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The C-C motif chemokine ligand 2 (CCL2) has been implicated in chronic pain,
but its exact mechanism of peripheral sensitization is unknown. In this study,
we aimed to clarify the mechanism of CCL2 regulation of ion channels. Our
behavioral experiments revealed that ZD7288, a blocker of /, current, can inhibit
CFA and CCL2-mediated mechanical and thermal nociceptive sensitization.
Furthermore, patch clamp studies demonstrated that CFA-induced peripheral
sensitization primarily affects the excitability of small-diameter DRG neurons.
Further studies revealed that inflammatory pain caused by CFA or incubation
of DRG with CCL2 mainly affected /, currents in small-diameter DRG neurons,
which were blocked by co-incubation CCR2 antagonist INCB3344 or adenylate
cyclase inhibitor SQ22536. Immunohistochemical staining showed that both
intraplantar injection of CFA as well as DRG injection of CCL2 resulted in
significant upregulation of CCR2*/HCN2* expression. In conclusion, we suggest
in the inflammatory pain state, CCL2 can act on small-diameter DRG neurons,
leading to upregulation of HCN2 expression and consequently /,, which in turn
leads to neuronal hyperexcitability.

KEYWORDS

the C-C motif chemokine ligand 2 (CCL2), the C-C motif chemokine receptor 2 (CCR2),
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Introduction

Peripheral tissue injury/inflammation often leads to chronic pain. Peripheral
sensitization due to hyperexcitability of dorsal root ganglion (DRG) neurons and central
sensitization of spinal cord neurons are important reasons for the prolongation of chronic
pain. There is growing evidence that inflammation-induced central sensitization is due in
part to increased C-fiber afferents caused by spontaneous activity of C-nociceptors
(Latremoliere and Woolf, 2009; Kleggetveit et al., 2012; Weng et al., 2012; Hsieh et al.,
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2015). However, the ion channel mechanisms and underlying
molecular mechanisms of nociceptive receptor hyperexcitability
that are relevant to chronic inflammatory pain are not
fully understood.

The C-C motif chemokine ligand 2 (CCL2), also known as
monocyte chemotactic protein 1 (MCP-1), which regulates the
migration of monocytes into tissues. A growing number of studies
have shown that CCL2 upregulation mediates increased DRG
excitability (Gao et al, 2009; Kao et al, 2012; Liu et al., 2016;
Dansereau et al., 2021). Long non-coding RNAs (IncRNAs) nerve
injury-specific IncRNAs (NIS-IncRNAs) can lead to nociceptive
sensitization by regulating the upregulation of CCL2 on DRG (Du
et al, 2022). CCL2/CCR2 performs an essential role in the
development of peripheral arthritis pain (Ramesh, 2014; Llorian-
Salvador et al., 2016; Dansereau et al., 2021). According to Zhang and
De Koninck, after ganglion ligation, there was an increase in CCL2
expression in neurons with small to large diameters that express the
nerve injury marker ATF-3 (Zhang and De Koninck, 2006). The
results suggest that injured neurons exhibit an increased expression of
CCL2. CCL2 can act directly on DRG neurons, resulting in increased
neuronal firing (White et al., 2005; Wang et al., 2010), however the
causes of the increased neuronal firing associated with CCL2 need to
be further investigated.

Previous studies demonstrated that CCL2 can regulate synaptic
plasticity by interacting with CCR2 on lamina ITo excitatory neurons,
suggests that CCL2 may be involved in the development of central
sensitization in chronic pain (Biber and Boddeke, 2014; Xie et al,,
2018b). In addition, we find that CCL2 directly interacts with CCR2,
enhancing  NMDAR-induced currents, eventually leading to
inflammatory pain. This is mainly achieved through the CCL2-CCR2-
PERK-GIuN2B pathway (Zhang et al, 2020). And we further
demonstrate that CCL2 interacts with presynaptic CCR2 in spinal
nociceptor terminals to facilitate spinal synaptic transmission and
pain (Ma et al., 2020). However, a number of issues still need to
be clarified. For examples, does CCL2 directly act on DRG nociceptor
to modulate ion channels variations on neurons? What ion channels
are modulated by CCL2/CCR2 leading to DRG hyperexcitability?

