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Abstract
BACKGROUND Neuropathic pain (NP) is more prevalent in women. However, females are under-represented in animal experiments, and the mechanisms of sex
differences remain inadequately understood. Using the spared nerve injury (SNI) model in rats, we characterized sex differences in behaviour, analysed dorsal
root ganglion (DRG) and spinal cord (SC) tissues with transcriptomics and immunohistochemistry assays, and examined the proteome of cerebrospinal �uid
(CSF). 

METHODS The study comprised two experiments, with male and female Sprague-Dawley rats subjected to SNI- and sham-surgeries. Mechanical and cold
allodynias were assessed using von Frey �laments and the acetone test, respectively. Samples were extracted on Day 21 for CSF proteome and DRG and SC
analysis for neuronal markers (IB4 and CGRP) and glial cell markers (IBA1 and GFAP), respectively, in Experiment I. Lumbar 4-5 DRGs and SC segments were
collected for RNA-seq analysis on Day 7 in Experiment II. Differential gene expression in DRG and SC was calculated using DESeq2, and pathway analyses
were conducted using iPathwayguide. 

RESULTS Females developed stronger mechanical allodynia in both experiments. Equivalent decreases in CGRP and IB-4 positive cell counts in DRG and
increases in glial cells markers in the SC were seen in both sexes. No CSF protein showed change following SNI in any group. RNASeq of DRG and SC showed
abundant changes in gene expression. Sexually dimorphic responses were found in genes related to T-cells (cd28, ctla4, cd274, cd4, prf1),
other immunological responses (dpp4, c5a, cxcr2 and il1b), neuronal transmission (hrh3, thbs4, chrna4 and pdyn), plasticity (atf3, c1qc and reg3b), and others
(bhlhe22, mcpt1l, trpv6). Analyses of biological processes revealed differences in T and B cell functions in DRG and neuronal processes in both DRG and SC. 

CONCLUSIONS We observed signi�cantly stronger mechanical allodynia in females and many sexually dimorphic changes in gene expression, following SNI
in rats. Several genes have previously been linked to NP, while some are novel. Our results suggest gene targets for further studies in the development of new,
possibly sex-speci�c, therapies for NP and underline the importance of investigating NP in both sexes.

Introduction
Neuropathic pain (NP) affects 7–8% of the adult population [1]. In most cases, it is refractory to the majority of clinically-used drugs [2]. Gender differences in
NP or responses to drugs used in NP have not been systematically assessed. Female subjects have often been excluded from clinical trials [3], even though
NP, as well as chronic pain in general, is more prevalent among women [4, 5]. However, a systematic review concerning studies of human experimental pain
found no consistent pattern in gender differences [6]. Several psychological and sociocultural phenomena may in�uence pain perception differently in the two
genders. Therefore, non-human studies are needed to uncover the underlying pathophysiologic mechanisms explaining possible sex differences in pain
perception [7].

Preclinical studies indicate that the mechanisms in the pathophysiology of NP may differ between males and females. Female rats develop NP relatively more
often than males after partial sciatic nerve ligation (SNL) [8]. On the other hand, studies comparing females and males with chronic constriction injury (CCI) in
rats and spared nerve injury (SNI) in mice do not report sex differences in baseline behaviour [9, 10], though there is evidence of time-dependent sex
differences in mouse behaviour with CCI [11].

As microglial activation has been demonstrated in both sexes following peripheral nerve injury (PNI), it has been suggested that the pathways leading to NP
could diverge at the microglial level [9, 12–15]. In support of this hypothesis, inhibition of pro-in�ammatory microglial activation attenuates mechanical
allodynia following PNI in male, but not female, mice and rats [9, 10]. In females, on the other hand, allodynia seems to be inducible without microglial
activation, perhaps relying preferentially, but not exclusively, on mechanisms involving adaptive immune cells instead [10]. T lymphocytes have been
suggested to be important in the induction of allodynia in female rats. These cells can also in�ltrate the spinal cord (SC) following PNI and play a role in pain
hypersensitivity [10, 16]. These and other neuroimmune processes, also studied in humans, are of great interest in explaining persistence of NP [17].

Tools of systems biology have been used to elucidate sex differences in pain. RNA-Seq of rat dorsal root ganglia (DRG) has revealed both common and sex-
speci�c differences in gene expression following CCI, particularly in synthesis of cytokines, growth factors and neurotransmitters. Several sex-speci�c
changes have also been found in the MAPK pathway [18] which has been linked to NP [19, 20].

As the sexual dimorphism of pain and the sex-speci�c role of glial and immune cells in NP are still inadequately understood, we set out to quantify sex
differences in the behaviour of rats following SNI and to discover novel genes and proteins, as well as biological processes, displaying sexually dimorphic
responses in NP. In addition to immunohistochemistry (IHC), we used systems biology methods, such as RNA-Seq and proteomics, to provide a comprehensive
insight into the molecular makings of sex differences in NP.

Materials And Methods
This study consisted of two separate experiments, I and II. Experiment I continued for 21 days, while Experiment II, concentrating on an earlier phase of
development of NP, lasted for 7 days. We conducted behavioural tests in both experiments. In Experiment I, we collected cerebrospinal �uid (CSF) and samples
for IHC (as detailed below). In Experiment II, we analysed DRG and SC, utilising RNA-Seq.

Animals

In Experiments I and II, we used 20 and 24 male and female Sprague-Dawley rats, respectively. The animals were housed at the Laboratory Animal Centre of
Biomedicum Helsinki in individually-ventilated cages, with two animals per cage. Standard food and water were provided ad libitum. The facility had 12-hour
long alternating light and dark conditions. Animals rested for two weeks before baseline tests. The animals were habituated to the behavioural testing protocol
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for three consecutive days prior to the baseline tests. Great care was taken to minimize animal stress. All rats were handled in a similar way. The animals were
nine weeks of age at the time of the baseline tests; mean female weight was 218 g (95% CI [213, 224]) and mean male weight was 341 g (95%, CI [332, 348]).
The 3Rs principle was applied and ARRIVE guidelines were followed during the study [21, 22]. All procedures were approved by the Regional State
Administrative Agency for Southern Finland (ESAVI-9697/04.10.07–2017).

The law on the Protection of Animals Used for Scienti�c or Educational Purposes (497/2013) and Directive 2010/63/EU on the protection of animals used for
scienti�c purposes Text with EEA relevance were followed fully.

Spared nerve injury surgery

The SNI model of NP produces consistent, prolonged, and substantial changes in thermal and mechanical sensitivity on the lateral aspect of the hind paw,
mimicking several features of clinical NP [23].

SNI surgery was performed on half of the animals of each sex, with the other half undergoing sham surgery. Anaesthesia was induced and maintained with
4% and 2% iso�urane, respectively.

In the animals undergoing SNI surgery, the right sciatic nerve, originating from spinal segments L4-6 [24], was exposed by cutting the skin and subcutaneous
tissue using a scalpel. The muscles overlying the sciatic nerve were prepared and cut through by spreading with scissors in the direction of the muscle �bres.
The tibial and �bular divisions of the sciatic nerve were ligated once with �ne 8 − 0 non-absorbable suturing silk, after which the divisions were cut distally.
Utmost care was taken to leave the sural branch of the sciatic nerve intact. The muscle cut was sutured with absorbable 4 − 0 polyglactin suturing thread. The
skin was sutured using non-absorbable 4 − 0 thread.

In the sham surgery animals, the right sciatic nerve was identically exposed. The nerve was left intact, and the surgical wound was sutured as in the animals
undergoing SNI surgery.

Behavioural tests

Behavioural testing was conducted before surgery, seven days postoperatively in both studies, and 21 days after surgery in Experiment I. We used von Frey
�laments [25] and acetone testing [26] to assess tactile nociception and cold allodynia, respectively. Investigators were blinded to treatment groups during
behavioural tests, which were always conducted in the aforementioned order. Animals were tested in translucent plastic boxes with a �oor of metal grids
through which �laments and acetone were introduced. Animals were habituated to test conditions prior to tests with von Frey �laments.

Von Frey assay
We used von Frey �laments to assess static mechanical allodynia, conducted through C-�bres [27]. We used �laments calibrated to apply forces of 0.4, 1, 2, 4,
and 6 g to prod each animal �ve times per �lament on the lateral plantar aspect of both hind paws. Prods were conducted one second apart on individual
animals, with six animals being prodded consecutively, before repeating with the next �lament. A forceful retraction of the hind paw was recorded as a
positive response. In addition to reporting responses for individual �laments, the total number of positive responses from the �laments was summed.

Acetone testing
Assessment of cold allodynia was conducted by spraying acetone on both hind paws. Cold sensitivity is mediated by both C- and Aδ-�bres [28]. Each hind
paw was sprayed and tested �ve times, with a minute-long period of observation and another minute-long pause between sprays. A positive response was
recorded if the animal clearly attended to its paw during observation, excluding responses during the �rst �ve seconds.

Sample extraction

Experiment I
We extracted the tissue samples after completion of the last behavioural tests. We perfused the animals transcardially under iso�urane anaesthesia, �rst for 3
minutes with phosphate-buffered saline (PBS), and then for 15 minutes with 4% paraformaldehyde (PFA) solution. We collected CSF samples (ca.
100 µl/sample) with a cervical puncture under 2% iso�urane anaesthesia.

We excised a segment of SC, corresponding to the L4-L5 level, and bilateral L4-L5 DRG and immediately submerged them in 4% PFA-solution. We changed the
PFA solution after one and three days, after which the samples were embedded in blocks of para�n wax.

Experiment II
We perfused the animals transcardially under iso�urane anaesthesia with PBS after the last behavioural tests. We excised the SC segments L4-L5 and the
corresponding DRG, snap-froze them in liquid nitrogen and stored them at -70 °C.

Immunohistochemistry

For the IHC analyses, we prepared sections of 10 µm thickness from L4 and L5 segments of lumbar regions of SC and of 7 µm from DRG, after the initial
extraction.

We probed the SC sections with antibodies for IBA1 (1:1000, Cat# 019-19741, Wako, Richmond, VA, USA) or GFAP (1:400, Cat# G-3893, Sigma-Aldrich, St.
Louis, MO, USA). DRG sections were probed with antibodies for CGRP (1:10,000, Cat# T-4032, Peninsula Laboratories, San Carlos, CA, USA) or FITC-conjugated
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IB-4 (1:200; Cat# FL-1201, Vector Labs, CA, USA). Bound antibodies were visualized using anti-rabbit and anti-mouse biotinylated secondary antibodies and
the VECTASTAIN ABC HRP Kit (Cat PK-6101, PK-4002 Vector Laboratories, Burlingame, CA, USA) with 3,3’-diaminobenzidine (DAB) as a chromogene,
according to the manufacturer’s instructions. DAB-stained slides were imaged using the 3DHISTECH Scanner (3DHISTECH Ltd, Budapest, Hungary) at the
scanning service provided by Biocenter Helsinki (http://www.biocenter.helsinki.�/bi/histoscanner/index.html). Fluorescent-labelled slides were imaged using a
Leica DM6000B microscope (Leica, Germany). Images of SC sections were analysed with Matlab R2014b software (Mathworks, Natick, MA, USA). The
number of IBA1- or GFAP-positive cells was quanti�ed using in house-developed scripts with manually-set size and intensity thresholds, as described
previously [29]. The number of cells was normalized to the area of analysed tissue. Since the morphology of glial cells is changed upon activation, we also
analysed the area covered by immunopositive stainings, determined as the total number of pixels with intensity above the selected threshold and normalized
to the area of analysed tissue in pixels. All these parameters were calculated for the left and right dorsal and ventral horns (DH and VH). The resulting data are
presented as percentages of the respective data from the intact side to minimize inter-slide variation. For each animal and region studied, three (in most
cases) non-consecutive sections were quanti�ed, and the results averaged for statistical analysis. The following exclusions were made from the IHC data: the
data for one sham-operated female were excluded from statistical analysis of L4 IBA1 group due to severe damage of the tissue in the analysed region; in the
analysis of GFAP expression, outliers were excluded using the ROUT method with Q = 1% (1 animal per group). DRG sections were mounted in Imu-mount or
Coverquick 2000 (Q PATH, Cat#05547530) mounting media. Slides were imaged with a �uorescence microscope (Zeiss Imager M2 Axio, Carl Zeiss, Germany)
or scanned using 3DHISTECH. For each DRG, the number of the cells positive for the speci�c marker was counted from three random sections and normalized
to the total number of neurons in the corresponding section. The data for each DRG were averaged and used for statistical analysis.

Proteomics

Cysteine bonds were reduced with 0.05M TCEP-HCl (Tris(2-carboxyethyl)phosphine hydrochloride salt, #C4706 Sigma-Aldrich, USA) for 20 min at 37 °C and
alkylated with 0.15M iodoacetamide (#57670 Fluka, Sigma-Aldrich, USA) at room temperature. Samples were digested by adding 1 µg trypsin (Sequencing
Grade Modi�ed Trypsin, V5111, Promega) and leaving overnight at 37 °C. After digestion, peptides were quenched with 10% tri�uoroacetic acid (TFA) and
puri�ed with C18 microspin columns (Harvard Apparatus, USA) eluting the samples with 0.1% TFA in 50% acetonitrile (ACN). The dried peptides were
reconstituted in 30 µl 0.1% TFA in 1% ACN (buffer A).

