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Éva Borbély
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Introduction: Chronic primary pain conditions, including fibromyalgia, affect up

to 10% of the population, yet their pathophysiology is unexplored and the

treatment is insufficient. Chronic stress is a key etiological factor and is known

to modulate microglial function, partly via the CX3CR1 fractalkine receptor. Here,

we investigated the role of CX3CR1 in a mouse model of stress-induced pain.

Methods: Female and male CX3CR1-deficient (KO) and C57Bl/6J wild-type (WT)

mice were exposed to chronic restraint stress (CRS) for 2 weeks. Mechanical and

cold sensitivity were assessed before and during CRS. Microglia-IBA1 and

astrocyte-GFAP activation were analyzed in stress- and pain-related brain

regions, and neuron–glia interactions were examined in the somatosensory

cortex hindlimb area (S1HL). Pharmacological validation was performed using

the CX3CR1 antagonist, AZD8797 in WT mice.

Results: In WT animals, CRS induced approximately 20% mechanical and 60-70%

cold hyperalgesia. Mechanical pain and cold sensitivity was significantly reduced

in stressed CX3CR1 KO mice of both sexes. CRS caused microglia and astrocyte

integrated density increases in stress- and pain-related regions in WT but not

CX3CR1 KO mice. Microglia coverage of neurons was greater in the S1HL region

of KO animals independently of the CRS protocol. Pharmacological blockade of

the CX3CR1 abolished CRS-evoked mechanical but not cold hyperalgesia.

Discussion: These findings demonstrate that microglial CX3CR1 signaling

contributes to chronic stress-induced pain through neuroinflammatory

mechanisms and central pain sensitization. Targeting CX3CR1 may represent a

promising therapeutic strategy for chronic primary pain conditions such

as fibromyalgia.

KEYWORDS

chronic primary pain, chronic restraint stress, fibromyalgia, neuroinflammation, stress-
induced pain
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1 Introduction

According to the definition, chronic primary pain is pain in one

or more anatomical regions that persists or recurs for longer than 3

months. Furthermore, it is associated with significant emotional

distress (e.g., anxiety, anger, frustration, or depressed mood) and/or

functional disability (interference in activities of daily life and

participation in social roles), and another diagnosis does not

better account for the symptoms (1). Chronic psychosocial distress

is an etiological and/or aggravating factor of several pain conditions,

including fibromyalgia (FM) via systemic neuroendocrine

dysregulations and neuroinflammation leading to central sensitiza-

tion (2, 3). FM is a chronic primary pain syndrome characterized by

widespread musculoskeletal pain, fatigue, mood disorders and

cognitive disturbances (1, 4, 5) affecting more than 2% of the

population (6, 7) with female predominance. Although the patho-

physiological mechanisms are poorly understood, it is known that

stress is the only identified causative factor (4, 8, 9). FM is still an

unmet medical need since the traditional analgesics including

nonsteroidal anti-inflammatory drugs and opioids, as well as

adjuvant analgesics (certain antidepressants and antiepileptics) do

not provide sufficient effect and/or have unfavorable side effect

profiles (10–12). Therefore, considerable effort is invested in un-

raveling the complexity of the underlying molecular mechanisms

and identifying novel drug targets.

A rapidly growing body of literature data on neuroinflammation

is emerging, highlighting its pivotal role in FM pathogenesis. Both

human data (13–15) obtained by the use of positron emission

tomography (PET) radioligand tracer [11C] PBR28, referring to

activated glia cells, and preclinical (16–18) experimental results

demonstrate the importance of glial phenotype changes and glia-

neuron interactions in pain persistence. These processes involve the

alterations in microglial states through the C-X3-C motif chemokine

receptor 1 (CX3CR1) (19, 20). In the periphery, the receptor is

expressed on monocytes, dendritic cells, natural killer cells, and T

cells; meanwhile, in the central nervous system (CNS), it is expressed

exclusively on microglia cells, one of the most important immune

cells of the brain and spinal cord (21). Fractalkine (CX3CL1) is the

only known endogenous ligand of the receptor, binds to microglial

CX3CR1, controlling the activation of several downstream signaling

pathways, such as the activation of the intracellular p38 mitogen-

activated protein kinase (MAPK) pathway that modulates the release

of, among others, the proinflammatory cytokine interleukin-1 (IL-1)

(22, 23). The CX3CL1–CX3CR1 interactions are key to modulate the

crosstalk between neurons and microglia. This has been implicated in

several neurodegenerative processes involved in Alzheimer’s and

Parkinson’s diseases (24), as well as inflammatory mechanisms in

the periphery related to atherosclerosis and arthritis (25). Although

data support both the role of microglia in neuroinflammatory

processes and neuroinflammation in the formation of FM, the

direct link of microglial activation in FM, particularly regarding the

function of CX3CR1, is still unclear.

Therefore, here we investigated the involvement of the

CX3CR1, an important trigger of microglia activation, in a chronic

stress-induced pain mouse model using both genetic deletion and

pharmacological inhibition.
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2 Materials and methods

2.1 Animals

Experiments were performed on 12-16-week-old female and

male C57Bl/6J and CX3CR1 gene-deficient mice backcrossed for 7–

9 generations to C57Bl/6J mice. C57BL/6J mice were used as wild-

type (WT) controls alongside the genetically modified animals, and

C57Bl/6J mice were used for experiments involving drug testing.

The original C57Bl/6J breeding pairs were purchased from Charles

River Ltd. (Wilmington, MA, USA).

The original breeding pairs of the CX3CR1 knock-out (KO)

mice were generated at the HUN-REN Institute of Experimental

Medicine as previously described (26).

All animals were bred and kept in the Laboratory Animal House

of the Department of Pharmacology and Pharmacotherapy of the

University of Pécs, maintained under a 12-h light-dark cycle

(starting at 6:00 AM) at 22 ± 25 °C, 50% humidity, provided with

standard mouse chow and water ad libitum. Mice were housed in

groups of 2–6 in polycarbonate cages (330 cm2
floor space, 12 cm

height) on wood shaving bedding. The health profile of the animals

was regularly monitored according to the FELASA recommenda-

tions. All experiments were conducted in accordance with the

ARRIVE guidelines.