Hyperpolarization-activated cation channels (HCNs) activation
occurs near the resting membrane potential and activation of HCN
channels leads to a mixed non-selective cation flow for depolarizing
inward currents (I,). I, partially counteracts the effects of after
hyperpolarization (Baker et al., 1987), which leads to higher firing
rates and therefore is considered to be the neuronal pacemaker
(Wickenden et al., 2009). Numerous studies have shown that HCN2 in
peripheral sensory neurons is involved in the development of chronic
pain. Chronic inflammatory pain has been associated with an increase
in excitability due to I, (Song et al., 2012; Weng et al., 2012; Jansen
et al,, 2021). Studies have shown that HCNs is involved in the
regulation of chronic pain in small diameter neurons of the DRG
(Weng et al.,, 2012; Forster et al., 2020) and also in brain (Gao et al.,
2022; Yan et al., 2023). The HCN2 ion channel in peripheral primary
sensory neurons plays a central role in inflammatory pain and
neuropathic pain dependent on prostaglandines and cAMP-increasing
effect (Gelderblom et al., 1987; Emery et al., 2011). And peripheral
blockade of HCNs rapidly suppresses inflammatory and neuropathic
pain (Young et al., 2014). However, it is still not well understood which
inflammatory agents are involved in the process of inflammatory pain
leading to the upregulation of HCN2.
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In this study, we demonstrated that CCL2 can directly act on the
CCR2 receptors located in small diameter neurons of the DRG, and
leading to up-regulation of HCN2 and hyperpolarization-activated
current (I,) and participate in the formation of DRG hyperexcitability
by patch immunohistochemistry, and

clamp recordings,

behavioral tests.

Materials and methods
Animals and pain models

C57BL/6 background wild-type (WT) mice were purchased from
the Experimental Animal Center of the Fourth Military Medical
University. Adult C57BL/6 mice (male, 6-8 weeks old) were used for
electrophysiological studies in dorsal root ganglion (DRG), and
behavioral surveys. All animal procedures were approved by the
Animal Care Committee of the Fourth Military Medical University,
ensuring that all animals were treated humanely and ethically. To
establish a chronic inflammatory pain model, we injected Complete
Freund’s Adjuvant (CFA, 20puL, 1mg/mL, Sigma, St Louis, MO,
United States) into the plantar surface of left hind paw to induce
inflammatory pain.

Drugs and administration

CCL2 was from R&D Systems (Minneapolis, MN). ZD7288, I,
antagonist, was from PlantChemMed Co., Ltd. (Shanghai, China).
RS504393, a potent and selective antagonist of CCR2, was from Tocris
Bioscience (Bristol, United Kingdom).

DRG injection of CCL2 and ZD7288

C57BL/6 mice were anaesthetized with 2% isoflurane. The
procedure for DRG injection of CCL2 and ZD7288 was the same as
previously described (Luo et al., 2017; Ma et al., 2020; Wang et al.,
2021). Expose the bilateral iliac crests of the mice to locate the L4 and
L5 vertebrae, use the 26-gauge needle mated to a Hamilton syringe
(Hamilton, Reno, NV) was inserted at a 45° angle into the lower
margin and the intersection of the paravertebral line of the same side
L4 and L5 vertebrae, and permeate CCL2 (100ng/mL) and/or ZD7288
(100 uM, 200 pM) into the intervertebral foramen. When the syringe
needle enters the intervertebral foramen, there is a sense of constraint,
and the paw retraction reaction of mice is a sign of the needle entering
the intervertebral foramen. CCL2 was dissolved in a 1% DMSO/saline
mix. ZD7288 was dissolved in saline.

Behavioral analysis

All mice were acclimated to the testing environment for at least
2 days prior to each test, and acclimated to the individual testing chamber
for at least 1h. All testing was conducted in a blinded manner, ensuring
that the results were unbiased and accurate. Mechanical allodynia
measure (von Frey test) was conducted using von Frey filaments ranging
from 0.008 to 2.000g (Danmic Global, CA), applied to the plantar skin
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with sufficient force to bend the fiber and held for 1s. The paw
withdrawal response frequency (the percentage of positive responses to
the stimulus) was recorded for each filament, which was applied five
times. The mechanical threshold was defined as the force of a specified
filament required to elicit an 80% frequency of paw withdrawal. Thermal
Hyperalgesia was assessed using a device (IITC model 400, Woodland
Hills, CA) specifically designed to measure the latency of paw withdrawal
in response to heat stimulation. The mouse was placed on a 2 mm thick
thermostatically controlled (30°C) glass plate and stimulated with a
beam of radiant heat source on the lateral plantar surface of the hind paw.
The duration of time between the initiation of the stimulus and the paw
withdrawal was defined as the paw withdrawal thermal latency. The hind
paw of each mouse was tested every 5min, 5 times in total, and the mean
of the latency values was calculated.