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was carried out on an EASY-nLC 1000 (Thermo Fisher Scienti�c, Germany)
connected to a Q Exactive hybrid mass spectrometer (Thermo Fisher Scienti�c, Germany) with nano-electrospray ion source (Thermo Fisher Scienti�c,
Germany). The LC-MS/MS samples were separated using a two-column setup consisting of a 2 cm C18 Pepmap column (#164946 Thermo Fisher Scienti�c,
Germany), followed by 15 cm C18 Pepmap analytical column (#164940 Thermo Fisher Scienti�c, Germany). The linear separation gradient consisted of 5%
buffer B in 5 min, 35% buffer B in 60 min, 80% buffer B in 5 min and 100% buffer B in 10 min, at a �ow rate of 0.3 µl/min (buffer A: 0.1% TFA in 1% acetonitrile;
buffer B: 0.1% TFA acid in 98% acetonitrile). 4 µl of sample was injected per LC-MS/MS run and analysed. Full MS scan was acquired with a resolution of 70
000 at normal mass range in the Orbitrap analyser. The method was set to fragment the 10 most intense precursor ions with HCD. LC-MS/MS analysis was
performed using the Xcalibur and LTQ Tune Software.

Acquired MS2 scans were searched against the Rattus norvegicus protein database using the Sequest search algorithms in Thermo Proteome Discoverer. The
allowed mass error for the precursor ions was 15 ppm and, for the fragment, 0.05 Da. A static residue modi�cation parameter was set for carbamidomethyl + 
57,021 Da (C) of cysteine residue. Methionine oxidation was set as dynamic modi�cation + 15,995 Da (M). Only full-tryptic peptides with a maximum of 1
missed cleavage were considered.

RNA extraction and sequencing

Extraction and sequencing of RNA from SC and DRG tissue were conducted at the Functional Genomics Unit, Biomedicum Helsinki. Precellys 24 was used for
lysis and homogenization. Illumina’s ScriptSeq Complete Gold Kit (Human/Mouse/Rat) was used for library preparation. Sample quality was assessed with
Agilent 2100 Bioanalyzer. Ribosomal RNA was removed using Ribo-ZeroTM Gold rRNA Removal Kit. Sequencing was carried out using Illumina’s NextSeq High
Output 1 × 75 bp kit.

Statistical analyses

Behavioural tests
The behavioural data were analysed using GraphPad’s Prism 7 (La Jolla, CA, USA). Behavioural data of the groups at the different time points were analysed
using two-way ANOVA with Holm-Sidak correction for multiple comparisons. An adjusted p value of < 0.05 was considered statistically signi�cant throughout
the study in all analyses, with * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. Standard errors of the mean were also reported.

Immunohistochemistry
All quantitative data were analysed using multiple t-tests to compare parameters of interest between males and females in Graphpad Prism 6 (La Jolla, CA,
USA). Correction for multiple t-tests was done using the Holm-Sidak method (α = 0.05). Each row was analysed individually without assuming a consistent
standard deviation (SD). All data are presented as mean ± SEM.

Proteomics
The peptide-spectrum match-values of the proteomics data were used to calculate the relative abundance (LFQ-intensity) of proteins using MaxQuant [30].
LFQ-intensity values were then compared in GraphPad’s Prism 7 using multiple t-tests with Holm-Sidak multiple comparisons correction to analyse differential
expression of proteins in the treatment groups.
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RNA differential expression – spinal cords and dorsal root ganglia
RNA differential expression analysis was carried out at the Functional Genomics Unit, Biomedicum Helsinki. Quality of samples was considered adequate,
using the FastQC package [31]. Light quality trimming of the data was carried out using the Trimmomatic software [32]. After this, the reads were aligned to
the Rnor_6.0 genome from Ensembl.org [33] using STAR [34]. Read count tables were created using the featureCounts software [35], after which differential
expression was calculated using the DESeq2 package [36].

A cut-off value for False Discovery Rate (FDR) of < 0.05 was used to select differentially-expressed genes. Identi�cation of genes with sexually dimorphic
responses to SNI was made by matching genes that showed differential expression (DE) in only one sex due to SNI or genes that showed no sexually
dimorphic expression in the sham-surgery groups but did so after SNI. In order to identify known pain genes with sexually dimorphic responses to SNI, pain
genes were retrieved from the rat-centric PainNetworks database [37] and compared with sexually dimorphically expressed genes. Additionally, in order to
identify novel genes of interest, sexually dimorphically expressed genes were ordered based on their sex fold-change (FC) ratio, which we de�ned as 
(FemaleSNI/FemaleSham)/(MaleSNI/MaleSham), with the cut-off FC ratio being 2.5 < x < 0.4 and 1.5 < x < 0.667 for DRG and SC tissue, respectively.
Finally, we manually selected several genes, based on prior research, in order to replicate prior �ndings and to �nd genes of interest for further investigation.
Genes with a sexually dimorphic response that showed an inconsistent pattern of expression across samples in each group were manually excluded.

Pathway analyses were performed with Advaita iPathwayGuide [38], using FDR < 0.05 and log2 FC > 0.6 as input criteria for the data. We corrected the pathway
analysis results using FDR, and Gene Ontology biological processes, using Elim Pruning (EP) with a p value of < 0.05 as a limit for statistical signi�cance.

Results
Behavioural tests – Experiments I and II

von Frey assay
In Experiment I, responses on the ipsilateral side were similar during the baseline test in all groups when results from the �ve �laments were summed. On Day
7 after SNI surgery, the responses had signi�cantly increased in the female group (F SNI vs. Sham p < 0.001), but not in male rats (Fig. 1A). On Day 21, the
number of responses had further increased in the SNI groups, with both SNI groups showing robust increases (M SNI vs. Sham p < 0.001; F SNI vs. Sham p < 
0.0001). Females had more positive responses than males on Day 21 (p < 0.05).

When inspecting responses recorded with individual �laments, lower threshold �laments showed larger sex differences on Day 7 (M vs. F SNI 1 g p < 0.001, 2 g
p > 0.05 and 4 g p > 0.05) but not on Day 21 (Fig. 1B, C and D).

Experiment II provided largely similar results, replicating the �nding that females responded more often to the von Frey �laments following SNI. Stimulation of
the ipsilateral side showed no difference at baseline between any groups. On Day 7 after surgery, females showed an increased number of responses
compared with baseline (p < 0.0001), while males did not (Fig. 1E). A signi�cant sex difference was observed, with females showing more frequent responses,
indicating greater mechanical allodynia (p < 0.0001). Results on individual �laments showed an even more robust gender difference, as stimulation with lower
threshold �laments resulted in more responses in females on Day 7 (M vs. F SNI 1 g p < 0.0001, 2 g p < 0.001 and 4 g p < 0.01) (Fig. 1F, G

and H).

[von Frey assay]

Acetone test
In Experiment I, both males and females in the SNI groups demonstrated robust increases in responses to the acetone test on the ipsilateral side after both
Days 7 and 21, with signi�cant differences for M SNI vs. Sham and F SNI vs. Sham (p < 0.0001) (Fig. 2A). The sham-operated animals showed no change in
responses during the experiment. Female SNI rats showed more frequent responses than male SNI rats on Day 7 (p < 0.001), but this difference had
disappeared by Day 21 when male responses had risen to a level similar to that of the females.

In Experiment II, however, while both SNI groups showed more frequent responses than the respective sham groups on Day 7 (M SNI vs. Sham and F SNI vs.
Sham p < 0.0001), no difference in responses between SNI-treated males and females could be demonstrated at this time point (Fig. 2B).

[Acetone test]

Immunohistochemistry – Experiment I on Day 21

The expression of IBA1 in the SC of sham- and SNI-operated animals
SNI rats showed a signi�cantly larger area of IBA1 staining on the ipsilateral side of L4 SC tissue in ventral horns (VHs) and dorsal horns (DHs) in both males
(VH 201%, DH 201%) and females (VH 244%, DH 156%) than the respective sham groups (p < 0.05). Similarly, the number of IBA1-positive cells increased in
both SNI males and females in VHs and DHs, compared with sham rats (p < 0.05). We observed no differences between the sexes in the area of IBA1 staining
or in the number of IBA-1 positive cells in the L4 region of the SC in either sham- or SNI-operated animals (p > 0.05) (Fig. 3).

[IBA1-immunostaining in L4 spinal cord]
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The expression of GFAP in the SC of sham- and SNI-operated animals
We also compared the number and the area covered by GFAP-positive cells in the L4 region of SC of sham- and SNI-operated animals of both sexes. In
general, SNI increased the expression of GFAP in the SC of both females and males, but to a lower extent than that of IBA1 (p < 0.05), with the exception of the
number of cells in males in the VH (p > 0.05). The results are detailed in Table 1. We observed no statistically-signi�cant differences between sexes in the
expression of GFAP in either the VHs or the DHs of sham-operated animals, or in the DH of the L4 region of the SC of SNI-operated animals.

Table 1
GFAP-staining in L4 spinal cord (SC) tissue after SNI compared with sham in male and

female rats. All data normalized to the size of the analysed area (in pixels) and converted
to percentage of the respective values on the contralateral side. p * < 0.05, ** p < 0.01, ***

p < 0.001, **** < 0.0001, p > 0.05 = NS, Student’s t-test with Holm-Sidak correction for
multiple comparisons. n = 8–10 rats per group. DH = dorsal horn; FC = fold-change; L = 

lumbar; NS = not signi�cant; VH = ventral horn
GFAP   Female SNI vs. Sham Male SNI vs. Sham

Measure Tissue FC Statistics FC Statistics

area of staining L4 DH 1.3 t(17) = 3.6, p < 0.01 1.3 t(18) = 2.9, p < 0.01

number of cells L4 DH 1.3 t(17) = 2.4, p < 0.05 1.4 t(18) = 3.1, p < 0.01

area of staining L4 VH 1.9 t(17) = 4.8, p < 0.001 1.3 t(17) = 2.3, p < 0.05

number of cells L4 VH 1.83 t(17) = 4.3, p < 0.001 NS (p > 0.05)

The expression of CGRP and IB4 in the DRG of sham- and SNI-operated animals
IB4-immunostaining revealed a 59% fewer IB4-positive cells in male and 51% fewer in female SNI-operated rats on the ipsilateral side than on the contralateral
side (p < 0.05) (Fig. 4). No sex differences between the ipsilateral sides of the sham-operated, or between the contralateral sides of SNI- or sham-operated rats,
were observed.

Immunostaining for CGRP (Calcitonin gene-related peptide) in L4 DRG in males demonstrated 42% fewer (p < 0.05) CGRP-positive cells on the ipsilateral side
than on the contralateral side, following SNI (Fig. 4). Similarly, females showed 35% fewer CGRP-positive cells on the ipsilateral side. Neither male nor female
shams showed a difference between the ipsi- and contralateral sides. A sex difference in immunostaining for CGRP was found when comparing contralateral
male shams with female shams (p < 0.05), a difference not observed between, for example, male contralateral SNI rats and female contralateral shams.

[IB-4 and CGRP immunostaining in L4-L5 DRG]

Proteomics of CSF – Experiment I on Day 21

No protein in the CSF demonstrated a change in amount or after SNI, compared with sham surgery, in either sex. Six proteins were sexually dimorphically
expressed in either sham or SNI animals (A1BG, VTN, AFM, LOC259246;RGD1566134;LOC298116;LOC688457;LOC298111, KNG1L1 AND KNG1;MAP1: p < 
0.05) (Table 2). A1BG was not expressed at all in males and the protein group LOC259246;RGD1566134;LOC298116;LOC688457;LOC298111 was not
expressed in females.