2.2 The chronic restraint stress paradigm

The 2-week CRS paradigm was applied as published earlier (27).

Briefly, the paradigm consisted of restraint for 6 hours daily for 2

weeks. Restriction tubes are 50-ml well-ventilated plastic tubes, in

which the movements of the mice were restricted. Restraint stress

routinely began in the morning. Non-stressed mice were identically

handled, but during the time of the stress period, they were left in

their home cages in the Laboratory Animal House (28).

2.3 Experimental design

Baseline nociceptive measurements were started 1 week before

the two-week-long CRS protocol, as shown in Supplementary

Figure 1. All initial nociceptive tests were performed three times

on two non-consecutive days. Thereafter, the results were averaged

and used as ‘Initial’ values. During the 2-week-long CRS, nociceptive

tests were performed once a week. In contrast, behavioral tests were

implemented only once, on the second week. Threshold measure-

ments and behavioral tests were carried out in the laboratory of the

Department at least 2 hours after the restraint stress had ended. The

experimenter was always blind to the stress state of the animals. At

the end of the two-week stress protocol, approximately 1 hour after

the last measurement, the animals were anesthetized and perfused.

In total, KO and WT male and female mice were used across

different experimental paradigms. Pain (mechanical and cold)

sensitivity was assessed in 14–19 animals per group. Behavioral

testing was performed just on a subset of animals, as the primary

focus of the study was pain-related outcomes.

For immunohistochemical analyses, 6 paraformaldehyde-per-

fused brains per group were randomly selected. In experiments
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targeting the primary somatosensory cortex, sections from the same

animals were processed for both DAB-based and fluores-

cent staining.

Additionally, in a separate cohort, we tested the drug candidate

AZD8797, a selective inhibitor of the CX3CR1, using the same CRS

paradigm. WT (C57Bl/6J) animals received intraperitoneal injec-

tions of AZD8797 in a 1 mg/kg dose or vehicle twice daily

throughout the two-week protocol. The morning dose was admin-

istered prior to the onset of the restraint stress. The afternoon dose

was given either after the daily measurements (when applicable) or,

on days without testing, at least 2 hours after the completion of the

restraint procedure. 7–11 animals per group were used, of which 6

per group were processed for immunohistochemical analyses. The

AZD8797 stock solution was prepared as described earlier (29).

Exact sample sizes for each experiment and group are shown in

the individual dot plots and figure legends within the

Results section.

2.4 Nociceptive measurements

2.4.1 Dynamic plantar aesthesiometry (DPA)

Mechanonociceptive thresholds of the hind paws were deter-

mined with a DPA (Ugo Basile, Italy) device. Mice were placed into

plastic boxes resting on a metal mesh. After a 10-minute acclima-

tization period, the threshold was measured by increasing force on

the plantar surface with a small-diameter, unsharpened metal

needle (max. force: 10 g, ramp: 4 s). The electronic unit recorded

the force at which the animals withdrew their paws due to pain,

referred to as the mechanonociceptive threshold (30). Three values

were assessed and averaged on both paws.

2.4.2 Cold tolerance test

The hind paws’ cold tolerance was determined by measuring the

withdrawal latencies from icy, 0 °C water (31). Mice were held gently,

and the hind paws were separately immersed in ice-containing water

at 0 °C. The time after which the animals withdrew their paws due to

pain was recorded and referred to as the thermonociceptive thresh-

old. Withdrawal latency time was recorded with a cut-off time of

180 sec.

2.5 Tests for assessing anxiety- and
depression-like behavior

Anxiety and depression-like behavior were examined to exclude

their confounding effect on nociceptive parameters. A possible

sedative effect on spontaneous locomotor activity was also investi-

gated in drug dosing experiments.

2.5.1 Open field test (OFT)

The OFT is a sensorimotor test used to determine the explora-

tion tendency (time spent in the peripheral area of the arena is

proportional to anxiety) and the locomotor activity (moving) of

rodents. At the beginning of the test, mice were placed in the center

of a brightly lit open arena of 48*48*55 cm. During the 5-minute-
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long test, their behavior was recorded with a Noldus camera system

and evaluated with the EthoVision® XT version 11 (Noldus,

Wageningen, Netherlands) video tracking software afterward. The

time spent moving and the time spent in the periphery were

assessed (32).

2.5.2 Light–dark box test (LDB)

The box used during the test has a lit (white-painted, non-

covered) and a dark (black-painted, roofed) compartment with a

hole on the wall between them at the floor level. The lit compart-

ment was illuminated at an intensity of approximately 1000 lux. In

the LDB test, the natural light aversion of mice in the lit compart-

ment competes with the curiosity to explore the novel environment.

Anxiety level is directly proportional to the time spent in the dark

compartment. Mice were placed into the light compartment at the

beginning of the experiment, and their behavior was observed for 5

minutes, recorded with a Noldus camera system, and evaluated by

the EthoVision® XT version 11 (Noldus, Wageningen,

Netherlands) video tracking software afterward. The time spent in

the dark compartment was assessed (28).

2.5.3 Tail suspension test (TST)

The original TST test has been used worldwide since 1986 to

evaluate depression-like behavior in rodents. Mice were individually

suspended by their tails with adhesive tape 50 cm above the surface.

The ratio of escape-oriented movements (coping) and complete

lack of movement (depressive-like behavior) was determined with

the immobility time, measured in the last 4 minutes of the

6-minute-long test period (33).

2.5.4 Forced swim test (FST)

In the FST, animals were placed individually in clear cylinders

(height: 25 cm, diameter: 20 cm) containing 19 cm of water depth

(22-24 °C). Like in the TST, mice react to an inescapable acute stress

situation by alternating between struggling (swimming) and

immobility (floating). The total duration of the stress exposure

was 6 min, and the time of immobility (referring to the lack of

escaping behavior) was measured during the final 4 min of the

experiment (34).