Immunofluorescence labelling and
confocal analysis

The DRG immunofluorescence staining methods was conducted as
previously described (Liu et al.,, 2015; Han et al., 2021). DRG was
sampled at 24 h after intraplantar injection of CFA and 5h after DRG
injection of CCL2. Mice were anesthetized by intraperitoneal (I.p.)
injection of 1% pentobarbital sodium and transcardially perfused with
phosphate buffer solution (PBS, 20mL) +4% paraformaldehyde (PFA,
20mL). The left L4 and L5 DRGs were removed, postfixed overnight in
4% paraformaldehyde, and cryoprotected in 30% sucrose at 4°C until
the tissue sank to the bottom of the container. DRG sections (16 pm)
was cut on a cryostat. Briefly, the sections were incubated with a solution
containing 0.3% Triton X-100 and 1% bovine serum albumin (BSA) for
3h at room temperature and were immunostained with primary
antibodies including goat-anti-CCR2  (1:150, ThermoFisher,
PA1-21623), rabbit-anti-CCR2 (1:500, Novus Biologicals, NBP1-48337),
rabbit-anti-HCN2 (1:300, Almone Labs, APC-030) (Hammelmann
etal, 2011), goat-anti-CGRP (1:100, Abcam, ab36001) (Tao et al., 2022;
Yue et al., 2022) at 4°C overnight. Secondary antibodies including Alexa
Fluor 488 (donkey anti-rabbit IgG, 1:500, Abcam, ab150073) and Alexa
Fluor 594 (donkey anti-goat IgG, 1:500, Abcam, ab150132), were
incubated at room temperature for 4h. All images were captured by
Olympus confocal microscope (Olympus FV3000, Japan), and 20x
objectives (NA=0.8) were used. The images were generated with a
1,024 x 1,024 pixels frame resolution, and the confocal pinhole was
120 pm. Captured images with a 20x magnification under this confocal
microscope were processed using Image J, and quantification of CCR2
and merge cells counts were performed manually from 3 DRGs from 3
animals. Analyze the distribution of all neurons. All counting
experiments were conducted blinded to the experimental group. Cell
diameter measurement is generated by drawing cell profiles through the
built-in measurement tool of Olympus cellSens imaging software
(Olympus, Japan).

Western blotting
The L3-L5 DRGs were rapidly homogenized and lysed in RIPA
lysis buffer on ice. The protein concentration was determined with a

BCA protein assay kit (Thermo Scientific, United States). The protein
was electrophoresed on a 10% sodium dodecyl sulfate polyacrylamide
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gel and then transferred to polyvinyl difluoride (PVDF) membranes
(Bio-Rad, Hercules, CA, United States). The PVDF membranes were
incubated overnight at 4°C with primary rabbit-anti-CCR2 (1:500,
Novus Biologicals, NBP1-48337), rabbit-anti-HCN2 (1:300, Almone
Labs, APC-030) or mouse-anti-p-actin (1:5000, Abcam, ab8227) and
were incubated with the secondary antibody Donkey anti-Rabbit
(1:4000, bioss, bs-0295D) or anti-mouse IgG (1:4000, Cell Signaling
Technology, #7056) at ambient temperature for 2h. An appropriate
amount of ZETA luminescent solution was taken, and the
corresponding images were saved using a Bio-Rad luminometer for
luminescence the protein bands were quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, United States).

Quantitative real time RT-PCR

The DRG of L3-L5 segment was collected from mice in each
group (L4-L5 was collected in CCL2 group). RNA was extracted with
TRIzol reagent (Invitgen, Carlsad, CA) and reverse transcribed into
c¢DNA with PrimeScript™ RT reagent kit (Takara, Japan). Then TB
Green Premix Ex Taq™ II (Takara, Japan) is used for quantitative
real-time RT-PCR. The reaction was carried out in StepOne and
StepOnePlus Real-Time PCR Systems (Thermo Fisher, United States).
In order to quantify, the number of target genes is expressed relative
to the number of reference genes (GAPDH) to obtain the normalized
target expression value.

Primer sequences were as follows:

HCN2-F GGGAATCGACTCCGAGGTCTAC.

HCN2-R AGACTGAGGATCTTGGTGAAACG.

GAPDH-F TGTGTCCGTCGTGGATCTGA.

GAPDH-R TTGCTGTTGAAGTCGCAGGAG.