Table 2
Relative amounts (LFQ intensity) of proteins with differences in one or more comparisons in rat cerebrospinal �uid (CSF) 21 days after SNI. Male (M) groups: n

Multiple t-tests with Holm-Sidak correction * = p < 0.05 ** = p < 0.01, *** = p < 0.001 **** p < 0.0001, p > 0.05 = NS. A1BG = Alpha-1B-glycoprotein; VTN = V
LOC259246;RGD1566134;LOC298116;LOC688457;LOC298111 = Alpha-2u globulin-associated proteins; KNG1L1 = Kininogen 1-like 1; KNG1;MAP1 = Kininogen 

protein; NMP = no male protein; NS = not signi�cant.
CSF proteins
with
differential
amounts

       

Protein name \varvecM\varvecS\varvecN\varvecI
\varvecM\varvecS\varvech\varveca\varvecm

\varvecF\varvecS\varvecN\varvecI
\varvecF\varvecS\varvech\varveca\varvecm

\varvecF\varvecS\varvecN\varvecI
\varvecM\varvecS\varvecN\varvecI

\varvecF\v
\varvecM\v

A1BG NMPNS 0,80NS NMP **** NMP**

AFM 1,00NS 0,85NS 0,48 * 0,57NS

KNG1L1 1,24NS 1,41NS 2,79NS 2,45 **

KNG1; MAP1 1,38NS 1,18NS 2,11NS 2,46 **

LOC259246;
RGD1566134;
LOC298116;
LOC688457;
LOC298111

0,8NS NFPNS NFP * NFPNS

VTN 0,87 1,29 0,83NS 0,57 *
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Spinal cord transcriptomics – Experiment II on Day 7

In Experiment II, analyses of the SC transcriptome showed 328 transcripts with altered expression (FDR < 0.05), when comparing all SNI animals with all sham
animals. The greatest upregulation occurred in Cxcl13, Loc299282 and downregulation in Hoxd9 and Rpe65. These and the other largest changes in this
comparison are reported in Table 3. When comparing the changes after SNI in females and males separately, 176 and 151 genes were differentially expressed,
respectively (FDR < 0.05), 102 genes were altered in both sexes. In females, the largest single gene upregulation and downregulation occurred in Cxcl13 and
Amot, respectively. The largest upregulation in males occurred in Cxcl13, no signi�cant downregulation was observed in the male SC (FDR < 0.05) (Table 3).
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Table 3
Log2 fold-change (FC) of 25 genes with the largest and smallest DE (differential expression) per log2 FC in rat spinal cords
(SC) L4-L5 7 days after SNI with false discovery rate (FDRs). All SNI vs. All Sham: n = 14 (50% male and female). DESeq2

was utilized for the DE analysis. All reported genes had FDR < 0.05.
Protein coding genes with largest upregulation in spinal cords        

All SNI vs. All Sham SC Male SNI vs. Male Sham SC Female SNI vs. Female Sham SC

Gene name log2 FC FDR Gene name log2 FC FDR Gene name log2 FC FDR

Cxcl13 4.10 2.1E-24 Cxcl13 4.02 3.74E-10 Cxcl13 4.19 7.77E-12

Loc299282 2.82 4.16E-10 Ankrd1 2.61 1.92E-02 Loc299282 3.15 4.87E-05

Ankrd1 2.22 1.36E-04 Reg3b 2.55 5.37E-06 Prg4 3.08 4.64E-03

Reg3b 1.98 1.84E-07 Loc299282 2.53 5.34E-04 Slc26a7 2.35 2.58E-02

Atf3 1.87 2.01E-06 F10 2.34 9.39E-03 Ccl7 1.88 2.68E-02

Fcrl2 1.86 4.28E-16 Ccl2 2.21 3.70E-04 Clec7a 1.85 6.59E-05

Tfec 1.83 8.09E-05 Atf3 2.13 6.14E-04 Mir146a 1.76 9.12E-03

Ccl7 1.80 2.34E-05 Fcrl2 2.00 1.34E-08 Csf2rb 1.73 7.11E-08

Loc100910270 1.74 1.08E-15 Aoah 1.88 4.91E-06 Fcrl2 1.71 3.27E-06

Clec7a 1.68 3.09E-09 Loc100910270 1.85 6.49E-08 Mefv 1.70 1.77E-07

Csf2rb 1.66 6.84E-16 C1qc 1.79 1.27E-16 Loc100910270 1.62 2.95E-06

F10 1.65 1.99E-03 Il21r 1.78 7.64E-04 Il18rap 1.53 3.68E-02

C1qc 1.63 1.83E-28 Ccl7 1.73 3.44E-02 Lilrb3a 1.49 2.35E-02

Il18rap 1.59 9.76E-06 Mrgprx3 1.70 3.84E-02 C1qc 1.46 4.02E-11

Aoah 1.58 5.86E-10 Cd22 1.68 1.01E-04 Ly86 1.46 1.5E-06

Ccl2 1.57 3.27E-04 Il18rap 1.65 1.25E-02 Clec12a 1.43 2.02E-07

Clec12a 1.53 1.05E-18 Clec12a 1.62 1.01E-09 Mx1 1.41 1.76E-02

Mefv 1.46 3.27E-12 Csf2rb 1.59 2.16E-06 Fcgr3a 1.38 2.33E-08

C3 1.42 8.01E-35 Pbk 1.56 2.20E-02 C3 1.37 1.4E-14

Cd6 1.41 4.61E-04 Clec7a 1.53 2.72E-03 Apobec1 1.35 8.23E-03

Fcgr3a 1.40 5.9E-19 C1qb 1.51 9.27E-15 Itgal 1.32 1.16E-08

Il21r 1.32 1.97E-04 C3 1.48 2.35E-17 Aoah 1.31 2.65E-03

Loc691141 1.32 5.86E-03 Rbm47 1.47 9.77E-03 C1qa 1.26 3.92E-10

C1qb 1.32 2.91E-23 Gpr65 1.46 4.26E-02 Cd40 1.26 4.98E-02

Mmp3 1.30 1.39E-02 Fcgr3a 1.42 1.11E-08 Loc103689965 1.26 3.95E-05

Protein coding genes with largest downregulation in spinal cords        

All SNI vs. All Sham SC Male SNI vs. Male Sham SC Female SNI vs. Female Sham SC

Gene name log2 FC FDR Gene name log2 FC FDR Gene name log2 FC FDR

Hoxd9 -0.57 4.84E-02 None - - Ddx3 -2.09 2.87E-02

Rpe65 -0.32 1.97E-04       Zbtb16 -1.01 3.95E-05

Med16 -0.31 2.74E-02       Frmpd1 -0.72 3.18E-02

Apln -0.29 2.21E-02       Ccdc92 -0.65 2.79E-02

Lmln -0.25 3.02E-02       Pcdh20 -0.46 5.48E-03

Cacnb2 -0.19 2.88E-02       Rpe65 -0.46 6.59E-05

Camk2g -0.18 4.84E-03       Cacnb2 -0.26 4.05E-02

Amot -0.17 6.46E-04       Amot -0.23 1.59E-03

Gtf3c1 -0.14 4.03E-02            
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[Table 3]

Table 3. Log2 fold-change (FC) of 25 genes with the largest and smallest DE (differential expression) per log2 FC in rat spinal cords (SC) L4-L5 7 days after
SNI with false discovery rate (FDRs). All SNI vs. All Sham: n = 14 (50% male and female). DESeq2 was utilized for the DE analysis. All reported genes had FDR 
< 0.05.

A total of 13 genes in the rat-centric PainNetworks database were identi�ed as sexually dimorphically expressed following SNI. One of these was prodynorphin
(FDR < 0.001) (Fig. 5A). Several other genes also showed sexually dimorphic responses to SNI. Some of these additional genes were chosen for highlighting.
Also of interest are Tyrobp and Aif1 (coding for IBA1), both upregulated only in males (FDR < 0.05), (Fig. 5B). The genes with the largest sex-linked fold-change
ratio are shown in Table 4.

[Sexually dimorphic PainNetworks and selected genes in spinal cords]
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Table 4

Sexually dimorphically-expressed genes with a 
FSNI/ FSham
MSNI/ MSham  of 1.5 < x < 0.667 in spinal cord (SC) L4-L5 tissue after SNI. 

MSNI
MSham , 

FSham
MSham  and 

FSNI
FSham  for thes

either Female (F) SNI vs. F Sham or Male (M) SNI vs. M Sham (n = 7). Not signi�cant (NS) = FDR > 0.05, * =
Gene
name

Description
(Ensembl.org)

\varvecF\varvecS\varvecN\varvecI / \varvecF\varvecS\varvech\varveca\varvecm
\varvecM\varvecS\varvecN\varvecI / \varvecM\varvecS\varvech\varveca\varvecm

\varvecM\varvecS\varvecN\varvecI
\varvecM\varvecS\varvech\varveca\varvecm

Lilrb3a leukocyte
immunoglobulin-
like receptor.
subfamily B
(with TM and
ITIM domains).
member 3-like

2.87 0.97NS

Mx1 myxovirus
(in�uenza virus)
resistance 1

2.57 1.03NS

Rps9l1 ribosomal
protein S9

2.47 0.77NS

Fam180a family with
sequence
similarity 180.
member A

2.39 0.85NS

Cd40 CD40 molecule 1.61 1.49NS

Rac2 Rac family small
GTPase 2

1.55 1.35NS

Parvg parvin gamma 1.51 1.31NS

Ankrd1 ankyrin repeat
domain 1

0.66 5.85*

Cd22 CD22 molecule 0.59 3.13*

Pbk PDZ binding
kinase

0.53 3.04*

Frmpd1 FERM and PDZ
domain
containing 1

0.52 1.18NS

Gpr65 G-protein
coupled receptor
65

0.51 2.65*

Il21r interleukin 21
receptor

0.51 3.55*

Zbtb16 zinc �nger and
BTB domain
containing 16

0.48 0.98NS

Rbm47 RNA binding
motif protein 47

0.46 2.78*

Reg3b regenerating
family member 3
beta

0.46 5.77*

Ccl2 C-C motif
chemokine
ligand 2

0.41 4.68*

F10 coagulation
factor X

0.41 5.39*

The pathway analyses showed 42 pathways (FDR < 0.05) with altered activity in SC after SNI. Of these, the pathways with the largest signi�cance included the
“Chemokine signalling pathway” and the “Cytokine-cytokine receptor interaction”. Five and four pathways in males and females, respectively, showed sexually-
differentiated activity following SNI. All represented different components of the immune system (Table 5): 305 and 311 biological processes were altered in
females and males respectively (EP < 0.05). Of these, several are highlighted in Table 6.
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Table 5
The �ve pathways with the most signi�cant change

per false discovery rate (FDR) (KEGG) altered in spinal
cord tissue (L4-L5) 7 days after SNI. Comparisons are
All SNI vs All Sham (n = 14), Male SNI vs male Sham

(n = 7) and Female SNI vs female Sham (n = 7).
Analysis conducted with Advaita iPathwayguide, FDR

used for multiple comparisons correction.
Spinal cord: Pathway name FDR

All SNI vs. All Sham

Systemic lupus erythematosus 3.517e-6

Chemokine signalling pathway 6.586e-6

Staphylococcus aureus infection 1.098e-5

Cytokine-cytokine receptor interaction 1.516e-5

Phagosome 1.530e-5

Male SNI vs. Male Sham

Measles 0.028

In�ammatory bowel disease (IBD) 0.006

Toxoplasmosis 0.009

Platelet activation 0.019

JAK-STAT signalling pathway 0.019

Female SNI vs. Female Sham

Toll-like receptor signalling pathway 6.769e-4

Viral myocarditis 0.002

Amoebiasis 0.015

Transcriptional misregulation in cancer 0.025

Table 6
Selected biological processes (KEGG) with changes in spinal cord (L4-L5) 7 days

after SNI. Comparisons are All SNI vs. All Sham (n = 14), Male SNI vs. male Sham (n 
= 7) and Female SNI vs. female Sham (n = 7). Analysis conducted with Advaita
iPathwayguide biological processes tool, Elim pruning (EP) used for multiple

comparisons correction, with cut-off value < 0.05. Not signi�cant (NS) = EP > 0.05.
Biological processes in the spinal cord    

Biological process Male EP Female EP

microglia development 0.036 0.029

microglial cell activation involved in immune response 1.500e-6 4.800e-4

microglial cell activation 0.001 2.000e-4

activated T cell proliferation 0.003 2.400e-5

positive regulation of T cell proliferation 3.300e-5 1.400e-5

regulation of mast cell degranulation NS 0.003

neuron remodelling NS 0.009

positive regulation of neuron death 0.009 NS

respiratory burst NS 4.200e-5

Dorsal root ganglion transcriptomics – Experiment II on Day 7

A similar analysis of the transcriptome of the DRG was conducted in Experiment II. Compared with the SC transcriptome, more genes showed altered
expression in association with SNI in DRG. A comparison of all SNI and sham animals showed 5063 genes with altered expression (FDR < 0.05). The genes
with the largest upregulation and downregulation were lce1 and tbx22, respectively (Table 7). The expression of 2982 and 2842 genes was altered in
association with SNI in females and males, respectively, with 1744 genes altered in both sexes (FDR < 0.05). In these comparisons, the largest upregulation in
males and females occurred in en1 and lce1, respectively, and downregulation in th and tbx22, respectively.