2.6 Perfusion and tissue processing

Mice were intraperitoneally injected with an overdose of

ketamine-xylazine solution (dose: 100 and 5 mg/kg). Following

deep anesthesia (checked with toe pinch), the thoracic cavity was

opened, and the animals were transcardially perfused with 0.1-mol/L

phosphate-buffered saline (PBS) and then with 4% paraformaldehyde

(PFA) solution. Next, their brains were dissected. The adrenal glands

and thymuses were also removed, and their weights were measured.

Following a one-day post-fixation in 4% PFA, 6 randomly selected

mouse brains per group were sliced into 30-µm coronal sections with

a vibratome (Leica, VT1000S). Five series of sections were prepared

from each animal, were placed into PBS-azide solution and stored at

4 °C until further processing.
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2.7 Immunohistochemistry

2.7.1 Ionized calcium binding adapter protein 1
(IBA1)

IBA1 immunoreactivity (n=6/group) was revealed by the conven-

tional avidin–biotin–immunoperoxidase protocol, described earlier

(35). After washing in PBS, free-floating brain sections were incubated

sequentially in (a) 1% hydrogen peroxide (H2O2) in PBS solution for

30min, followed by a repeated wash with PBS; (b) citrate solution at 90 °

C for 10 minutes, followed by a repeated wash with PBS; (c) PBS/0.5%

Triton™ X100 at room temperature for 30 min; (d) 2% normal goat

serum (Vector Laboratories, Burlingame, CA) in PBS at room temper-

ature for 30 min; (e) 2% normal goat serum in PBS with rabbit anti-

IBA1 (019-19741, Wako Chemicals GmbH, Neuss, Germany, 1:10.000

dilution) primary antibody at room temperature overnight, followed by

3X wash with PBS; (f) 1.5% biotinylated goat anti-rabbit IgG (Vector

Labs) at room temperature for 60 min, after repeated PBS washing; (g)

avidin–biotin complex at room temperature for 60 min, followed by a

PBS wash. The resulting activity was developed in 3,3-diaminobenzidine

(DAB, Sigma St. Louis, MO, USA) with 0.003% H2O2 solution. The

sections were mounted onto gelatine-coated slides, dehydrated in

alcohols, cleared with xylene, and coverslipped with DePex mounting

medium (Fluka, Germany).

2.7.2 Glial fibrillary acidic protein (GFAP)

GFAP immunoreactivity (n=6/group) was revealed using a

conventional avidin–biotin immunoperoxidase protocol; for a de-

tailed description, see the IBA1 section above. In the case of GFAP

immunostaining, non-specific binding sites were blocked with 2%

normal horse serum (Vector Laboratories, Burlingame, CA, USA)

in PBS, and 2% normal horse serum in PBS with mouse monoclonal

anti-GFAP (NCLLGFAP-GA5, Novocastra, 1:1.000 dilution) pri-

mary antibody was used. The secondary antibody was 1.5%

biotinylated anti-mouse IgG (Vector Labs) (27).

2.8 Immunofluorescent staining

Frontal brain sections were made at the level of the primary

somatosensory cortex representation of the hind limb (-0.46 to

-0.7 mm caudal to bregma) to visualize microglia in conjunction

with cortical neurons and further examine microglia-neuron inter-

actions. Sections of the PAG (-3.8 to -4.24 mm caudal to bregma)

were also used to study the interactions between microglia

and astrocytes.

The staining procedure followed the same pre-treatment pro-

tocol as described for the DAB-based immunohistochemistry (sec-

tion 2.7), including H2O2 incubation, heat-induced antigen

retrieval, Triton X-100 permeabilization, and blocking steps.

For immunofluorescence, free-floating sections were incubated

overnight at room temperature with a primary antibody solution in

PBS containing 3% normal goat serum. The following primary

antibodies were used: rabbit anti-IBA1 (019-19741, Wako

Chemicals GmbH, 1:10.000), mouse anti-Kv2.1 (75-014,

NeuroMab, 1:1.000), or mouse anti-GFAP (NCLLGFAP-GA5,
Frontiers in Immunology 04
Novocastra, 1:1.000). After PBS washes, sections were incubated

for 3 hours at room temperature with Alexa Fluor-conjugated

secondary antibodies: Alexa 647 goat anti-rabbit IgG (A32733,

Invitrogen, 1:500) and Alexa 568 goat anti-mouse IgG (A11031,

Invitrogen, 1:500). Nuclear counterstaining was performed with

4’,6-diamino-2-phenylindole (DAPI). Detailed staining procedures

were performed as described earlier (36).

Sections were mounted on gold-coated glass slides and

coverslipped using ProLong™ Gold Antifade Mountant

(P36930, Invitrogen).

2.9 Microscopic imaging

2.9.1 Avidin–biotin–immunoperoxidase stained
samples

Analyses of cell numbers, cell activation, and integrated density

measurements were performed with ImageJ 1.48 software on (37)

micrographs of the areas of interest using an Olympus IX81

microscope equipped with an Olympus DP74 digital camera,

using a 10× objective lens. The resolution of the acquired images

was 1920 × 1080 pixels. All imaging parameters were identical for

each image; three images/brain region/animal were assessed. Four

pain-related brain areas were investigated: hippocampus cornu

ammonis area 3 (CA3: -2.18 to -2.46 mm caudal to bregma);

primary somatosensory cortex—representation of the hind limb

(S1HL: -0.46 to -0.7 mm caudal to bregma); periaqueductal gray

(PAG: -3.8 to -4.24 mm caudal to bregma); central amygdala (CeA:

-1.0 to -1.7 mm caudal to bregma). The pictures were randomly

assigned, and the investigator was blind to the experimental groups.

2.9.1.1 Analysis

IBA1+ and GFAP+ cells were quantified in the region of interest

(ROI) using unit area rectangle selection. The cell density of IBA1+

microglia and GFAP+ astrocytes (number of cell bodies visible/

mm2) was counted in the selected ROIs.

