacency
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other modules (Fig. 3C). This group of genes was heav-
ily	 enriched	 in	 immune-related	 transcripts,	 with	 “Inflam-
mation”	 the	most	 representative	 function	 defined	 by	 IPA.	
Sigma-1	 receptor	KO	mice	 showed	 an	 altered	 expression	
(mainly a reduction) of these transcripts in the naïve condi-
tion in comparison to WT mice. SNI triggers a prominent 
upregulation for most transcripts of this module in WT mice 
(Fig. 3A and B), and therefore may be related to neuropathic 
pain.	Although	neuroinflammation	is	also	present	in	the	KO	
mice	following	SNI	the	levels	of	transcript	expression	in	the	
SNI DRGs are about equivalent to the WT naïve condition, 
in	summary	the	neuroinflammed	KO	DRG	has	a	transcript	
expression	profile	similar	to	the	naïve	WT	DRG.

pharmacological and genetic inhibition of sigma-1 receptors 
in	the	modulation	of	opioid	effects	(Vidal-Torres	et	al.	2013; 
Montilla-García et al. 2018). Downregulation of TRPA1 
could	help	 explain	 the	 reduction	of	nociceptive	behaviors	
seen in sigma-1 receptor KO mice after injection of forma-
lin,	a	known	TRPA1	activator,	which	was	the	first	evidence	
of the role of sigma-1 receptors on tonic pain (Cendán et al. 
2005). Further analysis of this module then may well be of 
interest in identifying genetic targets intimately involved in 
the sigma phenotype.

The	 final	 module	 identified	 by	 the	 WGCNA	 (module	
IV)	 was	 composed	 of	 223	 transcripts	 and	 shows	 a	 dis-
tinct	 pattern	 of	 expression	 that	 does	 not	 overlap	with	 the	

Fig. 4 Immunohistochemical 
changes in the dorsal root ganglia 
(DRG) of wild-type (WT) and 
sigma-1 receptor knockout (KO) 
mice after spared nerve injury 
(SNI). (A) Representative images 
from the double labeling of NeuN 
(magenta) and sigma-1 receptor 
(sigma-1R, green) in L4 DRG 
contralateral and ipsilateral to 
the SNI of WT (Left panels) and 
sigma-1 receptor KO (Right pan-
els) mice, and (B) triple labeling 
of NeuN (magenta), AIF1 (cyan) 
and CD3 (yellow) in L4 DRG 
contralateral and ipsilateral to 
the SNI of WT (Top panels) and 
sigma-1 receptor KO (Bottom 
panels) mice. (A-B) Samples 
were obtained 7 days after nerve 
injury.	Scale	bars	100	μm
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injured DRG of sigma-1 receptor KO mice, which in turn 
might be participating in the decreased pain phenotype of 
these mutant mice.

Infiltration of Immune Cells in the Injured DRG of 
WT and Sigma-1 Receptor KO Mice After SNI

We	then	studied	the	expression	of	sigma-1	receptors	in	the	
DRG	after	SNI.	We	used	immunofluorescence	double	label-
ing for sigma-1 receptors and the neuronal marker NeuN 
in DRGs contralateral and ipsilateral to the nerve injury, in 
samples from both genotypes obtained 7 days after SNI. In 
the noninjured DRG from naive WT mice, sigma-1 recep-
tor	staining	was	restricted	to	NeuN-expressing	cells,	and	all	
NeuN-expressing	cells	exhibited	sigma-1	receptors	staining	
(Fig. 4A),	i.e.	sigma-1	receptors	had	an	exclusive	neuronal	
expression,	 and	 all	 neurons	 expressed	 sigma-1	 receptors.	
These results are in full agreement with previous studies 
(Montilla-et al. 2018; Bravo-Caparrós et al. 2020; Shin et 
al. 2022). In the DRG ipsilateral to SNI, sigma-1 receptor 
staining	was	still	exclusively	present	in	cells	with	a	neuro-
nal morphology (Fig. 4A). However, some sigma-1 recep-
tor-expressing	neurons	lost	their	NeuN	labeling	in	the	DRG	
ipsilateral to SNI (Fig. 4A). This decrease in NeuN staining 
is	known	to	occur	in	axotomized	neurons	(Bravo-Caparrós	
et al. 2020) and therefore indicates the presence of the DRG 
neurons injured by the SNI procedure. Importantly, sigma-1 
receptor immunostaining was completely absent in either 
uninjured or injured DRG samples from sigma-1 receptor 
KO mice (Fig. 4A),	 indicating	 the	 specificity	 of	 Sig-1R	
staining. It can be concluded that the sigma-1 receptor has 
a	neuronal	specific	distribution	in	the	uninjured	or	injured	
DRG.