Page 12/29

Table 7
Log2 Fold-change (FC) for the 25 genes with the largest and smallest DE (differential expression) per log2 FC in rat L4-L5 Dorsal root ganglion (DRG) 7
days after SNI, and False discovery rate (FDR). SNI and Sham (n = 14: 50% male and female). DESeq2 utilized for DE analysis. All reported genes FDR 

< 0.05.
Protein coding genes with the largest upregulation in genes in dorsal root ganglia          

All SNI vs. All Sham DRG   Male SNI vs. Male Sham DRG Female SNI vs. Female Sham DRG

Gene name log2 FC FDR Gene name log2 FC FDR Gene name log2 FC FDR

Lce1f 5.86 1.27E-19 En1 6.57 9.88E-11 Lce1f 5.65 6.65E-09

Aabr07042633.1 5.21 3.96E-14 Lce1f 5.93 2.68E-10 Serpinb2 5.34 3.55E-13

Mmp3 5.12 2.63E-20 Mmp3 5.45 6.53E-10 Loc500712 5.08 3.55E-13

Serpinb2 5.10 2.51E-30 Aabr07042633.1 5.41 2.60E-07 Aabr07042633.1 5.00 3.92E-06

Loc500712 5.07 3.87E-27 Hamp 5.18 2.45E-09 Lipn 4.98 3.68E-04

Pdc 5.00 8.98E-11 Pdc 5.08 2.54E-05 Hsd3b3 4.95 5.16E-05

Lipn 4.75 6.47E-08 Loc500712 5.06 6.01E-14 Pdc 4.90 7.37E-05

Hamp 4.53 1.88E-15 Hhla1 5.04 8.90E-07 Mmp12 4.84 4.44E-05

En1 4.51 1.67E-11 Serpinb2 4.91 2.12E-15 Mmp3 4.80 5.98E-09

Ankrd1 4.32 1.12E-18 Mmp10 4.63 4.48E-05 Xcl1 4.66 4.69E-05

Cldn4 4.32 4.97E-20 Cldn4 4.46 1.65E-09 Reg3b 4.40 1.33E-17

Mmp12 4.24 2.87E-08 Lipn 4.42 2.01E-03 Tacstd2 4.34 4.03E-06

Cox6a2 4.24 3.25E-02 Ankrd1 4.36 1.53E-08 Ankrd1 4.28 5.22E-08

Hhla1 4.23 4.44E-10 Sprr1a 4.36 4.83E-13 Cldn4 4.18 2.35E-08

Reg3b 4.22 3.64E-35 Cldn7 4.35 6.76E-04 Cxcl14 4.13 1.53E-08

Cldn7 4.19 1.94E-07 Serpina1f 4.30 1.11E-04 Smyd1 4.07 1.92E-02

Igsf23 4.16 5.38E-14 Igsf23 4.29 7.47E-08 Cldn7 3.96 2.07E-03

Mmp10 4.15 3.46E-08 Gzmbl2 4.29 1.68E-04 Igsf23 3.95 6.62E-06

Tacstd2 4.13 1.54E-14 Tgm1 4.15 3.27E-10 Mepe 3.94 3.79E-05

2310050c09rik 4.04 2.87E-06 2310050c09rik 4.13 3.25E-03 2310050c09rik 3.93 6.05E-03

Rhcg 4.04 1.23E-04 Reg3b 4.09 1.58E-16 Loc102554842 3.88 3.07E-05

Tgm1 3.98 2.89E-20 Tacstd2 3.96 4.24E-08 Hamp 3.84 1.26E-05

Gzmbl2 3.96 5.18E-08 Il12rb2 3.95 4.61E-17 Il6 3.83 1.58E-06

Il6 3.81 2.00E-14 Clnk 3.95 1.99E-07 Tgm1 3.78 2.84E-08

Wt1 3.78 2.12E-05 Lsmem1 3.83 4.92E-10 Lsmem1 3.70 5.57E-10

Protein coding genes with the largest downregulation dorsal root ganglia          

All SNI vs. All Sham DRG   Male SNI vs. Male Sham DRG Female SNI vs. Female Sham DRG

Gene name log2 FC FDR Gene name log2 FC FDR Gene name log2 FC FDR

Tbx22 -2.73 1.20E-05 Th -2.75 1.80E-03 Tbx22 -3.29 1.63E-03

Pinlyp -2.56 4.65E-02 Acot5 -2.38 6.48E-03 Gja10 -2.33 1.69E-02

Tent5b -2.47 2.78E-03 Mcpt1l1 -2.22 2.60E-02 Aabr07033324.1 -2.28 4.81E-02

Th -2.33 2.02E-05 Tbx22 -2.18 2.80E-02 C1ql2 -2.20 1.11E-02

Aabr07006258.1 -2.30 1.72E-02 Sstr1 -1.91 2.96E-03 Th -2.13 8.70E-03

C1ql4 -2.25 4.80E-03 Disp3 -1.87 4.69E-07 Ghrl -2.05 3.39E-02

Sim2 -2.03 4.13E-02 Loc100909648 -1.82 8.42E-03 Tctex1d1 -1.96 1.69E-02

Gja10 -1.68 1.71E-03 Adra1a -1.71 1.95E-04 Hif3a -1.88 1.12E-02

Acot5 -1.59 4.74E-03 Ccdc196 -1.69 4.54E-03 Ces2e -1.75 6.43E-03

Ces2e -1.58 1.53E-04 Cav3 -1.64 8.26E-03 Col10a1 -1.66 1.53E-03
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Protein coding genes with the largest upregulation in genes in dorsal root ganglia          

Prr15l -1.53 9.97E-07 Hoxb8 -1.64 8.54E-04 Igsf21 -1.65 2.76E-05

Igsf21 -1.52 5.36E-10 Kcng1 -1.60 9.81E-04 Hrh3 -1.54 5.60E-04

Gcnt7 -1.45 4.79E-03 Dnah6 -1.58 1.87E-03 Prr15l -1.51 2.88E-03

Krt27 -1.44 2.53E-02 Best3 -1.56 6.23E-03 Tmc2 -1.33 3.83E-02

Hoxb8 -1.44 7.25E-06 Prr15l -1.56 2.60E-03 Klhl14 -1.30 3.45E-05

Disp3 -1.43 2.64E-08 Siah3 -1.55 4.74E-03 Hoxb8 -1.21 2.28E-02

Sstr1 -1.41 1.67E-04 S100g -1.47 1.18E-04 Mir370 -1.20 3.71E-02

Tctex1d1 -1.37 6.79E-03 Itga11 -1.46 1.29E-04 Best3 -1.14 2.38E-02

Rgd1564548 -1.36 1.10E-02 Esrrb -1.44 5.90E-04 Zbtb16 -1.14 7.85E-04

Rgd1563307 -1.35 3.84E-02 Krt28 -1.42 2.61E-08 Gjd2 -1.12 5.46E-03

Siah3 -1.33 2.57E-04 Igsf21 -1.40 3.01E-04 Pla2g7 -1.11 1.02E-04

Ghrl -1.32 2.40E-02 Gpr3 -1.39 8.27E-03 Aabr07064415.1 -1.11 2.41E-02

Best3 -1.31 1.05E-04 Ankrd66 -1.39 1.93E-02 Hapln4 -1.09 1.31E-07

Hif3a -1.30 1.36E-02 Aabr07064415.1 -1.39 4.28E-03 Tuba8 -1.08 5.94E-03

Klrg2 -1.30 1.15E-02 Aabr07029269.1 -1.38 5.04E-06 Disp3 -1.07 7.00E-03

[Table 7]

Table 7. Log2 Fold-change (FC) for the 25 genes with the largest and smallest DE (differential expression) per log2 FC in rat L4-L5 Dorsal root ganglion (DRG)
7 days after SNI, and False discovery rate (FDR). SNI and Sham (n = 14: 50% male and female). DESeq2 utilized for DE analysis. All reported genes FDR < 0.05.

53 genes (FDR < 0.05) from the PainNetworks rat-centric database showed a sexually-dimorphic response to SNI in DRG, of these, the genes with the largest Δ 
FSNI/ FSham
MSNI/ MShamare shown in Fig. 6. However, all genes showed DE associated with SNI in both sexes (FDR < 0.05). Both Aif1 and Tyrobp showed signi�cant

increases in expression in both sexes (FDR < 0.05). Of the sexually dimorphically-expressed pain genes in DRG, Abcc3, Ccr5, P2ry12 and Tlr4 were also

sexually dimorphically-expressed in SC tissue. Sexually dimorphically-expressed genes with the largest 
FSNI/ FSham
MSNI/ MSham  are reported in Table 8.
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Table 8

Sexually dimorphically expressed genes with fold change (FC) 
FSNI/ FSham
MSNI/ MSham  2.5 < x < 0.4 in L4-L5 Dorsal root ganglion after SNI. 

MSNI
MSham , 

FSham
MSham  and 

FSNI
FSham

(FDR) < 0.05 in either Female (F) SNI vs. F Sham or Male (M) SNI (n = 7)
Gene
name

Description (Ensembl) \varvecF\varvecS\varvecN\varvecI / \varvecF\varvecS\varvech\varveca\varvecm
\varvecM\varvecS\varvecN\varvecI / \varvecM\varvecS\varvech\varveca\varvecm

\varvecM\varvecS\varvecN\va
\varvecM\varvecS\varvech\varvec

Mcpt1l1 mast cell protease 1-like
1

9.66 0.21*

Cxcr2 C-X-C motif chemokine
receptor 2

5.34 0.76NS

Asb2 ankyrin repeat and SOCS
box-containing 2

4.61 0.79NS

Il1b interleukin 1 beta 4.48 1.41NS

Ctla4 cytotoxic T-lymphocyte-
associated protein 4

4.44 1.38NS

Dntt DNA
nucleotidylexotransferase

4.27 1.64NS

Exoc3l4 exocyst complex
component 3-like 4

4.26 0.64NS

Prf1 perforin 1 4.20 1.30NS

Bmp4 bone morphogenetic
protein 4

4.18 0.55NS

Pla2g2d phospholipase A2. group
IID

3.87 1.05NS

Plac8 placenta associated 8 3.73 0.76NS

Gpr84 G protein-coupled
receptor 84

3.63 1.23NS

Tlr5 toll-like receptor 5 3.53 0.70NS

Tekt3 tektin 3 3.16 0.85NS

Acot5 acyl-CoA thioesterase 5 3.10 0.19*

Slitrk6 SLIT and NTRK-like
family. member 6

3.01 1.32NS

Prg4 proteoglycan 4 3.00 1.11NS

Tmem45al transmembrane protein
45A-like

2.98 1.33NS

Lst1 leukocyte speci�c
transcript 1

2.75 1.25NS

F3 coagulation factor III.
tissue factor

2.63 0.80NS

Prox1 prospero homeobox 1 2.58 0.94NS

Sox9 SRY box 9 2.54 0.84NS

Cd244 CD244 molecule 2.53 1.80NS

Lilrb3a leukocyte
immunoglobulin-like
receptor. subfamily B
(with TM and ITIM
domains). member 3-like

2.53 1.44NS

Foxd1 forkhead box D1 2.52 0.82NS

Ghrl ghrelin and obestatin
prepropeptide

0.38 0.63NS

Hif3a hypoxia inducible factor
3 subunit alpha

0.37 0.75NS

Cyp27b1 cytochrome P450. family
27. subfamily b.
polypeptide 1

0.35 10.14*
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Gene
name

Description (Ensembl) \varvecF\varvecS\varvecN\varvecI / \varvecF\varvecS\varvech\varveca\varvecm
\varvecM\varvecS\varvecN\varvecI / \varvecM\varvecS\varvech\varveca\varvecm

\varvecM\varvecS\varvecN\va
\varvecM\varvecS\varvech\varvec

Ptx3 pentraxin 3 0.34 4.28*

Eme1 essential meiotic
structure-speci�c
endonuclease 1

0.29 4.64*

Neu2 neuraminidase 2 0.29 4.34*

Mir370 microRNA 370 0.24 1.85NS

Otol1 otolin 1 0.23 5.45*

C1ql2 Complement C1q like 2 0.20 1.13NS

Trpv6 Transient receptor
potential cation channel.
subfamily V. member 6

0.17 4.09*

[Sexually dimorphic PainNetworks genes in DRG]

[Table 8]

Table 8. Sexually dimorphically expressed genes with fold change (FC) 
FSNI/ FSham
MSNI/ MSham  2.5 < x < 0.4 in L4-L5 Dorsal root ganglion after SNI. 

MSNI
MSham , 

FSham
MSham

and 
FSNI

FSham  of these genes also shown. DE (differential expression) analysed with DESeq2, False discovery rate (FDR) < 0.05 in either Female (F) SNI vs. F

Sham or Male (M) SNI (n = 7). * = FDR < 0.05.

Forty-nine pathways with altered activity associated with SNI were identi�ed. The most signi�cant were “Haematopoietic cell lineage” and “Cell adhesion
molecules” (FDR < 0.05). No pathways were altered in males only, while 11 were altered in females only. Among these were “Cell adhesion molecules” and
“Phagosome” (Table 9). Both sexes displayed many altered biological processes, several of interest being shown in Table 10.

Table 9
The �ve pathways with the most signi�cant change,
measured with False discovery rate (FDR) (KEGG), in
Dorsal root ganglion (DRG) L4-L5 7 days after SNI.
Comparisons are All SNI vs. All Sham (n = 14), Male

SNI vs. Male Sham (n = 7) and Female SNI vs. Female
Sham (n = 7). No Male-only changes were reported.