Intact whole mount DRG preparations

The control mice or CFA-inflamed mice (24h after intraplantar
injection of CFA) were anesthetized by intraperitoneal injection of 1%
pentobarbital sodium. L4 and L5 DRG were carefully removed and
placed in artificial cerebrospinal fluid (ACSF) mixed with ice and
water. Carefully peel off the connective tissue and capsule around the
DRG, digested with a mixture of 1.0 mg/mL protease and 1.6 mg/mL
collagenase for 20min at 37°C. To further validate the role of
chemokine CCL2 on DRG under inflammatory pain, whole mount
DRG was prepared and incubated in 100 ng/mL CCL2 for 1, 3, 5h to
permit CCL2 sufficiently influence DRG. The tissues were incubated
in ACSF with 95% O, and 5% CO, for at least 1 h before recording.

Whole cell patch-clamp recording

DRG neurons were observed with 40x objective lens and sealed
visually. Pull the patch pipette (5-8 MQ) out of the borosilicate glass
capillaries with a P-97 puller. The ACSF contained (in mM): NaCl 125,
KClI 2.5, NaH2PO, 1.2, MgSO, 1.3, CaCl, 2.4, NaHCO; 26, Glucose
15. The intrapipette solutions contained (in mM): KCI 18, K-Glu 132,
CaCl, 1, MgCl, 2, EGTA 1.1, HEPES 10, Mg-ATP 2.5, pH 7.4.
Osmolarity was adjusted to 290-300 mOsm. Data were obtained by a
Digidata 1550B acquisition system (Molecular Devices, United States)
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and Axopatch 700B amplifier (Molecular Devices, United States)
using pPCLAMP 10.0 software. Signals were filtered at 5 kHz low-pass,
suspended at 10kHz and stored in a computer hard drive for offline
correction and analysis. The compensation of the liquid junction
potential is performed by real-time adjustment of the Multiclamp 700B
Commander software. The excitability characteristics of neurons were
recorded under current clamp, the pattern and the number of action
potentials discharged were determined by injecting a series of
depolarizing current steps (500 ms duration) and depolarizing current
ramp (1,000 ms duration). The minimum current required to evoke
the first action potential (rheobase) was determined by current
injection steps (10 pA increments).

I, current analysis

I, recording was as described previously (Liu et al., 2015; Xie et al.,
2018a). Under voltage clamp mode, the membrane potential was held
at —60mV and I, current was elicited by hyperpolarizing the holding
potentials from —60 to —120mV in 10mV increments for a duration
of 3s. For each neuron, measure I, by subtracting the initial inward
current from the steady-state current. Steady-state inactivation of I,
was investigated using tail-current analysis.

Statistics

All data were presented as mean + SEM. Statistical analysis was
conducted using Student’s t-test or analysis of variance (ANOVA),
followed by either a post hoc Fisher’s test or Dunnett’s test. Statistical
significance was determined at p <0.05.

Results

Intra-ganglionic administration of ZD7288
can attenuate the mechanical and thermal
hyperalgesia induced by CFA and CCL2

As neuroinflammation leads to hyperexcitation of DRG neurons
(Huang et al,, 2012; Li et al,, 2016), which often induces multiple
neuronal discharges, we focused on ion channels responsible for the
generation of multiple firing by hyperexcitable neurons.
Hyperpolarization-activated current (), as a pacemaker for neuronal
excitation, can be activated under hyperpolarization and lead to
increased neuronal excitability (Djouhri et al., 2015; Liu et al,, 2015).
After intraplanar injection of CFA 24h, a marked increase in
mechanical and thermal hyperalgesia was observed, while
intervertebral foramen injection of ZD7288 (hyperpolarization-
activated cyclic nucleotide-gated (HCN) channel blocker, 100 uM)
potently abolished this hyperalgesia and last for 5h (Figures 1A,B). It
is suggested that I, produces a significant regulatory role in
maintaining inflammatory pain, which is consistent with the previous
results (Song et al., 2012; Weng et al., 2012; Jansen et al., 2021). To
verify the effect of CCL2 on inflammatory pain, we injected CCL2 in
the DRG, which significantly induced a decrease of the mechanical
retraction reflex threshold as well as a shortening of the thermal

retraction latency in the animals (Figures 1C,D). This hyperalgesia
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was dose-dependently attenuated by ganglionic injection of ZD7288
(100pM, 200pM) (Figures 1C,D). Our results showed that the
analgesic effect of ZD7288 in DRG started at 1 h after injection, and
the effect peaked at 3h after injection and could be maintained for
more than 5h.