We	 aimed	 to	 test	 whether	 the	 differences	 in	 immune-
related transcripts between the DRGs from WT and sigma-1 
receptor KO mice detailed in the previous section translate 
into changes in the presence of immune cells. We investi-
gated by immunohistochemistry the macrophage/monocyte 
and	T	cell	activation	and	infiltration	into	DRG	from	WT	and	
sigma-1 receptor KO mice. Figure 4B shows representa-
tive images for NeuN, the macrophage/monocyte marker 
AIF1, and the T cell marker CD3 in DRGs contralateral and 
ipsilateral to the nerve injury, in samples from both geno-
types. Little AIF1 staining and virtually no CD3 + cells were 
detected in the contralateral DRG from either WT or KO ani-
mals (Fig. 4B). However, both macrophages/monocytes and 
T cells were prominently increased in the DRG ipsilateral to 
the injury in samples from WT mice. Although AIF1 + cells 
were also present in the injured DRG from sigma-1 recep-
tor	KO	animals,	their	presence	was	significantly	diminished	
relative to the WT injured DRG. CD3 + cells were virtually 

Module	 IV	 contains	 receptors	 for	 complement	 factors,	
chemokines, chemokine receptors, cathepsins, and several 
other immune markers (Fig. 3A).	The	expression	of	some	of	
these	transcripts	is	shown	in	Fig.	S2,	to	exemplify	the	simi-
larities in their pattern of regulation between these genes. 
We included chemokines (CCL2 and CCL8), a cathepsin 
(CTSS), and cytokine receptors and other immune cell 
markers (CCR5, CX3CR1, TREM2, LY6A, CD4). Alto-
gether,	 the	 transcripts	 in	module	IV	constitute	 the	specific	
differences	between	WT	and	sigma-1	receptor	KO	mice	in	
the	 SNI-induced	 neuroinflammatory	 process	 in	 the	 DRG.	
Considering the widely accepted importance of the neuroin-
flammatory	process	in	the	development	of	neuropathic	pain	
(reviewed in Ji et al. 2014, 2018; Ruiz-Cantero et al. 2021; 
Ghazisaeidi et al. 2023 and Fig. 2). As well as the attenua-
tion	of	the	expression	of	these	neuroinflammatory	markers	
in the DRG of sigma-1 receptor KO mice following SNI we 
selected this group for further functional analysis.

CCL8 (alternatively known as monocyte chemoattrac-
tant 2, MCP2) is the chemokine with the highest regulation 
in our dataset in injured WT mice (15-fold) and is also the 
transcript	with	the	largest	fold	difference	between	WT	and	
sigma-1	receptor	KO	mice	during	SNI	in	module	IV,	with	
a 7-fold decrease in the sigma-1 receptor KO mice with 
nerve injury (see second panel in Fig. S2). This cytokine 
is typically produced by active macrophages (Asano et al. 
2015; Halvorsen et al. 2016), although it can also be pro-
duced by neurons (Lu et al. 2017). CCL8 acts as a chemo-
tactic factor to attract macrophages but primarily CD4 + T 
cells through interaction with CCR5, which is its canonical 
receptor	(Ruffing	et	al.	1998; Halvorsen et al. 2016). Inter-
estingly, we found a marked attenuation of the increase of 
both CCR5 and CD4 in the sigma-1 receptor KO mice in 
comparison to the robust increase found in WT mice, and 
in	fact,	CD4	was	not	significantly	increased	in	sigma-1	KO	
mice after SNI (Fig. S2). CCR5 is not the only receptor 
for CCL8, as it can also bind to CCR3 (Ge et al. 2017). 
However, the transcript for CCR3 was virtually absent in 
the	DRG	samples	examined	(data	not	shown).	In	addition,	
another transcript with a marked increase after SNI in the 
WT	mice,	which	was	not	significantly	regulated	after	injury	
in the sigma-1 KO mice is LY6A (see Fig. S2), which is also 
named T-cell-activating-protein (TAP) because of the criti-
cal role it plays on T cell activation (Stanford et al. 1997). 
Therefore, these results suggests that the decrease in some 
chemokines and other immune cell markers in the injured 
DRG of sigma-1 receptor KO mice might lead to a reduc-
tion of the recruitment of immune cells, including T cells 
into the DRG following nerve injury.

In	 summary,	 the	 expression	 patterns	 of	 the	 transcripts	
with	 a	 difference	 between	WT	 and	 sigma-1	 receptor	 KO	
mice,	point	to	a	reduced	neuroinflammatory	process	in	the	
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CD4 + and CD8 + subpopulations of T cells. We found that 
the recruitment of CD4 + T cells in the DRG from WT was 
considerably larger than the increase in CD8+, which was 
modest (see the “Ipsilateral” values in Fig. 5C). Sigma-1 
receptor KO mice did not show any increase in any of these 
T cell subpopulations in the injured DRG (see the “Ipsilat-
eral” values in Fig. 5C).