Analysis was conducted with Advaita iPathwayguide,
FDR was used for multiple comparisons correction.
DRG: Pathway name FDR

All SNI vs. All Sham

Haematopoietic cell lineage 1.785e-11

Cell adhesion molecules 6.130e-10

Systemic lupus erythematosus 1.072e-6

Phagosome 5.770e-6

Cytokine-cytokine receptor interaction 5.770e-6

DRG Female SNI vs. Female Sham

Malaria 4.749e-4

Cell adhesion molecules 9.765e-4

Tuberculosis 0.003

Viral Myocarditis 0.003

Phagosome 0.016
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Table 10
Selected biological processes (KEGG) with changes in ipsilateral dorsal root ganglion
(L4-L5) 7 days after SNI. Comparisons are All SNI vs. All Sham (n = 14), Male SNI vs.
male Sham (n = 7) and Female SNI vs. female Sham (n = 7). Analysis conducted with
Advaita iPathwayguides biological processes tool, Elim pruning (EP) used for multiple

comparisons correction, with cut-off value < 0.05. Not signi�can = EP > 0.05.
Biological processes in dorsal root ganglia

Biological process Male EP Female EP

regulation of sensory perception of pain 0.023 0.022

positive regulation of T-helper cell differentiation NS 0.0014

T cell activation involved in immune response 0.027 0.021

T cell mediated immunity NS 0.037

T cell migration NS 0.039

T cell apoptotic process 0.031 NS

T cell chemotaxis 0.030 NS

regulation of alpha-beta T cell differentiation NS 0.021

regulation of T helper 1-type immune response NS 0.003

positive regulation of T helper 1 cell cytokine production 0.017 0.008

T helper 1 cell differentiation NS 0.008

positive regulation of T helper 2 cell cytokine production 0.047 0.020

regulation of T helper 2 cell differentiation NS 0.031

positive regulation of T helper 2 cell differentiation 0.017 NS

T helper 2 cell differentiation 0.047 NS

T helper 17 cell differentiation NS 0.031

positive regulation of T helper 17-type immune response 0.047 0.020

B cell receptor signalling pathway NS 1.400e-4

negative regulation of B cell proliferation NS 0.001

positive regulation of B cell proliferation 0.004 4.100e-4

negative regulation of B cell receptor signalling pathway NS 0.008

regulation of B cell receptor signalling pathway 0.011 0.007

regulation of microglial cell migration NS 0.020

microglial cell activation NS 0.002

neuronal action potential NS 0.022

regulation of neuronal synaptic plasticity 0.036 NS

positive regulation of synaptic transmission, glutamatergic 0.006 0.040

regulation of synaptic transmission, GABAergic 0.016 NS

[Table 10]

Table 10. Selected biological processes (KEGG) with changes in ipsilateral dorsal root ganglion (L4-L5) 7 days after SNI. Comparisons are All SNI vs. All Sham
(n = 14), Male SNI vs. male Sham (n = 7) and Female SNI vs. female Sham (n = 7). Analysis conducted with Advaita iPathwayguides biological processes tool,
Elim pruning (EP) used for multiple comparisons correction, with cut-off value < 0.05. Not signi�cant = EP > 0.05.

Discussion
In this study, we set out to characterize sex differences in behaviour, immunohistochemical markers, protein content, and RNA expression in both male and
female rats, following spared nerve injury. Compared with males, female rats demonstrated consistently greater and more rapidly developing mechanical
allodynia. The decrease in the number of neurons positive for CGRP and IB-4 in the DRG was equal in both sexes, suggesting injury of similar magnitude in
both sexes. The increase in staining of glial cell markers IBA1 and GFAP in the SC was fairly consistent and did not reveal convincing sexual dimorphism on
Day 21 after injury. No changes to the proteome of the CSF due to SNI could be demonstrated at 21 days. Transcriptomics analyses revealed DE in several
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pain-related genes and others of interest in the two sexes at Day 7 after SNI in DRG and/or SC, among the most interesting being Ctla4, Cd274, Dpp4, Il1b,
Cxcr2, Thbs4, Hrh3, Pdyn, and Bhlhe22.

Behavioural tests
In both experiments, behavioural tests revealed sexual dimorphism between male and female behaviour post-surgery. Female rats were consistently more
sensitive to von Frey �laments, with the results implying more rapid and stronger development of mechanical allodynia. In the acetone test, a similar
consistent sexually dimorphic response was seen in Experiment I on Day 7. However, in Experiment II, the number of positive responses was approaching the
maximum possible in both sexes at that time point and no conclusions about sex differences could be made. Previous studies have reported varying results in
sex differences in behaviour following PNI. For example, greater mechanical allodynia in female rats has been reported in at least one PNI study and, in
another study, following CCI of the infraorbital nerve [8, 39]. In two other studies, no behavioural differences were reported, even though differences in the
mechanisms of putative sex differences were hypothesized [9, 10]. In contrast to our study, one study found that male rats demonstrated lower mechanical
force thresholds for up to 17 days, but not later, after CCI [11]. These results highlight the complex nature of behavioural �ndings as a factor of time. Our
behavioural �ndings, greater static mechanical allodynia in females following SNI in two separate experiments, lay an interesting basis for analyses of
possible differences in IHC, proteomics and transcriptomics, which could clarify some of the mechanisms underlying observed behavioural sex differences.

Immunohistochemistry
IHC was conducted to assess whether neuronal injury, as measured by the loss of IB-4 and CGRP-positive neurons in DRG, was similar in both sexes, and
whether GFAP and IBA1 IHC of the SC would show sex differences that, in turn, might explain the observed sex differences in behaviour.

IB-4- and CGRP-immunostaining of DRG following SNI showed a robustly lower percentage of positively-staining CGRP- and IB4- cells in both sexes, with no
signi�cant sex differences. CGRP-positive DRG neurons are traditionally considered as peptidergic neurons, whereas IB4-positive cells are non-peptidergic [40].
IB-4- and CGRP-staining has been shown to decrease following PNI [41]. The fact that the changes were similar in both sexes indicates that nerve injury was of
comparable magnitude in both sexes, which implies that sex differences in NP probably arise at later stages of nociception or pain perception than at the level
of the injury. This is line with prior research on RNA-seq of DRG neurons, which showed only few sexually dimorphically expressed genes after PNI [42].

SNI potently increased the expression of IBA1 in animals of both sexes. No sex-speci�c differences in SNI-induced IBA1 expression in either L4 or L5 regions
of SC were observed. SNI increased the expression of GFAP in both male and female rats, with no consistent sexual dimorphism. IBA1 and GFAP expression
was analysed with IHC in samples collected on Day 21, while the major sex-related differences in pain-related behaviour were seen already by Day 7 after SNI.
However, on Day 7, Aif1, the gene coding for IBA1, did not show sexually dimorphic DE in SC transcriptomics, supporting the notion of there being no sex
difference in microgliosis. In line with our results, previous studies in mice show a similar increase in IBA1-staining in both sexes following PNI [10]. However,
the mechanisms that lead to the development of NP in the two sexes seem to differ at another level of control. While P2 × 4R-signalling in microglia is
necessary for the development of NP in males, females might, in addition, develop NP through pathways relying on cells of the adaptive T cell-mediated
immune system [9, 14] [15] [12, 13]. Thus we conclude that, even though microglia may be important for the development of NP, anti-IBA1-immunoreactivity
does not associate with sexually dimorphic behavioural outcomes.

CSF proteomics
To the best of our knowledge, the CSF proteome of male and female rats following SNI, or PNI in general, has not previously been characterized. Here, we
show that the amounts of individual proteins were not signi�cantly altered by SNI, even though sex differences were observed at baseline and dimorphism in
behaviour and gene expression was already observed by Day 7. The CSF samples analysed were not collected until 21 days after injury, allowing for the
possibility that some acute and short-lasting changes were not captured.

The role of CSF proteins in NP remains of interest because CSF, unlike DRG or SC tissue, is available from patients. Human studies suggest changes in CSF
proteomics in NP patients [43]. For example, chemokines have been shown to be altered in patients who have had NP for at least 6 months. However, it is
possible that changes in human CSF proteomics are associated with comorbidities that predispose to NP [44, 45].

Transcriptomics
In Experiment II, we set out to �nd transcripts, whose change in expression might explain the observed behavioural sex differences in NP on Day 7 after SNI, by
analysing gene expression in both DRG and SC.

FCs in DRG were generally greater than those in the SC, re�ecting the role of DRG neurons as a primary site of the production of proteins in response to PNI. In
general, female DRG and SC showed more genes with DE after SNI compared with sham, than males. Altogether 2333 genes were sexually dimorphic in DRG
in our study. A previous study reported 1513 sexually dimorphic genes in response to CCI, 14 days after injury, with more changes in males than in females
[18], in contrast to our results. Our earlier time point of 7 days and behavioural data consistently showing greater mechanical allodynia in females imply a
divergent change in transcription in DRG early in the course of development of NP.

In a meta-analysis of microarray studies for pain in rodents, the two most reliably upregulated genes in DRG after PNI were Reg3b and Ccl2 [46]. These two
genes were also upregulated in both male and female DRG in our data, with no sex differences.

To the best of our knowledge, no previous study has assessed sexually dimorphic gene expression changes in SC after PNI. As further support for the role of
Reg3b and Ccl2, the genes were also upregulated in SC in our study but, interestingly, only in males (FDR < 0.05). In addition, the gene displaying the largest
upregulation in SC, in both sexes, was Cxcl13, also shown to be upregulated following SNL and to be relevant for the activation of astrocytes and for driving
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NP [47]. As discussed earlier, microgliosis occurred in both sexes on account of IBA1, the product of Aif1. However, the pathway analyses show alteration in
several microglia-relevant pathways in females only in the DRG.

Pathway and biological process analysis revealed, in particular, several T cell and other immunology-related �ndings. Neuronal plasticity and related
processes, such as apoptosis, may also be crucial in the development of pathological activity and sensitization in the sensory system. As we were particularly
interested in genes that might explain the behavioural �ndings, we also focused on genes retrieved from the PainNetworks database. Many of these genes
demonstrated signi�cant sexually dimorphic responses in DRG, and/or lesser dimorphic responses in SC, after SNI. We also discuss other genes with a large 
FSNI/ FSham
MSNI/ MSham that have been linked to pain, as well as other genes that are completely novel in this respect. We categorized our �ndings into several groups,

aware that genes may fall into more than one category: genes related to T cells (Cd28, Ctla4, Cd274, Cd4, Prf1); other immunological responses, (Dpp4, C5ar1,
Cxcr2 and Il1b); neuronal transmission (Hrh3, Thbs4, Chrna4 and Pdyn); plasticity (Atf3, C1qc and Reg3b); and other genes with signi�cant sexually dimorphic
changes (Bhlhe22, Mcpt1l, Trpv6).

Changes related to T cells

Several immune-related pathways and biological processes were altered in DRG and/or SC in both sexes. We identi�ed numerous T-cell-related transcripts that
showed altered expression. T cells are paramount regulators and effectors in immune responses, and they have been postulated to play a part in sex
differences in pain, and to be of greater importance in females [9, 10].

One interesting T-cell-related gene was Cd274, which displayed male-only upregulation in DRG. The gene Cd274 is translated into the protein PD-L1, which
downregulates effector CD8 + T-cell activity [48]. Interestingly, PD-L1 is also produced in DRG neurons and it has been reported to have potent antinociceptive
effects in mice through its receptor PD-1 [49]. As PD-L1 may exert an antinociceptive effect, lack of its upregulation in females might contribute to sex
differences in mechanical allodynia.

Other genes indicating a stronger female T-cell response in the DRG were Cd4, Prf1, and Dntt. The gene Cd4, the product of which is the prototypic marker for
helper T cells, showed an increase in expression in females only (log2 FC 1.29). Upregulation of Prf1 also occurred in females only (log2 FC 2.47). The gene
Prf1 codes for perforin, which forms cytolytic pores and is a key end-stage effector mechanism of CD8+- and NK-cells [50]. Further, we demonstrate a female-
only upregulation of Dntt, a lymphocyte-speci�c-DNA polymerase involved in adding nucleotides to T-cell receptors, which are essential for the function of T
cells [51, 52].

Two additional T-cell-related transcripts of great interest that were upregulated in the DRG are Ctla4 (log2 FC = 2.6 upregulation in females) and Cd28 (log2 FC 
= 2.1 upregulation in males). Binding of ctla4 on T cells by CD80/86 on antigen-presenting cells (APC) arrests the cell cycle of T cells, while binding of cd28 on
T-cells with the same CD80/86 on APC leads to increased proliferation and increases in effector mechanisms of T cells [53–56]. This �nding initially seems to
contradict our �ndings regarding Cd4, Prf1, and Dntt, which indicated a stronger T-cell response in females. However, ctla4 has been shown to be upregulated
following CD8 + activation and, as such, the Ctla4 increase may be secondary to the prior activation of T cells [57]. This hypothesis relies on the other T-cell
�ndings described above. Interestingly, CTLA4-inhibitors are in clinical use as immunotherapeutics for their function of activating host immune response
against tumours [58]. Thus, the role of CTLA-4 inhibitors in the development of NP in cancer patients would be of interest.

To summarize, T-cell-related transcripts show large differences between the sexes, with several changes pointing to T cells having a greater importance in
female than in male rats in NP, in line with the �ndings of Sorge et al [10].

Other changes to the immunological response

Other genes closely related to immunological processes were profoundly affected. Of these, Dpp4, C5ar1, Cxcr2, Il1b will be discussed.