As described earlier (38), a scoring system was used to inves-

tigate the activation degree of IBA1+ microglia and GFAP+

astrocytes. The scoring system considers the relative amounts of

IBA1 and GFAP proteins based on morphological changes, ranging

from 1 (for a resting state) to 5 (fully activated state).

To assess the Integrated Density (IntDen), the images were

converted into a binary black-and-white format using the ImageJ

processing tool. For counting the integrated density of IBA1- and

GFAP-positive cells, 10×-magnification slides were used. Areas of

interest within the mentioned brain areas were outlined, and an

automated count of integrated density values was calculated for

each image. The IntDen values are reported as arbitrary units

(AU) (27).

2.9.2 Immunofluorescent-stained samples

Confocal images were taken with Nikon Eclipse Ti2-E confocal

microscope with 60x objective. Z-stack of the images (1024x1024

pixels) was taken over the region of interest in a range of 20 µm-s,
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with 0.5 µm interslice distance, and a pinhole size less than one Airy

unit. Virtual colors were selected to depict fluorescent signals; blue

for DAPI, green for IBA1 and red for Kv2.1 and GFAP. Digital

images were adjusted for brightness and contrast using FIJI (version

1.53c, NIH, USA). Identical measuring frames were placed ran-

domly along the surface of pyramidal cells.

2.9.2.1 Analysis

Quantitative data analysis of each dataset was performed by at

least two observers, blinded to the samples’ origin and

the experiments.

We investigate the somatic microglial junctions, the direct

interaction surface area between microglial processes and the cell

bodies of cortical pyramidal neurons, as described earlier (36). For the

analysis of somatic junction prevalence, confocal stacks with double

immunofluorescent labeling (cell type-marker- neurons: Kv2.1,

microglia: IBA1, and DAPI nuclear staining) were acquired from at

least three different regions of the hind limb representation of the

mouse cortex (S1HL). All labeled and identified cells were counted

when the whole cell body was within the Z-stack. Neurons were

considered to be contacted by microglia when a microglial process

visibly touched them. Microglia cells were considered ‘satellites’ when

close soma-to-soma contacts with neurons occurred (36).

We also examined the surface area of microglia-neuron interac-

tions and their ratio. The acquired Z-stack images were manually

analyzed in each 0.5 µm section across the entire stack. We

reconstructed the neurons in a ‘three-dimensional’ manner and

outlined them, then separately marked the microglia-neuron con-

tacts in each layer. The neurons examined were divided into three

groups: the ratio of satellite microglia (microglia cell bodies in

contact with the neuron cell bodies), microglial processes contacting

the neurons, and microglia cells not in contact with neurons (36).

2.10 Statistical analysis

The normal distribution of the data was checked by Shapiro–

Wilk and Kolmogorov–Smirnov tests. In the case of datasets that

did not represent a normal distribution, the Kruskal–Wallis test was

applied, followed by Dunn’s test. Two-way analysis of variance

(ANOVA), followed by Sidak’s test and two-way repeated mea-

surement (RM ANOVA), followed by Tukey’s test, were preferred

for datasets with a normal distribution. When comparing two

groups, an unpaired two-tailed t-test was applied, depending on

the experimental design. GraphPad Prism 8 software was used for

statistical analysis. Data are presented as the mean ± standard error

of the mean. Statistical results, including f values, and exact p-values

for all tests, are summarized in Supplementary Tables 1–3, 6.

2.11 Ethics

Hungary’s National Ethics Committee on Animal Research

approved all procedures in 28th April 2023 (license No. BA02/

2000-25/2023. issued by the Government Office of Baranya County,

Hungary) and were performed according to the European legisla-

tion (Directive 2010/63/EU) and Hungarian Government
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regulation (40/2013., II. 14.) on protecting animals used for scien-

tific purposes.
3 Results

3.1 CRS-induced mechanical and cold
hyperalgesia are absent in CX3CR1 knock-
out mice of both sexes

The mean baseline mechanonociceptive threshold of bothWT and

KO male mice was significantly higher (WT: 8.796 ± 0.3346, KO:

8.676 ± 0.2829) compared to the females (WT: 8.289 ± 0.3944; KO:

8.054 ± 0.3503) (WT p<0.0001; KO p<0.0001), while the cold

sensitivity values were significantly lower in male WTs, but only

tendentiously in KOs (WT: 162.1 ± 2.488; KO: 166.9 ± 2.121) com-

pared to respective female group (WT: 171.2 ± 1.167; KO:171.4± 1.446)

(WT p=0.0107; KO p=0.1762).

Baseline mechanonociceptive thresholds of CX3CR1 KO mice

were significantly lower than their WT counterparts in the female

but not in the male group (Figures 1A, C). No differences were

found between WT and CX3CR1-deficient animals in either sex

regarding cold tolerance (Figures 1E, G). Both male and female WT

mice developed approximately a 20% decrease in the mechano-

nociceptive threshold (mechanical hyperalgesia) by the second week

(Figures 1B, D) and around a 60% decrease in cold sensitivity

beginning from the first week in response to CRS (Figures 1F, H). In

contrast, CX3CR1 KO animals of both sexes did not develop stress-

induced mechanical hyperalgesia (Figures 1B, D). Cold hyperalgesia

was significantly lower during the whole experimental period in

male, but only after the first week in female CX3CR1 KO compared

to their WTs (Figures 1F, H). Analysis of the pooled male and

female datasets revealed similar trends to those observed in the sex-

specific analyses (Figures 1I, J).

3.2 Behavior tests

In stressed animals, the time spent immobile was significantly

reduced for both genotypes in the TST, but there was no stress-

induced change in immobility time in the FST. The OFT showed a

genotype difference; the KO animals tended to spend less time in

the periphery and moved less regardless of the stress application.

Stress caused an elevated time spent moving in both genotypes, but

the distance moved was elevated significantly only in the KOs. No

difference was detected between the groups during the LDB test

(Supplementary Figure 2).