We	 also	 examined	 the	DRGs	 contralateral	 to	 SNI,	 but	
we	did	not	find	any	increase	in	any	immune	cell	population	
explored	in	comparison	to	the	values	found	in	naïve	animals	
(see the “Contralateral” measures in Fig. 5A-C).

In summary, although sigma-1 receptors have a neuro-
nal	 specific	distribution	 in	 the	DRG,	 they	have	an	 impact	
on immune cell recruitment after SNI. To our knowledge, 
this	is	the	first	report	showing	that	sigma-1	receptor	KO	has	
an	influence	on	T	cell	recruitment	 in	 the	DRG	after	nerve	
injury.	The	effect	of	sigma-1	KO	was	proportionally	more	
robust on CD4 + T cells than on any other immune cell type 
explored,	 as	 it	 completely	 blocked	 the	 infiltration	 of	 this	
immune cell type into the DRG. Although CD4 + T cells 
have a lower presence than myeloid cells in the peripheral 
neuroinflammatory	 response	 of	 neuropathic	 animals,	 it	 is	
thought that CD4 + T cells orchestrate the immune response 
and play a pivotal role in the development of neuropathic 
pain	 in	 the	DRG	 (Vicuña	 et	 al.	2015; Cobos et al. 2018; 
Chen et al. 2022; Ino et al. 2023). Therefore, it could be 
hypothesized that the absence in the recruitment of CD4 + T 
cells into the DRG of our mutant mice might have an impact 
in their reduced pain phenotype.

Infiltration of Immune Cells in the Paw of WT and 
Sigma-1 Receptor KO Mice After CFA-Induced 
Inflammation

Since sigma-1 receptor KO mice showed a decrease in the 
recruitment of immune cells in the injured DRG after SNI, 
we aimed to test whether these mutant mice had a general-
ized	deficit	in	the	production	or	recruitment	of	immune	cells	
that	would	account	for	the	decrease	in	the	neuroinflamma-
tory process observed. Therefore, we evaluated immune cell 
recruitment	in	the	inflamed	paw	induced	by	CFA.

The number of resident immune cells in the paw tissue 
from naïve WT or sigma-1 receptor KO was indistinguish-
able. These include neutrophils (Fig. 6A), macrophages/
monocytes (Fig. 6A), B cells (Fig. 6B), and T cells (Fig. 6B), 
including the CD4+ (Fig. 6C) and CD8+ (Fig. 6C) 
subpopulations.

We	then	examined	the	presence	of	these	immune	cells	in	
the paws from mice injected with CFA (10–20 µL) or with 
saline (20 µL). Saline injection did not alter the presence of 
any of the immune cells tested in comparison to the naïve 
values (see the “Ipsilateral” vales in Fig. 6A-C). However, 

absent in the injured DRGs of the KO mice like that seen in 
the contralateral (Fig. 4B).

We	 next	 quantified	 by	 FACS	 the	 presence	 of	 immune	
cells in DRGs from uninjured and injured WT and 
sigma-1 receptor KO mice. We determined neutrophils 
(CD45 + CD11b + Ly6G + cells), macrophages/monocytes 
(CD45 + CD11b + Ly6G − cells), B cells (CD45 + CD45R/
B220+), and T cells (CD45 +	TCRβ+). Although in previ-
ous	sections	we	found	a	lower	expression	in	immune	tran-
scripts in naïve sigma-1 receptor KO mice in comparison 
to naïve WT mice, this did not translate into a decrease in 
the presence of any of the immune cells tested (see Fig. 5A-
C),	 likely	 because	 of	 sensitivity	 differences	 between	 the	
methods, with FACS being less sensitive than RNAseq, in 
particular during the naïve condition, where the number of 
resident	immune	cells	in	the	DRG	is	low.	We	also	examined	
whether the sham procedure has an impact in the recruit-
ment of immune cells into the DRG, and found a virtually 
identical presence of neutrophils, macrophages/monocytes, 
B cells, and T cells than in samples from sham or naïve ani-
mals (see the “Ipsilateral” values in Fig. 5A-C).

Next,	we	examined	the	infiltration	of	immune	cells	into	
the injured DRGs in WT mice and whether sigma-1 recep-
tor KO mice had an alteration in this process. Neutrophils 
are	not	significantly	recruited	in	the	DRG	ipsilateral	to	SNI	
from either WT or sigma-1 receptor KO mice (see the “Ipsi-
lateral” values in Fig. 5A). These data agree with previous 
studies which show that neutrophils do not participate in the 
neuroinflammatory	process	after	SNI	(Lindborg	et	al.	2018; 
Bravo-Caparrós et al. 2020). On the other hand, we found a 
marked increase in the presence of macrophages/monocytes 
in the injured DRG from WT mice on day 7 after SNI, com-
pared to the values found on the DRG from naïve animals. 
This increase was partially attenuated in sigma-1 receptor 
KO mice (see the “Ipsilateral” values in Fig. 5A) support-
ing	our	previous	data	where	macrophage/monocyte	infiltra-
tion and or activation in the DRG after SNI is decreased by 
sigma-1 receptor inhibition, purportedly by the decrease in 
the production of CCL2 (Bravo-Caparrós et al. 2020).