The gene Dpp4 is a PainNetworks gene that displays a female-only upregulation following SNI and has been shown to be expressed in spinal astrocytes and
microglia, as well as in T cells [59, 60]. Spinal application of DPP4-inhibitors, which are widely used clinically in the treatment of diabetes mellitus [61],
decreases mechanical allodynia in in�ammatory pain and shows a modest antihyperalgesic effect following partial SNL in male rats [60, 62]. Upregulation of
Dpp4 might thus partly explain the observed sex difference in mechanical allodynia. This opens an opportunity to test the hypothesis that DPP-4-inhibitors
might produce an antinociceptive effect in females.

Another prominent, female-speci�c, upregulated gene is Cxcr2, which encodes the receptor binding several chemokines, one of which being CXCL1 [63]. Both
Cxcr2 and Cxcl1 have been shown to be upregulated in pain states in DRG [64, 65]. The expression of Cxcl1 was not altered in our experiment but CXCR2-
signalling has previously been linked to maintenance of in�ammatory pain [66]. Interestingly, CXCR2 antagonists have demonstrated an antinociceptive effect
in the CCI model of NP [67]. Therefore, the female-speci�c upregulation of cxcr2 suggests that CXCR2 antagonists might be more e�cacious for NP in
females.

The complement cascade genes C1qc and C3 were upregulated in the DRG of both sexes. Downstream in the complement cascade of the protein products of
these genes is the anaphylotoxin C5a, which is the ligand for the receptor C5ar1. This receptor is coded by the gene C5ar1, which was upregulated in DRG only
in females. C5a and its receptors have previously been shown to be increased in CCI-, SNL- and SNI-operated rats and inhibition of C5a has been shown to
aggravate development of NP in male rats [68]. What function this larger upregulation serves in females remains undetermined and it would be interesting to
compare C5a responses in males and females.

Il1b, encoding the protein Interleukin-1β, was prominently upregulated in female DRG (FC = 6.31, FDR < 0.05) compared with males (FC = 1.41, FDR > 0.05). Il1b
has been shown to be of importance in the development of NP [69, 70]. Notably, prior studies have mostly been performed in male rodents and we did not �nd
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a signi�cant change in the upregulation of Il1b in male rats. This may be due, at least partly, to the strict statistical correction for multiple comparisons. The
large upregulation in females might explain some of the observed difference in the pain behaviour between females and males. Several drugs target Il1b
signalling. One of them is anakinra, an IL1 receptor antagonist. This offers a possibility for further studies of sex-speci�c indications for drugs in this group
[71].

Neuronal transmission

Several ion channels and neurotransmitter systems are important in the pathophysiology of NP and targets for its treatment. Cavα2δ1, for which
Thrombospondin 4 is the endogenous ligand, α7 nicotinic receptor and histamine 3 receptors have been studied as target proteins for drugs for NP [72–74].
Interestingly, the biological process “neuronal action potential” was only altered in females while “regulation of synaptic transmission, GABAergic” showed a
change only in males, and “positive regulation of synaptic transmission, glutamatergic” was altered in both sexes.

Interestingly, we observed an increase of Thbs4 in female, but not in male DRG. Thrombospondin 4 is an endogenous ligand of Cavα2δ1 and is implicated in
central sensitization [73]. Moreover, Cavα2δ1 is also the target protein for pregabalin and gabapentin, both of which are �rst-line drugs for NP [75]. As a result
of pregabalin or gabapentin binding to this receptor subunit, the calcium channel does not locate to the cell membrane, leading to inhibition of the release of
presynaptic glutamate [76, 77]. As Thbs4 antibodies have been shown to exert antihyperalgesic effects, upregulation of Thbs4 in females might explain some
of the observed increased mechanical allodynia in females. Prior studies have reported varying changes in expression of Thbs4, with both upregulation and
downregulation being described in males, depending on the method used. Importantly, females have not been studied before [78–80]. We are not aware of any
studies on gender differences in treating NP with pregabalin or gabapentin in humans.

The gene Chrna4, coding for the neuronal acetylcholine receptor subunit alpha-4 (nAChRα4), displayed signi�cant downregulation in DRG in males only.
Previously, CCI of the infraorbital nerve in rats showed greater mechanical allodynia and increased expression of Chrna4 in females [39]. With an overall sex-
dependent change in the same direction, and the fact that nicotinic receptors (of which nAChRα4 is one) mediate fast depolarisations at synapses [81],
upregulation of Chrna4 might sensitize neurotransmission in a sex-speci�c manner.

The gene Hrh3, coding for the presynaptic inhibitory histamine 3 autoreceptor (H3 receptor) (listed in the PainNetworks database) shows dramatic
downregulation exclusively in females. The evidence on the role of H3 receptors in NP is, however, con�icting. Most studies seem to suggest that H3 receptor
antagonists and inverse agonists mediate antinociception [74, 82], so this �nding might not directly explain the observed sex difference in mechanical
allodynia. However, some studies have shown H3 agonists to have antinociceptive effects [83] and therefore, as one of the few PainNetworks genes displaying
downregulation only in females, Hrh3 is of future interest.

The gene Pdyn, coding for prodynorphin, showed a male versus female sex FC ratio of 1.44, the most substantial change in expression amongst the
PainNetworks genes in the SC. Prodynorphin is the precursor to dynorphin [84] and dynorphin-containing interneurons have been shown to inhibit excitatory
somatostatin-containing interneurons in SC [85]. These somatostatin-containing neurons have been suggested to mediate Aβ-�bre-mediated sensitization of
projection neurons [85]. In our study, both sexes displayed an increased expression of Pdyn in SC, although the increase was larger in males. Greater
upregulation of prodynorphin in males would suggest stronger inhibition of projection neurons which could partly explain the observed behavioural �nding.

Plasticity

Both functional and structural plasticity may be important for the development of NP [85, 86]. Although the exact mechanism of maladaptive structural
remodelling and reorganization is not known, various genes related to apoptosis and neuronal remodelling may play an essential role in the formation of
aberrant connections in the SC. C1q is primarily linked to complement cascade but may affect synaptic pruning [87]. Expression of C1q subunits was
upregulated at the spinal level in both males and females, supporting the idea of a role for C1q in SNI-induced plasticity/remodelling. The previously
discussed thrombospondin 4 also promotes excitatory synaptogenesis and may therefore affect plasticity, especially in females. This in turn might explain the
larger mechanical allodynia in these [73, 88]. In addition, the expression of many genes related to the biological process “Neuron apoptotic process” were
found to be differentially expressed in SC tissue: Reg3b, Ccl2 and Grn (progranulin) were upregulated only in males, Coro1a only in females, and Cx3cr1 (the
gene for CX3CR1, also known as fractalkine receptor), Ctsz and Tyrobp in both males and females. The gene Atf3, coding for the transcription factor ATF3, is
regarded as a marker of neuronal injury, but also of neuronal regeneration [89, 90]. Previous studies have also found upregulation of Atf3 in both DRG and SC
in males [91]. The effect of male-only upregulation of Atf3 and Reg3b in SC on behavioural sex difference remains to be studied.

Other

Genes displaying a sexually dimorphic response in the DRG were more plentiful and changes were larger than in the SC. The gene Mcpt1i1, displayed the
largest change in females compared with males and the gene Trpv6 showed the largest male vs. female change in ratio in the DRG.

The gene Trpv6, encoding TRPV6 (a highly-selective Ca2+ channel), is expressed in epithelial cells [92, 93] but expression in neural tissue has also been
reported [94]. TRPV6 has been studied as a tumour marker and target [95] but its role in nociception and NP remains unknown.

The gene Mcpt1i1, coding for mast cell protease 1-like 1 displayed the largest female versus male upregulation in DRG. This enzyme and its functions are
poorly understood and they have not been linked to NP. However, it is worth considering whether it could have a similar function to mast cell protease 1, which
converts angiotensin 1 into angiotensin 2 [96]. Angiotensin 2 and the angiotensin 2 receptor in DRG have been linked to NP. If the protein product of Mcpt1l1
had a similar function, it could explain some of the observed sex difference and would suggest a sex-speci�c e�cacy for AT2-receptor blockers, which have
been studied as drugs for NP [97, 98].
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The gene Bhlhe22 displayed the largest change of all PainNetworks genes. It also showed a sexually dimorphic response in the DRG, with a 5-fold increase in
males. The absence of its transcription factor (Bhlb5) causes loss of DH interneurons which normally inhibit itch modulated by dynorphin [99, 100]. However,
the possible role of Bhlhe22 in the modulation of nociception/sensory systems at the DRG level remains to be studied.

Conclusions
Many of the most disparate sex differences in expression following SNI involve components of the immune system, and lymphocytes in particular, in
combination with a repeatedly more signi�cant mechanical allodynia in females. The microglial or astrocytic proliferation and activation do not reveal a
dichotomous role for these cells in either sex under these circumstances in the SC, nor did the proteome of CSF reveal new insights. The results strengthen the
notion that mechanisms behind NP may signi�cantly differ between the sexes and underline the importance of different immunologic mechanisms of NP. Our
research of DRG and SC transcriptomics provides insight into ideas for new interventional studies to test the hypotheses that were laid out and to characterize
further the increasingly precise sexually dimorphic mechanisms of neuropathic pain. Our results indicate that greater emphasis should be put on gender
differences in clinical research and drug development for the treatment of NP.

Abbreviations
APC: antigen-presenting cell(s)

CCI: chronic constriction injury

CSF: cerebrospinal �uid

DE: differential expression

DH: dorsal horn

DRG: dorsal root ganglion/ganglia

EP: Elim pruning

F: female

FC: fold change

IHC: immunohistochemistry

L: lumbar

M: male

NP: neuropathic pain

NS: not signi�cant

PNI: peripheral nerve injury

SC: spinal cord(s)

SD: standard deviation

SEM: standard error of mean

SNI: spared nerve injury

SNL: sciatic nerve ligation

VH: ventral horn

Declarations
Ethics approval and consent to participate

The 3Rs principle was applied and ARRIVE guidelines were followed during the study [21, 22]. All procedures were approved by the Regional State
Administrative Agency for Southern Finland (ESAVI-9697/04.10.07-2017). The law on the Protection of Animals Used for Scienti�c or Educational Purposes
(497/2013) and Directive 2010/63/EU on the protection of animals used for scienti�c purposes Text with EEA relevance were followed fully. 

Consent for publication

Not applicable. 



Page 21/29

Availability of data and materials

The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request. 

Competing interests

Eija Kalso has served in the advisory boards of Orion Pharma and P�zer. We have no other con�icts of interest to disclose. 

Funding

Funding for this research was received from the European Union Seventh Framework Programme (FP7/2007–2013), grant agreement no 602919, The Finnish
Medical Society (Finska Läkaresällskapet) and the European Union's Horizon 2020 research and innovation programme under the Marie Skłodowska- Curie
grant agreement No. 798944. 

Authors’ contributions

FA: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Visualization, Writing - original draft, Writing - review & editing.

KM: Investigation, Methodology, Writing - review & editing.

HV: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Writing - review & editing. 

KB: Investigation, Methodology, Project administration, Writing - review & editing.

XL: Formal analysis, Investigation, Methodology, Project administration, Visualization, Writing - review & editing

TL: Conceptualization, Investigation, Methodology, Project administration, Writing - review & editing.

YS: Formal Analysis, Investigation, Methodology, Project administration, Visualization, Resources, Writing - review & editing.

EK: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Visualization, Writing
- review & editing.

PR: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Visualization, Writing
- review & editing. 

Acknowledgements

Sini Miettinen is acknowledged for her expert work with the proteomics of the CSF. Jenni Montonen and Vasilii Bochkov are acknowledged for their expert
work with the immunohistochemistry. Leena Karhinen is acknowledged for her expert work with RNA-seq. Les Hearn is acknowledged for his scienti�c
proofreading (les_hearn@yahoo.co.uk).

References
1. Jensen TS, Baron R, Haanpaa M, Kalso E, Loeser JD, Rice AS, Treede RD: A new de�nition of neuropathic pain. Pain 2011, 152:2204-2205.

2. Finnerup NB, Attal N: Pharmacotherapy of neuropathic pain: time to rewrite the rulebook? Pain Manag 2016, 6:1-3.

3. Mogil JS, Chanda ML: The case for the inclusion of female subjects in basic science studies of pain. Pain 2005, 117:1-5.

4. Bouhassira D, Lanteri-Minet M, Attal N, Laurent B, Touboul C: Prevalence of chronic pain with neuropathic characteristics in the general population. Pain
2008, 136:380-387.

5. Torrance N, Smith BH, Bennett MI, Lee AJ: The epidemiology of chronic pain of predominantly neuropathic origin. Results from a general population
survey. J Pain 2006, 7:281-289.

�. Racine M, Tousignant-La�amme Y, Kloda LA, Dion D, Dupuis G, Choiniere M: A systematic literature review of 10 years of research on sex/gender and
experimental pain perception - part 1: are there really differences between women and men? Pain 2012, 153:602-618.

7. Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-Williams B, Riley JL, 3rd: Sex, gender, and pain: a review of recent clinical and experimental �ndings. J
Pain 2009, 10:447-485.

�. Coyle DE, Sehlhorst CS, Mascari C: Female rats are more susceptible to the development of neuropathic pain using the partial sciatic nerve ligation
(PSNL) model. Neurosci Lett 1995, 186:135-138.

9. Mapplebeck JCS, Dalgarno R, Tu Y, Moriarty O, Beggs S, Kwok CHT, Halievski K, Assi S, Mogil JS, Trang T, Salter MW: Microglial P2X4R-evoked pain
hypersensitivity is sexually dimorphic in rats. Pain 2018, 159:1752-1763.

10. Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S, Alexander JK, Martin LJ, Austin JS, Sotocinal SG, Chen D, et al: Different immune cells mediate
mechanical pain hypersensitivity in male and female mice. Nat Neurosci 2015, 18:1081-1083.

11. Vacca V, Marinelli S, Pieroni L, Urbani A, Luvisetto S, Pavone F: Higher pain perception and lack of recovery from neuropathic pain in females: a
behavioural, immunohistochemical, and proteomic investigation on sex-related differences in mice. Pain 2014, 155:388-402.

https://www.sciencedirect.com/science/article/pii/S0014299920301138#gs2
mailto:les_hearn@yahoo.co.uk


Page 22/29

12. Masuda T, Iwamoto S, Yoshinaga R, Tozaki-Saitoh H, Nishiyama A, Mak TW, Tamura T, Tsuda M, Inoue K: Transcription factor IRF5 drives P2X4R+-
reactive microglia gating neuropathic pain. Nat Commun 2014, 5:3771.

13. Masuda T, Tsuda M, Yoshinaga R, Tozaki-Saitoh H, Ozato K, Tamura T, Inoue K: IRF8 is a critical transcription factor for transforming microglia into a
reactive phenotype. Cell Rep 2012, 1:334-340.

14. Taves S, Berta T, Liu DL, Gan S, Chen G, Kim YH, Van de Ven T, Laufer S, Ji RR: Spinal inhibition of p38 MAP kinase reduces in�ammatory and neuropathic
pain in male but not female mice: Sex-dependent microglial signaling in the spinal cord. Brain Behav Immun 2016, 55:70-81.

15. Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, Salter MW, Inoue K: P2X4 receptors induced in spinal microglia gate tactile allodynia
after nerve injury. Nature 2003, 424:778-783.

1�. Costigan M, Moss A, Latremoliere A, Johnston C, Verma-Gandhu M, Herbert TA, Barrett L, Brenner GJ, Vardeh D, Woolf CJ, Fitzgerald M: T-cell in�ltration
and signaling in the adult dorsal spinal cord is a major contributor to neuropathic pain-like hypersensitivity. J Neurosci 2009, 29:14415-14422.

17. Kringel D, Lippmann C, Parnham MJ, Kalso E, Ultsch A, Lotsch J: A machine-learned analysis of human gene polymorphisms modulating persisting pain
points to major roles of neuroimmune processes. Eur J Pain 2018, 22:1735-1756.

1�. Stephens KE, Zhou W, Ji Z, Chen Z, He S, Ji H, Guan Y, Taverna SD: Sex differences in gene regulation in the dorsal root ganglion after nerve injury. BMC
Genomics 2019, 20:147.

19. Ji RR, Gereau RWt, Malcangio M, Strichartz GR: MAP kinase and pain. Brain Res Rev 2009, 60:135-148.

20. Obata K, Noguchi K: MAPK activation in nociceptive neurons and pain hypersensitivity. Life Sci 2004, 74:2643-2653.

21. Fenwick N, Gri�n G, Gauthier C: The welfare of animals used in science: how the "Three Rs" ethic guides improvements. Can Vet J 2009, 50:523-530.

22. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG: Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research.
PLoS Biol 2010, 8:e1000412.

23. Decosterd I, Woolf CJ: Spared nerve injury: an animal model of persistent peripheral neuropathic pain. Pain 2000, 87:149-158.

24. Schmalbruch H: Fiber composition of the rat sciatic nerve. Anat Rec 1986, 215:71-81.

25. Tal M, Bennett GJ: Extra-territorial pain in rats with a peripheral mononeuropathy: mechano-hyperalgesia and mechano-allodynia in the territory of an
uninjured nerve. Pain 1994, 57:375-382.

2�. Choi Y, Yoon YW, Na HS, Kim SH, Chung JM: Behavioral signs of ongoing pain and cold allodynia in a rat model of neuropathic pain. Pain 1994, 59:369-
376.

27. Koltzenburg M, Lundberg LE, Torebjork HE: Dynamic and static components of mechanical hyperalgesia in human hairy skin. Pain 1992, 51:207-219.

2�. Ji G, Zhou S, Kochukov MY, Westlund KN, Carlton SM: Plasticity in intact A delta- and C-�bers contributes to cold hypersensitivity in neuropathic rats.
Neuroscience 2007, 150:182-193.

29. Jokinen V, Sidorova Y, Viisanen H, Suleymanova I, Tiilikainen H, Li Z, Lilius TO, Matlik K, Anttila JE, Airavaara M, et al: Differential Spinal and Supraspinal
Activation of Glia in a Rat Model of Morphine Tolerance. Neuroscience 2018, 375:10-24.

30. Cox J, Mann M: MaxQuant enables high peptide identi�cation rates, individualized p.p.b.-range mass accuracies and proteome-wide protein
quanti�cation. Nat Biotechnol 2008, 26:1367-1372.

31. Andrews S: FastQC – A quality control tool for high throughput sequence data.: Babraham Bioinformatics; 2010.

32. Bolger AM, Lohse M, Usadel B: Trimmomatic: a �exible trimmer for Illumina sequence data. Bioinformatics 2014, 30:2114-2120.

33. Hubbard T, Barker D, Birney E, Cameron G, Chen Y, Clark L, Cox T, Cuff J, Curwen V, Down T, et al: The Ensembl genome database project. Nucleic Acids
Res 2002, 30:38-41.

34. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR: STAR: ultrafast universal RNA-seq aligner. Bioinformatics
2013, 29:15-21.

35. Liao Y, Smyth GK, Shi W: featureCounts: an e�cient general purpose program for assigning sequence reads to genomic features. Bioinformatics 2014,
30:923-930.

3�. Love MI, Huber W, Anders S: Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol 2014, 15:550.

37. Perkins JR, Lees J, Antunes-Martins A, Diboun I, McMahon SB, Bennett DL, Orengo C: PainNetworks: a web-based resource for the visualisation of pain-
related genes in the context of their network associations. Pain 2013, 154:2586.e2581-2512.

3�. Draghici S, Khatri P, Tarca AL, Amin K, Done A, Voichita C, Georgescu C, Romero R: A systems biology approach for pathway level analysis. Genome Res
2007, 17:1537-1545.

39. Korczeniewska OA, Husain S, Khan J, Eliav E, Soteropoulos P, Benoliel R: Differential gene expression in trigeminal ganglia of male and female rats
following chronic constriction of the infraorbital nerve. Eur J Pain 2018, 22:875-888.

40. Stucky CL, Lewin GR: Isolectin B(4)-positive and -negative nociceptors are functionally distinct. J Neurosci 1999, 19:6497-6505.

41. Liu Z, Wang F, Fischer G, Hogan QH, Yu H: Peripheral nerve injury induces loss of nociceptive neuron-speci�c Galphai-interacting protein in neuropathic
pain rat. Mol Pain 2016, 12.

42. Lopes DM, Malek N, Edye M, Jager SB, McMurray S, McMahon SB, Denk F: Sex differences in peripheral not central immune responses to pain-inducing
injury. Sci Rep 2017, 7:16460.

43. Backryd E, Lind AL, Thulin M, Larsson A, Gerdle B, Gordh T: High levels of cerebrospinal �uid chemokines point to the presence of neuroin�ammation in
peripheral neuropathic pain: a cross-sectional study of 2 cohorts of patients compared with healthy controls. Pain 2017, 158:2487-2495.



Page 23/29

44. Mustonen L, Aho T, Harno H, Sipila R, Meretoja T, Kalso E: What makes surgical nerve injury painful? A 4-year to 9-year follow-up of patients with
intercostobrachial nerve resection in women treated for breast cancer. Pain 2019, 160:246-256.

45. Sommer C, Leinders M, Uceyler N: In�ammation in the pathophysiology of neuropathic pain. Pain 2018, 159:595-602.

4�. LaCroix-Fralish ML, Austin JS, Zheng FY, Levitin DJ, Mogil JS: Patterns of pain: meta-analysis of microarray studies of pain. Pain 2011, 152:1888-1898.

47. Jiang BC, Cao DL, Zhang X, Zhang ZJ, He LN, Li CH, Zhang WW, Wu XB, Berta T, Ji RR, Gao YJ: CXCL13 drives spinal astrocyte activation and neuropathic
pain via CXCR5. J Clin Invest 2016, 126:745-761.

4�. Karwacz K, Bricogne C, MacDonald D, Arce F, Bennett CL, Collins M, Escors D: PD-L1 co-stimulation contributes to ligand-induced T cell receptor down-
modulation on CD8+ T cells. EMBO Mol Med 2011, 3:581-592.

49. Chen G, Kim YH, Li H, Luo H, Liu DL, Zhang ZJ, Lay M, Chang W, Zhang YQ, Ji RR: PD-L1 inhibits acute and chronic pain by suppressing nociceptive
neuron activity via PD-1. Nat Neurosci 2017, 20:917-926.

50. Trapani JA, Browne KA, Smyth MJ, Jans DA: Localization of granzyme B in the nucleus. A putative role in the mechanism of cytotoxic lymphocyte-
mediated apoptosis. J Biol Chem 1996, 271:4127-4133.

51. Haeryfar SM, Hickman HD, Irvine KR, Tscharke DC, Bennink JR, Yewdell JW: Terminal deoxynucleotidyl transferase establishes and broadens antiviral
CD8+ T cell immunodominance hierarchies. J Immunol 2008, 181:649-659.

52. Isobe M, Huebner K, Erikson J, Peterson RC, Bollum FJ, Chang LM, Croce CM: Chromosome localization of the gene for human terminal
deoxynucleotidyltransferase to region 10q23-q25. Proc Natl Acad Sci U S A 1985, 82:5836-5840.

53. Bour-Jordan H, Esensten JH, Martinez-Llordella M, Penaranda C, Stumpf M, Bluestone JA: Intrinsic and extrinsic control of peripheral T-cell tolerance by
costimulatory molecules of the CD28/ B7 family. Immunol Rev 2011, 241:180-205.

54. Linsley PS, Greene JL, Brady W, Bajorath J, Ledbetter JA, Peach R: Human B7-1 (CD80) and B7-2 (CD86) bind with similar avidities but distinct kinetics to
CD28 and CTLA-4 receptors. Immunity 1994, 1:793-801.

55. Pentcheva-Hoang T, Corse E, Allison JP: Negative regulators of T-cell activation: potential targets for therapeutic intervention in cancer, autoimmune
disease, and persistent infections. Immunol Rev 2009, 229:67-87.

5�. Sansom DM, Walker LS: The role of CD28 and cytotoxic T-lymphocyte antigen-4 (CTLA-4) in regulatory T-cell biology. Immunol Rev 2006, 212:131-148.

57. Linsley PS, Bradshaw J, Greene J, Peach R, Bennett KL, Mittler RS: Intracellular tra�cking of CTLA-4 and focal localization towards sites of TCR
engagement. Immunity 1996, 4:535-543.

5�. Hodi FS, Mihm MC, Soiffer RJ, Haluska FG, Butler M, Seiden MV, Davis T, Henry-Spires R, MacRae S, Willman A, et al: Biologic activity of cytotoxic T
lymphocyte-associated antigen 4 antibody blockade in previously vaccinated metastatic melanoma and ovarian carcinoma patients. Proc Natl Acad Sci U
S A 2003, 100:4712-4717.

59. Gorrell MD, Wickson J, McCaughan GW: Expression of the rat CD26 antigen (dipeptidyl peptidase IV) on subpopulations of rat lymphocytes. Cell Immunol
1991, 134:205-215.

�0. Kiraly K, Kozsurek M, Lukacsi E, Barta B, Alpar A, Balazsa T, Fekete C, Szabon J, Helyes Z, Bolcskei K, et al: Glial cell type-speci�c changes in spinal
dipeptidyl peptidase 4 expression and effects of its inhibitors in in�ammatory and neuropatic pain. Sci Rep 2018, 8:3490.

�1. Barnett A: DPP-4 inhibitors and their potential role in the management of type 2 diabetes. Int J Clin Pract 2006, 60:1454-1470.

�2. Kiraly K, Szalay B, Szalai J, Barna I, Gyires K, Verbeken M, Ronai AZ: Intrathecally injected Ile-Pro-Ile, an inhibitor of membrane ectoenzyme dipeptidyl
peptidase IV, is antihyperalgesic in rats by switching the enzyme from hydrolase to synthase functional mode to generate endomorphin 2. Eur J
Pharmacol 2009, 620:21-26.