CFA-induced inflammation increases
excitability of small-diameter DRG neurons
but not large or medium-diameter DRG
neurons

DRG neurons can be divided into large-diameter (>30 um) DRG
neurons, medium-diameter (>20 pm and <30 pm) DRG neurons, and
small-diameter (<20 pm) DRG neurons according to their diameters,
corresponding to A, Ad, and C fibers, respectively. To detect the
changes of excitability of the DRG neurons after CFA injection,
we made patch-clamp recordings from large-diameter (Figure 2A),
medium-diameter (Figure 2F), and small-diameter (Figure 2K) DRG
neurons in whole-mount DRG preparations from control and
CFA-inflamed mice. potential (RMP)
(Figures 2B,G), membrane resistance (Rm) (Table 1), and membrane

Resting membrane

capacitance (Cm) (Table 1) were comparable on large-diameter,
medium-diameter DRG neurons in both control and CFA-inflamed
groups. After CFA inflammation, small-diameter DRG neurons
exhibited a significant shift towards depolarization in RMP
(Figure 2L), Rm and Cm (Table 1), did not differ between the control
and CFA-inflamed state. In addition, the rheobase was significant
decreased after CFA-inflamed mice vs. control mice in small-diameter
DRG neurons (Figure 2M) but not in large-diameter or medium-
diameter DRG neurons (Figures 2C,H) and while AP threshold
(Figures 2D,I,N) was no difference in CFA-inflamed vs. control groups
in large-diameter, medium-diameter and small DRG neurons.

The typical traces of action potentials of large-diameter DRG
neurons revealed that the depolarizing current step evoked only one
spike in both control and CFA-inflamed groups (Figure 2E). I-O curve
revealed that the number of spikes in large-diameter DRG neurons is
independent on stimulus intensity application (Figure 2E).
Additionally, a current ramp of up to 1,000pA was found to
be insufficient to elicit any response (Supplementary Figures S1A,B).

As compared to large-diameter DRG neurons, medium-diameter
DRG neurons exhibited a decreased rheobase in the range of
400-600pA when exposed to depolarizing current steps and this
group of neurons also one spike can be induced by depolarizing
current steps, and the intensity of current injection as high as 800 pA
or more evoked a maximum of two to three spikes in a few neurons in
both control and CFA-inflamed groups (Figure 2J). Apart from
depolarizing current steps, a current ramp (at 800-1000 pA) can evoke
one to two spikes in most neurons (Supplementary Figures S1C,D).

Upon CFA inflammation, the firing frequency of small-diameter
DRG neurons was found to be significantly increased, as evidenced by
a marked increase in the number of spikes (Figure 20) and lowered
rheobase (Figure 2M). The inference was further corroborated by a
ramp current injection (Supplementary Figures SI1EJF), which
demonstrated that the excitability of small-diameter DRG neurons in
CFA-inflamed states was higher than controls. The above results
strongly suggest that DRG hyperexcitability caused by CFA occurs
mainly in C-nociceptors, such as DRG small-diameter neurons, this
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FIGURE 1

n=9-10 mice/group.

Inhibition of CCL2 and CFA-induced mechanical hyperalgesia and thermal hyperalgesia by intervertebral foramen injection of ZD7288. (A) Reversal of
CFA-induced mechanical hyperalgesia by ZD7288 (100 pM) given 24 h after CFA injection. (B) Reversal of CFA-induced thermal hyperalgesia by ZD7288
(100 uM) given 24 h after CFA injection. (C) Prevention of DRG injection CCL2 (100 ng) — induced mechanical hyperalgesia by ZD7288 (100 uM, 200 pM,
intervertebral foramen injection). (D) Reversal of CCL2-induced heat hyperalgesia by ZD7288 (100 uM, 200 uM, intervertebral foramen injection). All
data are presented as mean + SEM. * and * and # p<0.05, ** and **, and * p<0.01, *** and ***, and ** p<0.001, **** and ****, and *#*# p <0.0001,

finding is in agreement with prior studies (Weng et al., 2012; Wang
etal., 2016; Han et al., 2021).

CFA-induced inflammation increases I,
amplitude of small-diameter DRG neurons
but not large or medium-diameter DRG
neurons

To further clarify the specific cause of DRG hyperexcitability
induced by intraplantar injection of CFA, we further analyzed the I,
current changes on different types of DRG neurons. Slow inward
currents can be induced in DRG neurons by a series of hyperpolarizing
step potential from —60mV to —120mV in 10mV increments
(Figures 3A,D,G). Both the large-diameter (Figures 3B,C) and
medium-diameter (Figures 3E,F) DRG neurons in control and
CFA-treated mice revealed no discernible variations in I, currents
amplitude and I, current densities. However, the I, current amplitude
and I, current densities in small-diameter DRG neurons in the
CFA-inflamed state were greater than those in control (Figures 3H,I).