We	also	examined	the	presence	of	relevant	 lymphocyte	
lineages in the DRG from WT and sigma-1 receptor KO 
mice	before	and	after	nerve	injury.	B	cells	did	not	signifi-
cantly increase in the injured DRG from animals of either 
genotype (see the “Ipsilateral” values in Fig. 5B). There-
fore, this immune cell type does not appear to participate 
in SNI-induced neuropathic pain, as previously reported 
(Cobos et al. 2018). On the other hand, the number of T cells 
significantly	increased	in	the	DRG	ipsilateral	to	nerve	injury	
of WT mice, and importantly sigma-1 receptor KO mice 
did not show any apparent increase in the presence of this 
cell type in the injured DRG (see the “Ipsilateral” measures 
in Fig. 5B).	 Further	 analysis	 explored	 the	 contribution	 of	
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or sigma-1 receptor KO mice (see the “Ipsilateral” measures 
in Fig. 6A). We also studied the presence of lymphocyte lin-
eages	during	CFA-induced	inflammation.	We	did	not	detect	
a	statistically	significant	increase	in	B	cells	after	CFA	injec-
tion in mice from either genotype, but we found a prominent 

the administration of CFA induced a robust increase in neu-
trophils and macrophages/monocytes in the injected paw of 
both WT and sigma-1 receptor KO mice. A dose-dependent 
effect	was	particularly	appreciated	in	neutrophil	recruitment.	
The increase in these immune cells was equally robust in WT 

Fig. 5	 Infiltration	 of	 immune	 cells	 in	 the	 injured	 dorsal	 root	 gan-
glia (DRG) of wild-type (WT) and sigma-1 receptor knock-
out	 (KO)	 mice	 after	 spared	 nerve	 injury	 (SNI).	 Quantifica-
tion of (A) Neutrophils (CD45 + CD11b + Ly6G + cells) and 
macrophages/monocytes (CD45 + CD11b + Ly6G − cells), (B) B 
cells (CD45 + CD45R/B220+) and T cells (CD45 +	TCRβ	+ cells), 
and (C) CD4 T cells (CD45 +	TCRβ	+ CD4 + cells) and CD8 T cells 
(CD45 +	TCRβ	+ CD8a + cells) determined by FACS in the DRG from 
naive mice, and ipsilateral and contralateral DRG from mice with SNI 
or sham-operated mice 7 days after surgery. For the naïve group, the 
values from the left and right side were averaged as there were no dif-

ferences between them. Representative FACS diagrams, gated from 
CD45 + cells, and obtained from the DRG ipsilateral and contralateral 
to	 the	 SNI	 of	WT	mice,	 are	 shown	 beside	 the	 quantification	 of	 the	
several immune cell types. (A-C) Each bar and vertical line represent 
the mean ± SEM of the values obtained in 7–10 batches of L3-L4 
DRG.	Statistically	significant	differences	between	the	values	in	naïve	
and SNI ipsilateral groups within samples from the same genotype: 
**P < 0.01, *P < 0.05 and between DRG ipsilateral to SNI in the WT 
and KO groups: ††P < 0.01, †P <	0.05	(two-way	ANOVA	followed	by	
Student-Newman-Keuls)
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and	 significantly	 increased	 in	 the	 inflamed	 paw,	 and	 to	 a	
similar	extent	in	both	genotypes	(see	the	“Ipsilateral”	mea-
sures in Fig. 6B). Therefore, sigma-1 receptor KO mice do 
not	show	any	apparent	deficit	in	immune	cell	recruitment	in	
response	to	paw	inflammation.	We	did	not	find	statistically	

and dose-dependent increase in T cell recruitment in the 
inflamed	paw,	which	was	of	a	similar	magnitude	in	WT	and	
sigma-1 receptor KO mice (see the “Ipsilateral” measures in 
Fig. 6B). We also studied the CD4 + and CD8 + subpopula-
tions of T cells and found that both were dose-dependently 