3.3 Changes in body weight, thymus, and
adrenal weight following CRS

At the baseline point, the age-matched CX3CR1 KO animals

were significantly smaller than the WT mice in both sexes (WT: ♂:
27.59 ± 0.3878; ♀: 20.70 ± 0.1726; KO: ♂: 26.36 ± 0.4287; ♀:
19.43 ± 0.3614) (WT p<0.0001; KO p<0.0001). The CRS protocol

caused a similar weight drop in both genotypes from the first week.
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Relative thymus weights of female animals were significantly

higher in both genotypes (WT: p=<0.0001 ♂: 0.001183 ± 0.0001097

mg/g; ♀: 0.002079 ± 6.289e-005 mg/g; KO: p=<0.0001 ♂:
0.001267 ± 8.168e-005 mg/g; ♀: 0.002387 ± 0.0001891 mg/g)

(WT p<0.0001; KO p<0.0001). Thymus weight was significantly
Frontiers in Immunology 06
elevated after the stress protocol in both males and females in the

two investigated genotypes.

Relative adrenal weights of female animals were significantly

higher in both genotypes (WT: p=0.0014 ♂: 0.0001433 ± 1.531e-005

mg/g; ♀: 0.0002427 ± 1.604e-005 mg/g; KO: p=<0.0001 ♂:
FIGURE 1

Baseline mechanonociceptive (A, C) and cold (E, G) thresholds of male and female wild-type (WT) and CX3CR1 knock-out (KO) mice. Data are
presented as the mean ± SEM (n=23-40), animals with individual plots. Unpaired t-test, **p<0.01 vs. indicated groups. Effects of chronic restraint
stress (CRS) on nociceptive behaviors of male (B, F), female (D, H) animals, and both sexes together (I, J). Mechanical and cold hyperalgesia are
calculated by comparing the mechanonociceptive thresholds and withdrawal latencies to their self-control baseline values. Data are presented as
the means ± SEM of n=14–21 animals; two-way repeated measurement analysis of variance (ANOVA), followed by Sidak’s tests; *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 vs. respective WT group; ####p< 0.0001 vs. respective non-stressed group.
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0.0001769 ± 1.872e-005 mg/g; ♀: 0.0003179 ± 2.981e-005 mg/g)

(WT p=0.014; KO p<0.0001). The same tendency of relative adrenal

gland weight-gain was observed in both genotypes and both sexes

due to CRS (Supplementary Figure 3).

3.4 CRS-induced microglial priming in the
somatosensory cortex of WT but not in
CX3CR1 KO mice

The baseline IBA1 integrated density values referring to

microglial phenotype changes and morphological transformation

(size and arborization) in the hind paw representation area of the

somatosensory cortex (S1HL) did not show sex difference in WT

mice, but in KO animals, males’ results were significantly higher (♂:
10743 ± 150.7; ♀: 9625 ± 292.0) (WT p=0.9785; KO p=0.0005), and

significantly higher in male but not in female CX3CR1 KOmice

compared to their WTs (Figures 2A, C). Significant CRS-induced

microglia integrated density elevation in S1HL developed in male

WT but not in CX3CR1 KO mice, interestingly, this elevation was

not observed in females (Figure 2B).

3.5 Elevated microglial process coverage of
Kv2.1 positive neuronal cell bodies in
CX3CR1 KO mice

Microglia-neuron interactions determined by IBA1 and Kv2.1

immunofluorescent signal quantification suggest increased

microglial process coverage of neurons in both non-stressed and

stressed CX3CR1 KO mice compared to their respective WTs, but

these values were not affected by CRS (Figure 2D). The same

proportions of unconnected, microglia with somatic contacts, and

satellite microglia were present in all groups, independent of

genotype and stress (Figure 2E).

3.6 Higher stress-induced integrated IBA1
density values in male WT animals in the
PAG but not in other investigated brain
regions

In the PAG region, non-stressed female animals of both genotypes

exhibited significantly higher integrated density values compared to

male animals of the same genotype (WT: ♂: 7422 ± 159.6; ♀:
10526 ± 228.5; KO: ♂: 8800 ± 245.2; ♀: 10522 ± 221.6) (WT and

KO p<0.0001). No significant difference was observed between non-

stressed male and female animals integrated density values within the

CA3 region (WT: ♂: 9667 ± 166.7; ♀: 9552 ± 296.3; KO: ♂:
9607 ± 429.1; ♀: 9325 ± 258.4) (WT p=0.9566; KO p=0.7663), neither

in the CeA region (WT: ♂: 8882 ± 502.1; ♀: 9945 ± 333.4; KO: ♂:
9441 ± 403.8; ♀: 9627 ± 283.9) (WT p=0,1312; KO p=0.9319).

CRS induced a significant elevation in the IBA1 integrated

density in the PAG area in males, but not in females. In this area,

non-stressed male KO animals showed significantly higher levels of

integrated density compared to WT animals (Figures 3A, B, G). In

other examined brain regions, the four groups showed no
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significant difference in IBA1 integrated density in either sex

(Figures 3C–F).

3.7 CRS-induced integrated GFAP density
elevation is absent in CX3CR1 animals

Baseline sex differences in GFAP integrated density were observed

among the non-stressed groups. In the PAG, significantly higher

GFAP integrated density values were detected in non-stressed KO

females compared to KO males, while no sex-related differences were

found in theWT group (WT: ♂: 8569 ± 204.5; ♀: 7021 ± 805.3; KO: ♂:
8782 ± 569.7; ♀: 11124 ± 303.6) (WT p=0.0985; KO p=0.0101). In the

CA3 region, WT non-stressed males exhibited significantly higher

values than WT females, whereas no sex-related differences were

found in the KO animals (WT: ♂: 8450 ± 349.3; ♀: 4983 ± 318.3; KO:

♂: 7979 ± 335.8; ♀: 6300 ± 810.4) (WT p=0.0002; KO p=0.0572).