Frontiers in Molecular Neuroscience

It is suggested that only the I, currents of small-diameter DRG
neurons were significantly altered in the CFA-induced inflammatory
pain state, which may be related to CFA-induced DRG
hyperexcitability, CFA enhances C-nociceptor excitability by
activating I, currents on small-diameter DRG neurons, thereby
mediating peripheral sensitization.

CCL2-induced inflammation increases
excitability and /,, amplitude of
small-diameter DRG neurons

To further validate the role of chemokine CCL2 on DRG under
inflammatory pain, whole mount DRG was prepared and incubated
in 100ng/mL CCL2 for 5h to permit CCL2 to fully influence the DRG
(Figure 4A). After incubation CCL2, small-diameter DRG neurons
demonstrated significant alterations in membrane characteristics and
increased excitability. Resting membrane potential (RMP) (Figure 4B)
and rheobase (Figure 4C) exhibited a significant reduction after
incubation CCL2 compared to control neurons, while the AP
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FIGURE 2

CFA-induced inflammation increases excitability of small-diameter DRG neurons but not large or medium-diameter DRG neurons. (A,F,K) Image of
recording from a large-diameter (>30 pm), medium-diameter (>20 pm and <30 um), and small-diameter (<20 pm) DRG neurons in a whole mount DRG
preparation are recorded. (B,G,L) Resting membrane potential (RMP) of large (B, n = 5-7), medium (G, n = 6-8), and small (L, n = 9-10) DRG neurons in
both control and CFA-inflamed states (by unpaired t-test). (C,H,M) Action potential rheobase of large (C, n =5-7), medium (H, n = 6-8), and small (M,
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FIGURE 2 (Continued)

n=9-10) DRG neurons in both control and CFA-inflamed states (by unpaired t-test). (D,I,N) Action potential threshold of large (D, n = 5-7), medium (I,
n=6-8), and small (N, n =9-10) DRG neurons in both control and CFA-inflamed states (by unpaired t-test). (E,J,O) Representative traces and I-O
curve of large (E, n =5-7), medium (K, n=6-7), and small (Q, n = 9) DRG neurons in response to a depolarizing current step in both control and CFA-
inflamed states (by two-way ANOVA, Fisher's LSD test). All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p <0.001, and ****p <0.0001.

TABLE 1 Passive membrane properties and active membrane properties in three types of DRG neurons.

Type State Cm (pF) Rm (MQ) AP Amplitude (mV) AP half-width (ms)
Control 7191 +3.25 49.24 + 4.40 102.51 £3.18 0.80 £ 0.03
Large
CFA 76.95 + 1.63 47.96 + 4.36 99.71 £2.19 1.10 + 0.07
Control 39.31 +£0.80 250.55 +21.80 95.55 £2.35 1.14 £ 0.04
Medium
CFA 41.29 + 1.41 192.76 £ 13.56 101.76 £ 1.73 0.91 £ 0.04
Control 24.42+0.33 510.48 £ 29.70 112.75 + 1.56 4.40 £0.09
Small
CFA 23.88 +0.53 494.64 + 26.46 103.77 £ 1.11 4.36 £0.10
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FIGURE 3
CFA-induced inflammation increases /, amplitude of small-diameter DRG neurons but not large-or medium-diameter DRG neurons. (A,D,G)
Representative traces of /, recorded in large- (A), medium- (D), and small-diameter (G) DRG neurons in response to hyperpolarizing voltage steps of
—60 to =120 mV in 10 mV increments from a holding potential at =60 mV in both control and CFA-inflamed states. The voltage protocol is shown in
the lower position of G. (B,E,H) Current—voltage relationship of I, in large- (B, n = 5-7), medium- (D, n = 6), and small-diameter (F, n =8-9) DRG
neurons from control and CFA-injected mice (by two-way ANOVA, Fisher's LSD test). (C,FI) /, density in large- (B, n =5-7), medium- (D, n =6), and
small-diameter (F, n = 8—9) DRG neurons from control and CFA-injected mice (by nonparametric Mann-Whitney test), Note the /,, current densities
measured at —120 mV. All data are presented as mean + SEM. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.