Fig. 6	 Infiltration	of	immune	cells	in	the	paw	of	wild-type	(WT)	and	
sigma-1	 receptor	 knockout	 (KO)	 mice	 after	 peripheral	 inflamma-
tion induced by the intraplantar administration of Complete Freund’s 
Adjuvant (CFA). (A) Neutrophils (CD45 + CD11b + Ly6G + cells) 
and macrophages/monocytes (CD45 + CD11b + Ly6G − cells), (B) B 
cells (CD45 + CD45R/B220+) and T cells (CD45 +	TCRβ	+ cells), 
(C) CD4 T cells (CD45 +	TCRβ	+ CD4 + cells) and CD8 T cells 
(CD45 +	TCRβ	+ CD8a + cells) were determined by FACS in plantar 
tissue from naive mice, and ipsilateral and contralateral plantar tissue 
from	mice	7	days	after	with	CFA-induced	inflammation.	For	the	naïve	

group, the values from the left and right paw were averaged as there 
were	 no	 differences	 between	 them.	 Representative	 FACS	 diagrams,	
gated from CD45 + cells, and obtained from the paw ipsilateral and 
contralateral	to	the	inflammation	induced	by	CFA	20	µL	in	WT	mice,	
are	shown	beside	the	quantification	of	the	several	immune	cell	types.	
Each bar and vertical line represent the mean ± SEM of the values 
obtained	from	7–10	independent	paw	samples.	Statistically	significant	
differences	 between	 the	 values	 in	 naïve	 and	 CFA	 ipsilateral	 groups	
within samples from the same genotype: **P < 0.01, *P < 0.05 (two-
way	ANOVA	followed	by	Student-Newman-Keuls)
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or	 not	 to	 the	 peripheral	 neuroinflammatory	 response.	The	
effects	of	 sigma-1	 inhibition	 in	mice	 from	both	 sexes	has	
been previously compared under several pain conditions, 
and	it	was	found	male	and	female	sigma-1	KO	mice	experi-
enced a virtually identical decrease in neuropathic hypersen-
sitivity after SNI (Bravo-Caparrós et al. 2019). In addition, 
pain sensitization by the injection of chemical algogens 
such as capsaicin and prostaglandin E2 is equally attenuated 
by	 sigma-1	 inhibition	 in	 both	 sexes	 (Entrena	 et	 al.	2009; 
Ruiz-Cantero et al. 2023a). Therefore, although there is 
clear	sexual	dimorphism	in	certain	pain	mechanisms,	up	to	
now	there	is	no	evidence	for	such	differences	regarding	the	
modulatory role of sigma-1 receptors in pain.

Although in the present study sample collections and 
behavioral assays were made 7 days after SNI, we previ-
ously	reported	that	the	difference	in	sensory	hypersensitivity	
between WT and sigma-1 KO mice is maintained for at least 
21 days (Bravo-Caparrós et al. 2019). Therefore, it can be 
speculated	that	the	attenuated	neuroinflammatory	response	
seen here in sigma-1 KO mice would be not restricted to 
7 days but maintained for a longer period to sustain these 
behavioral	differences.

As we found that the attenuated neuropathic hypersen-
sitivity seen in sigma-1 receptor KO mice is accompanied 
by	a	 reduction	 in	peripheral	neuroinflammation,	 including	
a marked decrease in the recruitment of CD4 + T cells into 
the DRG (Fig. 5C),	 we	 attempted	 to	mimic	 the	 effect	 of	
sigma-1 receptor inhibition by treatment with maraviroc. As 
expected,	control	mice	treated	with	the	solvent	of	maravi-
roc showed a marked decrease in the mechanical threshold 
of the injured paw 7 days after SNI (Fig. 7B). SNI mice 
treated during 7 days with maraviroc in the drinking water 
showed	a	significant	recovery	of	the	mechanical	threshold	
in the paw ipsilateral to the surgery (Fig. 7B), and to the 
same	extent	that	the	antiallodynic	effect	seen	in	sigma-1	KO	
mice (compare Fig. 7A and B). Therefore, pharmacological 
antagonism of CCR5 and T cell actions in WT mice mir-
rored	 the	 effect	 of	 sigma-1	KO	mice	 in	 tactile	 allodynia.	
The	effect	of	maraviroc	was	restricted	to	the	injured	paw	as	
the mechanical threshold of the contralateral paw was virtu-
ally identical to the baseline measure (Fig. 7B). Therefore, 
maraviroc did not induce a broad increase in the mechanical 
threshold	of	the	mice	but	a	specific	anti-allodynic	effect.

We also tested sensitivity to cold stimulation using an 
acetone drop. Baseline responses to acetone were equal 
in naïve WT and sigma-1 receptor KO mice with a mini-
mal response (licking/biting the paw) (Fig. 7C). One week 
after SNI, WT mice developed marked cold allodynia in the 
injured limb, with a duration of paw licking/biting of about 
12 s. In contrast, sigma-1 receptor KO mice had a mini-
mal cold hypersensitivity, showing only a modest increase 
(2.4 s) in the behavioral response (Fig. 7C). The responses 

significant	differences	in	the	immune	cell	populations	in	the	
paws contralateral to the injection of saline or CFA in com-
parison to the values found in naïve animals (see the “Con-
tralateral” measures in Fig. 6A-C).