In both sexes, the GFAP integrated density in the PAG region

was elevated in theWT animals following CRS (Figures 4A, B, F, G),

and it was higher compared to the male stressed KO animals

(Figure 4A, E). In female animals, the baseline integrated density

was higher in the mice lacking CX3CR1 than in WT (Figure 4B).

While the GFAP integrated density of the CA3 brain area in males

was the same between the four groups (Figure 4C), in females, there

was a significant increase in stressed WT animals but not in

CX3CR1 KO ones (Figure 4D).

3.8 Microglia activation score elevation in
WTs following CRS and ab ovo altered
microglial density in KOs in stress and
pain-related brain regions

There was no significant sex difference in cell density or

activation in the examined regions in non-stressed animals

(S1HL, PAG, CA3, CeA) (Supplementary Table 4).

Significantly elevated activation scores were observed in stressed

WT animals in both sexes in the hippocampus CA3 region, and in

the somatosensory cortex-hind limb representation of males, which

elevation was not present in the KO animals. No change was present

in the case of the CeA and in the PAG in either sex regarding the

activation score.

In case of cell density, in males, significant elevation was present

in both genotypes in the somatosensory cortex-hind limb repre-

sentation region following CRS. Activation score elevation follow-

ing CRS was present in the WTs, but not in KO animals, in the CeA

region in males. We found an ab ovo altered, lower microglia cell

density in the PAG in male and the somatosensory cortex and CeA

in female CX3CR1 KO animals (Supplementary Figure 4).

3.9 Elevated astrocyte cell activation in
WTs following CRS in CA3 and PAG in
female but not male animals

There was no significant sex difference in astrocyte cell density

or act iva t ion in the examined reg ions (PAG, CA3)

(Supplementary Table 5).
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FIGURE 2

Effects of chronic restraint stress (CRS) on ionized calcium binding adapter protein 1 (IBA1) integrated density in the somatosensory cortex (S1HL) of
male [(A), n=11-13/group] and female [(B), n=6/group] wild-type (WT) and CX3CR1 knock-out (KO) mice. Data are presented as the mean ± SEM,
animals with individual plots. Two-way analysis of variance (ANOVA), followed by Tukey’s tests; *p<0.05. Representative images show the IBA1+
microglia cells in male animals’ S1HL (C). #Effects of CRS on contact prevalence between microglia and neurons in WT and KO mice [(D), n=18/
neurons from 5 mice] and percentage of non-connecting, microglia with somatic contacts and satellite microglia cells [(E), n=5]. Data are presented
as the mean ± SEM, animals with individual plots. Two-way analysis of variance (ANOVA), followed by Sidak’s tests; *p<0.01, **p<0.0001 vs. indicated
groups. Representative images of neuron-glia connections in control WT and CX3CR1 KO male animal somatosensory cortex. White arrows indicate
microglial processes (green) contacting Kv2.1 clusters (red) on neuronal somas in perfusion-fixed brain tissue samples of the somatosensory cortex
in WT (F) and CX3CR1 KO (G) animals.
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FIGURE 3

Effects of chronic restraint stress (CRS) on ionized calcium binding adapter protein 1 (IBA1) integrated density in different stress- and pain-related
brain regions of male and female wild-type (WT) and CX3CR1 knock-out (KO) mice; in the periaqueductal gray matter [PAG; (A, B)], hippocampus
Cornu Ammonis 3 [CA3; (C, D)] and central amygdala [CeA; (E, F)]. Data are presented as the mean ± SEM, animals with individual plots (n=6/group).
Two-way analysis of variance (ANOVA), followed by Tukey’s tests; *p<0.05, vs. indicated groups. Representative images show the IBA1+ microglia
cells in PAG in male animals’ samples (G).
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FIGURE 4

Effects of chronic restraint stress (CRS) on glial fibrillary acidic protein (GFAP) integrated density in different stress- and pain-related brain regions of
male and female wild-type (WT) and CX3CR1 knock-out (KO) mice; in the periaqueductal gray matter (PAG) (A, B) and hippocampus Cornu
Ammonis 3 (CA3) (C, D). Data are presented as mean ± SEM, animals with individual plots (n=6/group). Two-way analysis of variance (ANOVA),
followed by Tukey’s tests; *p<0.05, **p<0.001, ***p<0.0001 vs. indicated groups. Representative images show the GFAP+ astrocyte cells in PAG in
male mice (E) Representative images of astrocyte-microglia interactions of the PAG in control and stressed WT male animals. Confocal images show
microglia- and (green) astrocyte processes (red) contacting in the PAG of control (F) and after CRS (G) WT animals.
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In female animals, astrocyte activation was significantly

increased in WT animals after CRS, in the hippocampus CA3

region, but not in the PAG. No differences in these parameters

were found between the four groups in the investigated brain areas

in male animals (Supplementary Figure 5).

3.10 CX3CR1 antagonist AZD8797 alleviates
stress-induced mechanical but not cold
hyperalgesia in male mice

Male animals treated with vehicles showed a significant decrease in

the mechanonociceptive threshold due to stress, which was abolished

by administration of the CX3CR1 antagonist compound, AZD8797

(Figure 5A). The cold hyperalgesia induced by the CRS protocol was to

the same extent in vehicles and AZD8797-treated groups (Figure 5B).

3.11 AZD8797 administration altered OFT
test results regardless of the stress

The time spent immobile was significantly lower in the FST for

the stressed mice receiving the vehicle, but not for those receiving

AZD8797 treatment. No significant difference was found between

the groups regarding the TST. The non-stressed animals receiving

AZD8797 spent significantly less time in the periphery and more

time moving than the animals receiving the vehicle. No such

difference was observed between the stressed animals receiving

different treatments. No difference was found between the groups

during the LDB test (Supplementary Figure 6).