threshold (Figure 4D) remained intact. Enhanced excitability after
CCL2 incubation 5h is manifested as increased number of spikes by
step (Figure 4E) and ramp (Supplementary Figures S1G,H) current
injection. More importantly, the I, current amplitude of small-
diameter DRG was much higher after incubation with CCL2 1h
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(Figures 4F,G), 3h (Figures 4L]), and 5h (Figures 41,,M) vs. control.
The I, current densities was significantly greater in CCL2 incubation
3h (Figure 4K) and 5h (Figure 4N) than in control condition, but not
significant in 1h (Figure 4H). The activation curve of I, was
constructed by measuring tail currents (Figure 40) at —120mV after
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application of prepulse potentials between —50 to —120mV and fitted
with a Boltzmann equation (Figure 4P). As shown in Figure 4Q, the
midpoint (V) for activation of I, in the DRG small diameter neurons
incubated with CCL2 5h (—87.1£2.49mV) was shifted 12mV in the
depolarizing  direction
(~98.9+4.24mV).

To clarify whether the CCL2-mediated increment in I, current is

compared to control neurons

mediated by activation of CCR2, the receptor of CCL2, we applied a
CCR?2 antagonist INCB3344. However, the increase of I, current
amplitude and I, current densities after incubation with CCL2 5h was
inhibited by co-incubation of 10nM INCB3344 (Figures 5A-C). These
results indicate that hyperexcitability and increased I, in small-
diameter DRG neurons incubated with CCL2 might be mediated by
activation of CCL2-CCR2 pathway.

CFA-mediated inflammatory response in mediating the
enhancement of I, current has been widely studied, and the changes
in I, current may depend on prostaglandines and cAMP-increasing
effect (Gelderblom et al., 1987; Emery et al., 2011). To further clarify
the intracellular signaling pathway of CCL2 leading to increased I,
currents in small diameter neurons of DRG, I, currents on DRG small
diameter neurons were further detected after 5h of co-incubation of
the adenylate cyclase inhibitor (SQ22536, 50 uM) with CCL2. The
adenylate cyclase inhibitor significantly inhibited the increased I,
current caused by 5h incubation with CCL2 (Figures 5D-F). It is
suggested that CCL2 may act on CCR2 in small-diameter neurons of
DRG by enhancing intracellular cAMP signaling pathway, leading to
an increase in I;,.

CFA and CCL2 induces upregulation of
DRG CCR2, HCNZ2, and CGRP

In order to further verify that CCL2 enhances I, currents in DRG
neurons through up-regulation of HCN channels in DRG neurons
under inflaimmatory pain. Immunohistochemical fluorescence
techniques were employed to assess the expression of CCR2, HCN2,
and CGRP in DRG neurons of control, intraplantar injection of CFA
and DRG of CCL2 mice 6A-C,H;
Supplementary Figure S2). Confocal analysis revealed the co-staining
rates of CCR2 with HCN2 or CGRP are 18.94% (Figure 6D) and 33.72%
(Figure 6K), respectively in control state. After DRG injection of CCL2,
the proportion of neurons co-labeled with CCR2 and HCN2 or CGRP
was increased significantly to 45.98% (Figure 6E) and 48.6% (Figure 6L).
After intraplantar injection of CFA, the co-labeled of CCR2 and HCN2
or CGRP increased to 52.54% (Figure 6F) and 44.12% (Figure 6M). The
numeration of CCR2*/HCN2* neurons (Figure 6G) but not CCR2*/
CGRP" neurons (Figure 6N) in the DRG was upregulation in both DRG
injection of CCL2 and intraplantar CFA injection.

injection (Figures

To further clarify the variation of HCN2, western blot experiments
were performed as well as PCR experiments. 24 h after intraplantar
injection of CFA, HCN2 mRNA was upregulated in the ipsilateral
DRG of mice, but the contralateral DRG showed insignificant changes
in HCN2 mRNA (Figure 60). Similarly, 5h after the DRG was injected
with CCL2, HCN2 mRNA was up-regulated in the ipsilateral DRG of
mice, but HCN2 mRNA in the contralateral DRG was not changed
(Figure 6P). Notably, the HCN2 mRNA of DRG was much higher after
incubation with CCL2 for 3h, and 5h vs. control (Figure 6Q). Western
blot experiments showed that HCN2 protein expression levels were
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up-regulated in DRG after intraplantar injection of CFA for 24h and
intra-DRG injection of CCL2 for 5h in ipsilateral side (Figures 6R,S;
Supplementary Figures S3A,B). Western blot experiments showed that
CCR?2 protein expression levels were up-regulated in DRG after
intraplantar injection of CFA for 24h and intra-DRG injection of
CCL2 for 5h in ipsilateral side but not contralateral side (Figures 6T,U;
Supplementary Figures S4A,B). The above results suggest that plantar
injection of CFA, DRG injection of CCL2 and DRG incubation of
CCL2 can all lead to upregulation of HCN2 on DRG.