It	can	be	concluded	that	the	decrease	in	immune	cell	infil-
tration in the DRG of sigma-1 receptor KO mice described 
in	 the	 previous	 sections	 cannot	 be	 explained	 by	 an	 overt	
deficit	in	the	immune	response	of	these	mutant	animals,	and	
taking into account the neuronal selective distribution of 
sigma-1	receptors	in	the	DRG,	our	findings	rather	suggest	
that is a mechanism related to the neuronal regulation of 
immune	cell	trafficking	in	the	DRG.

The Behavioral Phenotype of Sigma-1 Receptor KO 
Mice in SNI-Induced Neuropathic Pain Is Partially 
Replicated by Treatment with Maraviroc

To determine if the changes in immune cell recruitment 
have	any	effect	on	the	behavior	of	the	sigma-1	receptor	KO	
mice relative to WT we assayed mechanical and cold hyper-
sensitivity in these mice, as well as spontaneous pain-like 
responses. We compared the behavioral results of sigma-1 
KO mice with those obtained in WT mice treated with mara-
viroc.	Maraviroc	is	a	specific	inhibitor	of	CD4	+ T cells and 
operates as a CCR5 antagonist (Rosario et al. 2008).

We initially compared the response to mechanical stimu-
lation of WT and sigma-1 receptor KO mice before and after 
SNI. Baseline mechanical threshold in von Frey test did not 
significantly	differ	between	naïve	genotypes	(Fig.	7A). One 
week post SNI, WT mice developed mechanical allodynia 
in their injured paw ipsilateral to the SNI. Sigma-1 recep-
tor KO mice also showed mechanical hypersensitivity after 
SNI	although	it	was	significantly	less	pronounced	than	WT	
mice (Fig. 7A). The responses to mechanical stimulation 
remained unchanged in the paw contralateral to the nerve 
injury in WT or sigma-1 receptor KO mice (Fig. 7A). No 
change was observed in the mechanical thresholds in sham-
operated mice from either genotype (Fig. S3A).

It has been reported that spinal microglia play a more 
prominent role on neuropathic mechanical allodynia in 
male than in female mice, whereas central T cells play a 
more active role in female than in male animals (Sorge et al. 
2015). We previously reported that SNI-induced mechani-
cal	 allodynia	 could	 be	 efficiently	 attenuated	 by	 inhibition	
of either macrophages or T cells in male mice, purportedly 
by peripheral mechanisms (Cobos et al. 2018). Our current 
results	showing	a	decrease	in	peripheral	neuroinflammation	
and tactile allodynia in female sigma-1 KO mice seems to 
mimic	 the	 effect	 of	 the	 peripheral	 immune	 cell	 inhibition	
seen in male mice. Nevertheless, it would be of interest to 
design	a	study	to	specifically	test	whether	the	sexual	dimor-
phism	of	central	neuroinflammation	in	pain	can	be	applied	
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Fig. 7 Reduction of sensory hypersensitivity in sigma-1 receptor 
knockout (KO) mice after spared nerve injury (SNI) is partially rep-
licated in wild-type (WT) mice treated with maraviroc. The von Frey 
threshold (A and B) and duration of hind paw licking or biting in the 
acetone test (C and D) were recorded before the injury (baseline) and 
7 days after SNI in the paws ipsilateral and contralateral to the site of 
surgery. We compared behavioral responses in WT and sigma-1 recep-
tor KO mice (A and C) and in WT mice treated with maraviroc or its 
solvent (B and D). Maraviroc was dissolved at 300 mg/L in the drink-
ing	water,	which	results	in	an	approximate	dose	of	50	mg/kg/day	(see	

Methods for details) and was given to the mice from the day before the 
SNI until the day of the sensory evaluation. Control mice were given 
drinking water without any additives. Each bar and vertical line repre-
sent the mean ± SEM of the values obtained in 10–12 animals. Statisti-
cally	significant	differences	between	the	values	obtained	in	the	ipsilat-
eral paw on the baseline and day 7 after SNI: **P < 0.01; between the 
ipsilateral and contralateral measurements: ##P < 0.01; and between 
WT and KO groups or control and maraviroc-treated mice stimulated 
in the paw ipsilateral to SNI: ††P < 0.01 (two-way repeated measures 
ANOVA	followed	by	Student-Newman-Keuls)
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We	 first	 interrogated	 the	 K-Means	 algorithm	 to	 group	
the behaviors of 48-h recordings of naïve and SNI WT 
mice in an unsupervised manner, and we selected asym-
metrically directed behaviors that involved the approach 
of the head of the animal to the injured limb as spon-
taneous pain-like behaviors (see Methods for details). 
Figure 8A shows a sequence of three frames of a sponta-
neous	pain-like	episode	identified	by	the	algorithm	in	two	
different	mice.	The	duration	of	these	pain-like	responses	
significantly	increased	from	3.39	± 0.16% in naïve mice 
to 4.42 ± 0.16% in SNI mice, as shown in Fig. 8B. It has 
been reported that these types of asymmetric behaviors 
are too rare to be considered as representing spontaneous 
pain (Mogil et al. 2010). However, typical evaluations 