3.12 No microglia or astrocyte alteration in
stress-related brain regions, regardless of
the pharmacological treatment

In either group, no changes in microglia and astrocyte cell

parameters (integrated density, cell density, and cell activation)

were observed (Supplementary Figure 7).
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4 Discussion

We provide here the first data that microglial CX3CR1 con-

tributes to chronic stress-induced pain behaviors, possibly via

modulating glia-neuron interactions in the PAG and S1HL, the

major pain-processing areas. Besides directly modulating microglia,

CX3CR1 also triggers astrocyte activation in the PAG. The higher

IBA1 integrated density in the PAG and S1HL of non-stressed male

mice suggests that CX3CR1 also contributes to baseline microglia

activity. Furthermore, it is demonstrated that blocking the CX3CR1

receptor by a selective antagonist provides novel perspectives for the

treatment of stress-induced pain conditions, including FM.

In agreement with the literature data, baseline measurements in

both genotypes revealed that female mice exhibited greater suscep-

tibility to mechanical stimuli and lower sensitivity to cold, accom-

panied by lower body weights and higher relative thymus and

adrenal gland weights compared to males (39–41). The greater

IBA1 integrated density in the S1HL region of male CX3CR1 KO

animals compared to females, and in the PAG of female animals of

both genotypes compared to males, can be attributed to the estab-

lished sex-dependent structural and functional differences in rodent

microglia (42, 43). Moreover, the higher integrated GFAP density in

the CA3 region of male mice and the PAG of females may also be

explained by similar sex-dependent variations in the morphology

and function of astrocytes, as reported in the literature (44, 45).

There is increasing evidence that chronic stress plays a crucial role

in both the onset and progression of FM (1, 46, 47). Our data showed

that stress-induced mechanical and cold hyperalgesia similarly devel-

oped in both sexes, despite clinical data that one and a half times more

women suffer from FM compared to men (6). However, some studies

suggest that FM is underdiagnosed in men, rather than being less

common (48–50). Emerging literature suggests that chronic stress can

induce neuroinflammation. Different types of chronic stress in pre-

clinical studies increase the release of pro-inflammatory cytokines

from microglia in brain regions involved in both stress and pain

regulation, such as the hippocampus (18, 51–53). Neuroinflammation
FIGURE 5

Effects of chronic restraint stress (CRS) on nociceptive behaviors of wild-type (WT) and CX3CR1 knock-out (KO) male mice. Mechanonociceptive
threshold (A) and cold tolerance [paw withdrawal latency, (B)] changes are presented compared to the baseline threshold. Data are presented as the
mean ± SEM (n= 7–11); two-way repeated measurement analysis of variance (ANOVA), followed by Sidak’s tests; *p<0.05 vs. respective vehicle-
treated group; #p<0.0001 vs. respective non-stressed groups.
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was demonstrated with translocator protein ligands expressed by

activated glia cells in PET, including the primary somatosensory

and motor cortex of FM patients (13, 14). Choline levels linked to

glial activation were also elevated in insular and putamen regions of

FM patients, positively correlating with pain intensity, determined by

functional magnetic resonance imaging (15). In rats,

neuroinflammation was described in reserpine- and acid saline-

induced FM models, with elevated GFAP and IBA1 immunostaining

intensities in the lumbar spinal dorsal horn (54–57). We found CRS-

induced IBA1 integrated density elevation in the S1HL and PAG

regions only in male WT mice. Integrated density analysis is a

quantitative method combining the extent and intensity of immuno-

histochemical staining. It is an unbiased measure of overall marker

expression, facilitating objective quantification of microglia and as-

trocyte cell responses while reducing the subjectivity inherent in

morphology-based cell classification. Activation scores and cell den-

sities were also determined; the integrated density provided the most

appropriate and reproducible parameter to assess microglia activation

(58). Literature data support that CRS induced a significant CX3CL1

mRNA expression increase, referring to neuroinflammation in the

CA3 and orbitofrontal region of male, but not female rats. Moreover, a

dramatic reduction in microglia activation in the prefrontal cortex was

shown after CRS only in female rats, but not in males (59). Total

microglia density in the hippocampus was not affected by stress

application, but CRS altered the proportion of activated microglia

cells, which change was present only in male animals (60).

Our results showed stress-induced GFAP increase in the PAG

of both sexes, while in the CA3 region, this was observed only in

females. Broad literature demonstrated that astrocytes have protec-

tive roles in neuronal homeostasis under normal conditions, but

noxious stimuli can activate them in a sex-dependent manner,

leading to pathological functions in several neurological diseases

(61). This activation process contributed to pro-inflammatory

cytokines like tumor necrosis factor alpha and IL-1 released from

microglia (62).

In agreement with our earlier and literature data, immobility in

the FST was reduced after two weeks of stress exposure in both sexes

and genotypes. These data suggest that after chronic stress appli-

cation, immobility does not necessarily reflect depression-like

behavior like in the acute test, but anxiety and increased locomotion

are likely to modify these outcome parameters depending on the

type and duration of stressors (63, 64). This is supported by the

findings that in the OFT, time spent moving also increased in

response to CRS (65, 66). Other depression and anxiety-like

behaviors in the TST and LDB did not show stress-induced

alterations after two weeks.

CX3CL1 is cleaved from damaged or malfunctioning neurons

and is the only known endogenous agonist of CX3CR1, which is

exclusively expressed on microglial cells in the brain parenchyma.

Besides, a subset of border-associated macrophages express CX3CR1

in the brain perivascularly and in the meninges and it is also

expressed in different immune cells such as NK cells, T cells and

monocytes/macrophages in the periphery (21, 67–73). Microglia in

the cortex, striatum and hippocampus, but not the retina and

thalamocortical regions of mice showed reduced ramification, refer-

ring to reduced activity in CX3CR1 KO mice (74–77). Aberrant
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activation and phagocytic ability of CX3CR1 KO microglial cells

were reported (78, 79), which data coincides with the baseline

significantly higher IBA1 integrated density difference we detected

in CX3CR1 KO animals compared to WTs. The role of CX3CR1 has

been shown in neuroinflammation related to multiple sclerosis (29),

depression (80) and Alzheimer’s disease (78). Broad literature data

demonstrate that CX3CR1 KO mice, having microglia deficiencies,

are more resistant to different types of stressors and less likely to

develop depression and anxiety-like behaviors (81–85). Here, we

describe for the first time that CX3CR1 deficiency attenuates stress-

induced pain parameters in mice.