�3. Silva RL, Lopes AH, Guimaraes RM, Cunha TM: CXCL1/CXCR2 signaling in pathological pain: Role in peripheral and central sensitization. Neurobiol Dis
2017, 105:109-116.

�4. Cao DL, Qian B, Zhang ZJ, Gao YJ, Wu XB: Chemokine receptor CXCR2 in dorsal root ganglion contributes to the maintenance of in�ammatory pain. Brain
Res Bull 2016, 127:219-225.

�5. Zhang ZJ, Cao DL, Zhang X, Ji RR, Gao YJ: Chemokine contribution to neuropathic pain: respective induction of CXCL1 and CXCR2 in spinal cord
astrocytes and neurons. Pain 2013, 154:2185-2197.

��. Cao DL, Zhang ZJ, Xie RG, Jiang BC, Ji RR, Gao YJ: Chemokine CXCL1 enhances in�ammatory pain and increases NMDA receptor activity and COX-2
expression in spinal cord neurons via activation of CXCR2. Exp Neurol 2014, 261:328-336.

�7. Piotrowska A, Rojewska E, Pawlik K, Kreiner G, Ciechanowska A, Makuch W, Nalepa I, Mika J: Pharmacological Blockade of Spinal CXCL3/CXCR2
Signaling by NVP CXCR2 20, a Selective CXCR2 Antagonist, Reduces Neuropathic Pain Following Peripheral Nerve Injury. Front Immunol 2019, 10:2198.

��. Gri�n RS, Costigan M, Brenner GJ, Ma CH, Scholz J, Moss A, Allchorne AJ, Stahl GL, Woolf CJ: Complement induction in spinal cord microglia results in
anaphylatoxin C5a-mediated pain hypersensitivity. J Neurosci 2007, 27:8699-8708.

�9. Rotshenker S, Aamar S, Barak V: Interleukin-1 activity in lesioned peripheral nerve. J Neuroimmunol 1992, 39:75-80.

70. Sommer C, Petrausch S, Lindenlaub T, Toyka KV: Neutralizing antibodies to interleukin 1-receptor reduce pain associated behavior in mice with
experimental neuropathy. Neurosci Lett 1999, 270:25-28.

71. Fleischmann RM, Tesser J, Schiff MH, Schechtman J, Burmester GR, Bennett R, Modafferi D, Zhou L, Bell D, Appleton B: Safety of extended treatment with
anakinra in patients with rheumatoid arthritis. Ann Rheum Dis 2006, 65:1006-1012.

72. Lembeck F: Epibatidine: high potency and broad spectrum activity on neuronal and neuromuscular nicotinic acetylcholine receptors. Naunyn
Schmiedebergs Arch Pharmacol 1999, 359:378-385.



Page 24/29

73. Park J, Yu YP, Zhou CY, Li KW, Wang D, Chang E, Kim DS, Vo B, Zhang X, Gong N, et al: Central Mechanisms Mediating Thrombospondin-4-induced Pain
States. J Biol Chem 2016, 291:13335-13348.

74. Popiolek-Barczyk K, Lazewska D, Latacz G, Olejarz A, Makuch W, Stark H, Kiec-Kononowicz K, Mika J: Antinociceptive effects of novel histamine H3 and
H4 receptor antagonists and their in�uence on morphine analgesia of neuropathic pain in the mouse. Br J Pharmacol 2018, 175:2897-2910.

75. Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, Gilron I, Haanpaa M, Hansson P, Jensen TS, et al: Pharmacotherapy for
neuropathic pain in adults: a systematic review and meta-analysis. Lancet Neurol 2015, 14:162-173.

7�. Taylor CP: Mechanisms of action of gabapentin. Rev Neurol (Paris) 1997, 153 Suppl 1:S39-45.

77. Taylor CP, Angelotti T, Fauman E: Pharmacology and mechanism of action of pregabalin: the calcium channel alpha2-delta (alpha2-delta) subunit as a
target for antiepileptic drug discovery. Epilepsy Res 2007, 73:137-150.

7�. Kim DS, Li KW, Boroujerdi A, Peter Yu Y, Zhou CY, Deng P, Park J, Zhang X, Lee J, Corpe M, et al: Thrombospondin-4 contributes to spinal sensitization and
neuropathic pain states. J Neurosci 2012, 32:8977-8987.

79. Kim DS, Figueroa KW, Li KW, Boroujerdi A, Yolo T, Luo ZD: Pro�ling of dynamically changed gene expression in dorsal root ganglia post peripheral nerve
injury and a critical role of injury-induced glial �brillary acidic protein in maintenance of pain behaviors [corrected]. Pain 2009, 143:114-122.

�0. Pan B, Yu H, Park J, Yu YP, Luo ZD, Hogan QH: Painful nerve injury upregulates thrombospondin-4 expression in dorsal root ganglia. J Neurosci Res 2015,
93:443-453.

�1. Itier V, Bertrand D: Neuronal nicotinic receptors: from protein structure to function. FEBS Lett 2001, 504:118-125.

�2. Chaumette T, Chapuy E, Berrocoso E, Llorca-Torralba M, Bravo L, Mico JA, Chalus M, Eschalier A, Ardid D, Marchand F, Sors A: Effects of S 38093, an
antagonist/inverse agonist of histamine H3 receptors, in models of neuropathic pain in rats. Eur J Pain 2018, 22:127-141.

�3. Obara I, Telezhkin V, Alrashdi I, Chazot PL: Histamine, histamine receptors, and neuropathic pain relief. Br J Pharmacol 2020, 177:580-599.

�4. Vanderah TW, Gardell LR, Burgess SE, Ibrahim M, Dogrul A, Zhong CM, Zhang ET, Malan TP, Jr., Ossipov MH, Lai J, Porreca F: Dynorphin promotes
abnormal pain and spinal opioid antinociceptive tolerance. J Neurosci 2000, 20:7074-7079.

�5. Gangadharan V, Kuner R: Unravelling Spinal Circuits of Pain and Mechanical Allodynia. Neuron 2015, 87:673-675.

��. Kuner R, Flor H: Structural plasticity and reorganisation in chronic pain. Nat Rev Neurosci 2017, 18:113.

�7. Presumey J, Bialas AR, Carroll MC: Complement System in Neural Synapse Elimination in Development and Disease. Adv Immunol 2017, 135:53-79.

��. Eroglu C, Allen NJ, Susman MW, O'Rourke NA, Park CY, Ozkan E, Chakraborty C, Mulinyawe SB, Annis DS, Huberman AD, et al: Gabapentin receptor
alpha2delta-1 is a neuronal thrombospondin receptor responsible for excitatory CNS synaptogenesis. Cell 2009, 139:380-392.

�9. Braz JM, Basbaum AI: Differential ATF3 expression in dorsal root ganglion neurons reveals the pro�le of primary afferents engaged by diverse noxious
chemical stimuli. Pain 2010, 150:290-301.

90. Linda H, Skold MK, Ochsmann T: Activating transcription factor 3, a useful marker for regenerative response after nerve root injury. Front Neurol 2011,
2:30.

91. Salinas-Abarca AB, Velazquez-Lagunas I, Franco-Enzastiga U, Torres-Lopez JE, Rocha-Gonzalez HI, Granados-Soto V: ATF2, but not ATF3, participates in
the maintenance of nerve injury-induced tactile allodynia and thermal hyperalgesia. Mol Pain 2018, 14:1744806918787427.

92. Barley NF, Howard A, O'Callaghan D, Legon S, Walters JR: Epithelial calcium transporter expression in human duodenum. Am J Physiol Gastrointest Liver
Physiol 2001, 280:G285-290.

93. Raphael M, Lehen'kyi V, Vandenberghe M, Beck B, Khalimonchyk S, Vanden Abeele F, Farsetti L, Germain E, Bokhobza A, Mihalache A, et al: TRPV6 calcium
channel translocates to the plasma membrane via Orai1-mediated mechanism and controls cancer cell survival. Proc Natl Acad Sci U S A 2014,
111:E3870-3879.

94. Kumar S, Singh U, Singh O, Goswami C, Singru PS: Transient receptor potential vanilloid 6 (TRPV6) in the mouse brain: Distribution and estrous cycle-
related changes in the hypothalamus. Neuroscience 2017, 344:204-216.

95. Fixemer T, Wissenbach U, Flockerzi V, Bonkhoff H: Expression of the Ca2+-selective cation channel TRPV6 in human prostate cancer: a novel prognostic
marker for tumor progression. Oncogene 2003, 22:7858-7861.

9�. Saito K, Muto T, Tomimori Y, Imajo S, Maruoka H, Tanaka T, Yamashiro K, Fukuda Y: Mouse mast cell protease-1 cleaves angiotensin I to form angiotensin
II. Biochem Biophys Res Commun 2003, 302:773-777.

97. Rice AS, Smith MT: Angiotensin II type 2-receptor: new clinically validated target in the treatment of neuropathic pain. Clin Pharmacol Ther 2015, 97:128-
130.

9�. Smith MT, Anand P, Rice AS: Selective small molecule angiotensin II type 2 receptor antagonists for neuropathic pain: preclinical and clinical studies. Pain
2016, 157 Suppl 1:S33-41.

99. Kardon AP, Polgar E, Hachisuka J, Snyder LM, Cameron D, Savage S, Cai X, Karnup S, Fan CR, Hemenway GM, et al: Dynorphin acts as a neuromodulator
to inhibit itch in the dorsal horn of the spinal cord. Neuron 2014, 82:573-586.

100. Ross SE, Mardinly AR, McCord AE, Zurawski J, Cohen S, Jung C, Hu L, Mok SI, Shah A, Savner EM, et al: Loss of inhibitory interneurons in the dorsal spinal
cord and elevated itch in Bhlhb5 mutant mice. Neuron 2010, 65:886-898.

Figures



Page 25/29

Figure 1

Results from the von Frey assay. Conducted on the ipsilateral paw in Experiment I at baseline prior to SNI surgeries, on Days 7 and 21 and in Experiment II at
baseline prior to surgeries and on Day 7. Mean responses and SEM are reported. Five trials with �ve von Frey �laments (0.4, 1, 2, 4 and 6g) were conducted.
Positive responses in the experiments were summed and are shown in Figure A and E, respectively. The maximum number of responses was 25. Positive
responses for �laments 1g, 2g and 4g in the experiments are reported in Figures B, C and D, and in Figures F, G and H, respectively. n = 9 or 10 rats per group
(Experiment I) and n = 12 rats per group (Experiment II). 2-way-ANOVA with Holm-Sidak correction, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 2

Results from the acetone test. Conducted on the ipsilateral paw in Experiment I (Figure 2A) at baseline prior to SNI surgeries, on Days 7 and 21 and II (Figure
2B) at baseline prior to surgeries, and on Day 7. Mean responses and SEMs are reported. Five trials with acetone were conducted on each animal. Positive
responses were summed. n = 9 or 10 rats per group (Experiment I) and n = 12 rats per group (Experiment II). 2-way-ANOVA with Holm-Sidak correction, * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 3

Analysis of IBA1 expression in the L4 region of the spinal cord (SC). Sham- and SNI-operated male (M) and female (F) rats on day 21 day after baseline tests.
Figures A and B show representative images of IBA1-immunostained L4 SC section of a male (A) and a female (B) rat. The dotted line outlines the analysed
areas. C shows the area covered by IBA1-positive cells in the dorsal horn (DH); D shows the number of IBA1-positive cells in the DH; E shows the area covered
by IBA1-positive cells in the vental horn (VH); and F the number of IBA1-positive cells in VH. All data normalized to the size of the analysed area (in pixels) and
expressed as percentage of the contralateral side. *** p < 0.001, **** p < 0.0001, Student’s t-test with Holm-Sidak correction for multiple comparisons. n = 8-10
rats per group. Contra. = contralateral side; Ipsi. = ipsilateral side; n of cells = number of cells.
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Figure 4

L4 dorsal root ganglion (DRG) immunostaining for IB-4 and CGRP after SNI in male (M) and female (F) rats and representative images of staining in L4. **** p
< 0.001, ** p < 0.01 by Student’s t-test with Holm-Sidak correction for multiple comparisons and ANOVA. ## p < 0.01 by ANOVA. n = 10.
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Figure 5

Mean fold change of genes from the PainNetworks rat-centric database in spinal cord (SC). L4-L5 SC 7 days after SNI (A) and mean fold change of selected
genes of interest in spinal cord 7 days after SNI (B) , compared with Male Sham group. DE (differential expression) analysed with DESeq2. All groups: n = 7.
False discovery rate < 0.05 = *, < 0.01 = **, < 0.001 = ***, < 0.0001 = ****.
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Figure 6

Mean fold-change (FC) of genes with sexually dimorphic DE (differential expression) when SNI compared with Male Sham group in L4-L5 dorsal root ganglion
(DRG). Pain genes identi�ed from PainNetworks rat-centric database. DE analysed with DESEQ2. Cut-off FC ratio between genders set as 0.7 < x > 1.3 (n = 7 in
all groups). False discovery rate * < 0.05,** < 0.01, *** < 0.001, **** < 0.0001.