to cold stimulation remained unchanged in the paw contra-
lateral to the nerve injury in WT or sigma-1 receptor KO 
mice (Fig. 7C). No change was observed in the responses to 
acetone in sham-operated mice from either genotype (Fig. 
S3B). Interestingly, treatment with maraviroc was unable to 
alter the behavioral responses to acetone (licking/biting the 
paw) in either the injured or the uninjured paw, and mice 
still showed a marked cold allodynia in the paw ipsilateral 
to the SNI (Fig. 7D). Therefore, although maraviroc could 
replicate	the	effect	of	sigma-1	inhibition	in	the	responses	to	
mechanical stimulation, it was unable to do so when a cold 
stimulus was used.

In addition to cutaneous hypersensitivity, we also eval-
uated spontaneous pain-like behaviors in mice after SNI. 

Fig. 8 Reduction in spontaneous pain-like 
responses of sigma-1 receptor knockout 
(KO) mice after spared nerve injury (SNI) is 
replicated in wild-type (WT) mice treated with 
maraviroc. (A) Representative sequence of three 
frames	of	a	pain-like	response	episode	identified	
by	the	algorithm	in	two	different	mice.	Points	
and lines represent some key anatomical features 
of each animal that were automatically identi-
fied	to	calculate	their	coordinates	and	hence	
the postures of the animals. (B) The duration of 
spontaneous pain-like responses (% of frames 
in the 48-h recording – starting after day 7 post-
SNI) was estimated in WT and sigma-KO mice 
in naïve (N), sham (S) or SNI conditions. (C) 
Spontaneous pain-like responses were assessed 
in sham (S) or SNI WT mice treated with mara-
viroc or its solvent. Maraviroc was dissolved at 
300 mg/L in the drinking water, which results 
in	an	approximate	dose	of	50	mg/kg/day	(see	
Methods for details) and was given to the mice 
from the day before the SNI until the last day 
of the recording. SNI control mice were given 
drinking water without any additives. Each bar 
and vertical line represent the mean ± SEM 
of the values obtained in 12–20 animals. 
Statistically	significant	differences	between	
the values in naïve and SNI groups within 
samples from the same genotype: **P < 0.01; 
between the values in sham and SNI groups: 
#P < 0.05, ##P < 0.01; and between control and 
maraviroc-treated mice with SNI: †P < 0.05, 
††P <	0.01	(two-way	ANOVA	followed	by	
Student-Newman-Keuls)
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hypersensitivity, and both studies administered this drug 
intrathecally (Kwiatkowski et al. 2016; Piotrowska et al. 
2016).	Here	we	show	for	the	first	time	that	oral	adminis-
tration	 is	enough	to	 induce	an	effect	 in	 tactile	allodynia	
but also in spontaneous pain-like behaviors. Considering 
that this drug is known to have a very limited central per-
meability (Garvey et al. 2012) it is reasonable to hypoth-
esize	that	these	effects	are	produced	peripherally.

In	 spite	 of	 the	 robust	 effect	 of	 maraviroc	 in	 tactile	
allodynia or spontaneous pain-like responses, our data 
suggest that pharmacological inhibition of T cell actions 
during neuropathic pain is not enough to decrease cold 
allodynia.	The	absence	of	effect	of	maraviroc	 treatment	
on cold allodynia in female animals is consistent with 
previously published data where the depletion of T cells 
in	 male	 mice	 did	 not	 affect	 cold	 hypersensitivity	 and	
suggests that cold allodynia develops from changes in 
sensory neurons in a manner independent of the partici-
pation of these immune cells in either female (this study) 
or male (Cobos et al. 2018) mice. Therefore, the robust 
decrease of cold allodynia seen in the sigma-1 KO mice 
cannot be attributed to the decreased peripheral neuroin-
flammatory	process	but	to	independent	neuronal	effects.	
It has been described that sigma-1 receptor is a modulator 
of	TRPs,	including	TRPV1	(Cortés-Montero	et	al.	2019; 
Ruiz-Cantero et al. 2023a), TRPM8 and TRPA1 (Cortés-
Montero et al. 2019). In fact, it has recently been shown 
that TRPA1 modulation by sigma-1 receptor has a strong 
impact	on	oxaliplatin-induced	cold	allodynia	(Marcotti	et	
al. 2023). Therefore, it is tempting to speculate that the 
direct	modulatory	effects	of	sigma-1	receptors	on	TRPA1	
(maybe in conjunction to other ion channels) might pro-
duce the amelioration of SNI-induced cold allodynia in a 
manner	independent	of	the	neuroinflammatory	process.