Limited data are available regarding the involvement of

CX3CR1 in pain, but elevated CX3CL1 levels were found in the

corticospinal fluid of FM patients (86). According to preclinical

data, CX3CR1 has been demonstrated to have a role in neuropathic

pain (87). Formalin-induced acute inflammatory and partial sciatic

nerve ligation-induced chronic neuropathic pain behaviors were

reduced in CX3CR1 knockout mice (88, 89). Both thermal and

mechanical sensitization were triggered in rats by intrathecal

CX3CL1 injection (90). Furthermore, a CX3CL1 antibody reduced

neuropathic pain in rats (91).

Although the specific mechanisms of microglial activation during

stress response are not fully understood, the CX3CL1-CX3CR1

pathway seems to be a key component (92). CX3CR1 deficiency in

mice prevents chronic unpredictable stress-related microglial arbori-

zation area and neuronal plasticity in the hippocampus CA1 (93).

CRS increased IBA1 integrated density in the S1HL and PAG in WT,

but not in CX3CR1 KO mice. Although in the S1HL, the proportion

of direct contacts, somatic contacts, and satellite contacts between

microglia and cortical neurons were affected neither by the genotype

nor the stress itself, baseline neuron and microglia process coverage

of neuronal somata was significantly greater in mice lacking CX3CR1.

Somatic purinergic junctions have been identified as a major form of

microglia-neuron interaction that is apparent across all brain areas

tested in both rodents and in the human brain (36, 94–96). While

somatic Kv2.1 clusters contacted by microglia have been identified as

a marker for somatic purinergic junctions, Kv2.1 is expressed

primarily by excitatory neurons in the cerebral cortex and thus the

analysis performed may not be representative for inhibitory neurons

in the present paper. In this paper we focused largely on somatic

purinergic junctions as a major form of interaction between

microglial processes and neuronal cell bodies. However, microglia

establish a broad spectrum of interactions with neurons including

those with synapses, dendrites or axon initial segments, not men-

tioning indirect interactions via astrocytes, oligodendrocytes or other

cells. Therefore, the analysis performed in the paper may not be

representative for all the different types of microglia-neuron interac-

tions and effects at other sites might have remained unnoticed.

CX3CR1 KOmice exhibit reduced dendritic spine pruning, abnormal

synapse maturation, decreased functional connectivity between mul-

tiple cortical regions, as assessed by resting-state functional MRI,

reflecting impaired synchronization of spontaneous neural activity

(71, 97). Microglia-neuron interactions are considered bidirectional,

in which neurons are suspected to regulate microglial purinergic

signaling via CX3CL1–CX3CR1 signaling, and microglia, in turn,

modulate neuron excitability and plasticity (98–101). CX3CR1 is also
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essential in neuronal development and appropriate neuronal con-

nectivity (97, 102). Based on the present data, microglia cells lacking

CX3CR1 may compensate for the functional defects by more exten-

sive neuronal coverage.

CX3CR1 deficiency also abrogated the integrated GFAP density

increase related to astrogliosis in the PAG and hippocampus in

response to CRS, supporting CX3CR1-dependent microglia-astro-

cyte interactions. This finding is supported by reduced astrogliosis

in CX3CR1 KO mice in an Alzheimer’s disease model (79), as well

as in vitro data showing proliferative effect and increased IL-6

production of activated microglia on astrocytes (103). These results

with KO mice suggest a potential for CX3CR1 as a drug target for

chronic stress-induced pain.

The CX3CR1 antagonist AZD8797, which is currently in Phase

II clinical trials as an immunomodulator for the treatment of

women with estrogen-dependent cancers (104), abolished chronic

stress-induced mechanical hyperalgesia in our model, due to both

central and peripheral sensitization mechanisms. In contrast,

AZD8797 did not influence mainly peripheral sensitization-induced

cold hyperalgesia (105). This finding is supported by the concept

that stress-induced mechanical hyperalgesia involves complex

microglia-neuron interactions via CX3CR1 activation. However, it

is presently unclear to what extent peripherally administered

AZD8797 may block CX3CR1 in parenchymal microglia. Based

on the currently available literature, AZD8797 appears to have

limited blood–brain barrier penetration under physiological condi-

tions (29, 106). However, chronic stress is known to impair blood–

brain barrier integrity and increase its permeability, which may

facilitate central access of compounds that otherwise show re-

stricted penetration (107, 108). In addition, stress-induced

hyperalgesia involves complex neuroimmune interactions between

peripheral and central mechanisms. Therefore, peripheral modula-

tion of CX3CR1-dependent inflammatory pathways may also

indirectly influence central sensitization and pain processing (3,

109, 110). These suggest that the effects of AZD8797 may involve

both central and peripheral mechanisms.

AZD8797 has been extensively studied in different animal

models. Its anti-inflammatory effects improved cardiac hypertrophy

in mice (111), prevented migraine-like hyperalgesia and thalamic

and microglial activation in a status epilepticus rat model (100).

Furthermore, CX3CL1 infusion exacerbated hyperalgesia in the

periorbital region and microgliosis in the thalamus (112).

However, AZD8797 alone or in combination with sub-analgesic

morphine doses did not alter acute nocifensive behaviors in the cold-

water tail flick test in rats and in the formalin test in mice (113).

A limitation of our study is the use of developmental CX3CR1

KOmice, in which compensatory mechanisms and the involvement

of its non-microglial expression cannot be ruled out (114).
5 Conclusion

It is concluded that microglial CX3CR1 contributes to chronic

stress-induced pain in mice, potentially involving altered glia–neuron
Frontiers in Immunology 13
interactions and related central sensitization mechanisms. CX3CR1

might be a promising drug target for the treatment of chronic primary

pain conditions related to stress, such as FM. The CX3CR1 antagonist,

AZD8797, already under clinical trials for other indications, would be

worth testing in such a patient population.
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