Finally, although our results suggest that DRG sigma-1 
receptors play a role in neuropathic pain, we cannot rule out 
the simultaneous participation of sigma-1 receptors in cen-
tral nervous system, since it is known that sigma-1 receptors 
can also modulate neurotransmission in the spinal cord and 
pain-related supraspinal areas (Merlos et al. 2017; Ruiz-
Cantero et al. 2021).

performed by human observers are made during a very 
limited time (usually in recordings not longer than 
60 min) (e.g. Mogil et al. 2010). Our study shows that 
the automatic evaluation of these behaviors by a (tireless) 
algorithm allows days–long recordings to be monitored 
with	well-defined	and	invariant	instructions,	and	even	if	
pain-like responses occur with a very low frequency, they 
can	be	objectively	quantified	to	study	spontaneous	pain,	
since	they	significantly	increase	in	neuropathic	mice.

We then used the K-Means algorithm to identify these 
pain-like	 responses	 in	 other	 experimental	 groups.	 We	
found that sham mice showed values indistinguishable 
from those of naïve animals (Fig. 8B).	Then,	we	explored	
these behaviors in uninjured (naïve or sham) or SNI 
sigma-1	 KO	 mice.	 There	 were	 no	 differences	 between	
the values found in these three groups of mutant animals, 
which were similar to the values from uninjured WT mice 
(Fig. 8B).	Finally,	we	also	studied	 the	effect	of	maravi-
roc treatment on spontaneous pain-like behaviors during 
neuropathic pain. When we applied the algorithm to new 
groups of sham and SNI WT mice, we found again an 
increase in pain-like behaviors in neuropathic animals, 
indicating the robustness of the detection of these behav-
iors. The increase in pain-like responses seen in SNI mice 
was abolished by treatment with maraviroc (Fig. 8C). 
This	is,	to	our	knowledge,	the	first	study	which	shows	a	
decrease in neuropathic spontaneous pain-like behaviors 
by sigma-1 KO or by maraviroc treatment.

Maraviroc is used in the treatment of the infection 
caused	 by	 the	 human	 immunodeficiency	 virus	 (HIV).	
The dose used in our study in mice (50 mg/kg/day) theo-
retically	translates	to	a	dose	approximately	equivalent	to	
300 mg/day in humans considering an interspecies allo-
metric scaling factor of 12.3, following the recommenda-
tions by FDA (Nair and Jacob 2016), which is within the 
therapeutic range of this drug (Gulick et al. 2008). Our 
results would support an additional indication of maravi-
roc, at doses normally used in therapy, to ameliorate (at 
least some symptoms associated with) neuropathic pain. 
There are only two previously published studies which 
tested	 the	 effects	 of	 maraviroc	 on	 neuropathic	 sensory	
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Conclusions

In summary, our data indicate that peripheral sigma-1 
receptors play a pivotal role in the communication between 
peripheral sensory neurons and the immune system after 
nerve injury. Sigma-1 inhibition decreases the recruitment 
and activation of macrophages/monocytes and CD4 + T 
cells in the injured DRG, at least in part through the reduc-
tion in the production of several cytokines such as CCL2 
or CCL8 (Fig. 9).	This	effect	is	not	due	to	a	broad	immu-
nomodulatory	 effect	 of	 sigma-1	 receptors,	 as	 no	 apparent	
decrease	 in	 immune	 cell	 recruitment	 in	 an	 inflamed	 paw	
is	observed	after	local	injection	of	an	inflammatory	agent.	
Modulation	of	DRG	neuroinflammation	by	sigma-1	recep-
tors	might	partially	explain	the	amelioration	of	neuropathic	
tactile allodynia and spontaneous pain-like responses seen 
in	sigma-1	receptor	KO	mice,	but	it	cannot	explain	the	effect	
on cold allodynia. Therefore, sigma-1 receptor inhibition 
may	 be	 potentially	 effective	 to	 decrease	 neuropathic	 pain	
through	the	inhibition	of	peripheral	neuroinflammation	and	
additional mechanisms.
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Fig. 9 Proposed actions for the 
effects	of	sigma-1	receptor	on	
dorsal root ganglia (DRGs) neu-
roinflammation	after	spared	nerve	
injury (SNI). In wild-type (WT) 
mice,	injured	DRGs	exhibits	high	
levels of CCL8, CCL2 (among 
other cytokines) and a massive 
infiltration	of	macrophages/
monocytes and T cells, which 
favors neuropathic pain devel-
opment. In contrast, sigma-1 
receptor knockout (KO) mice 
showed reduced levels of CCL2 
and CCL8, decreased macro-
phage/monocyte	infiltration	and	a	
negligible presence of T cells into 
DRGs, together with a reduced 
neuropathic pain phenotype after 
SNI. The mouse drawing was 
obtained from BioRender.com
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