Discussion

In our study, we apply an inflammatory pain model to explore
potential ion channel mechanisms of CCL2 in DRG, and found that
CCL2 can act directly on DRG neurons and cause a decrease in
mechanical retraction reflex threshold and a shortening of thermal
retraction latency in animals, while DRG injection of ZD7288, a blocker
of I, current, can inhibit CFA-mediated mechanical and thermal
nociceptive sensitization and dose-dependently inhibit mechanical and
thermal nociceptive sensitization caused by DRG injection of CCL2.
Patch-clamp studies have shown that decreased RMP, reduced rheobase,
and increased firing frequency in small-diameter DRG neurons are
important manifestations of peripheral sensitization by intraplantar
injection of CFA. In the meantime, there was no significant change in
the excitability of large-diameter as well as medium-diameter DRG
neurons. Further studies showed that inflammatory pain caused by CFA
mainly affected I, currents in small-diameter DRG neurons, but not in
large-or medium-diameter DRG neurons. And co-incubation of DRG
with CCL2 significantly increased the excitability of small-diameter
DRG neurons, leading to a decrease in RMP, rheobase, and an increase
in firing frequency. And CCL2 incubation can significantly increase the
I current of small-diameter DRG. Ultimately, immunohistochemical
staining showed that both intraplantar injection of CFA as well as DRG
injection of CCL2 resulted in significant upregulation of CCR2
expression and an increase from 18.94 to 45.98% as well as 52.54% in
CCR2 and HCN2 co-labeled neurons, with CCR2 mainly expressed in
CGRP-positive small diameter DRG neurons.

CCR2 has been identified as the primary receptor for CCL2 (also
referred to as Monocyte chemoattractant protein-1, MCP-1), a
chemokine that plays a key role in the recruitment of pro-inflammatory
blood monocytes to sites of tissue inflammation (Deshmane et al.,
2009; Chu et al,, 2014; Singh et al., 2021). Tanaka et al. reported that
CCL2 was rapidly upregulated (less than 4h) on DRG neurons after
partial sciatic nerve ligation (PNSL) (Tanaka et al., 2004). CFA-induced
paw edema elicited an upregulation of CCL2/CCR2 expression in
ipsilateral DRGs (Luo et al, 2018; Dansereau et al, 2021).
CCL2 and CCR2 mRNA was upregulated in 24 h in a mouse model of
contact hypersensitivity (Jiang et al, 2019). This strongly
suggests the upregulation of CCR2 on DRG is a crucial factor in
induction of pain. However, whether the upregulation of CCL2/CCR2
on DRG cells can directly influence ion channels and play a role in
periphery sensitization is unclear. Our study further demonstrates that
CCL2-CCR2 could directly influence I, in small DRG neuron,
which may be an important cause of inflammation-induced
periphery sensitization.

Numerous studies have shown that direct action of CCL2 on the
spinal dorsal horn can mediate central sensitization by enhancing the
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FIGURE 4
CCL2 incubation leads to elevated excitability and increased /,, currents in small diameter DRG neurons. (A) Showing intact whole mount DRG
preparations and incubation of CCL2 (100 ng/mL). (B—D) Resting membrane potential (RMP) (B), rheobase (C), and AP threshold (D) of small DRG
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FIGURE 4 (Continued)

neurons both in control and 5 h after incubation with CCL2 conditions (n = 5-7, unpaired t-test). (E) Representative traces and I-O curve of small DRG
neurons in response to a depolarizing current step both in control and 5 h after incubation with CCL2 conditions (n =9, by two-way ANOVA, Fisher's
LSD test). (FI,L) Representative traces of /, recorded in small DRG neurons in response to hyperpolarizing voltage steps of —60 to =120 mV in 10 mV
increments from a holding potential at =60 mV both in control and 1h (F), 3h (1), 5h (L) incubation with CCL2 conditions. The voltage protocol is
shown in the lower position of L. (G,Jd,M) Current—voltage relationship of /, in small DRG neurons from control and 1h (G, n =10-12), 3nh (J, n =9-12),
5h (M, n =8-10) incubation with CCL2 (by two-way ANOVA, Fisher's LSD test). (H,K,N) /, density in small DRG neurons from controland 1h (H, n=10-
12), 3h (K, n=9-12), 5h (N, n = 8-10) incubation with CCL2 conditions (by nonparametric Mann—-Whitney test). (O) The activation curve of /, from
control and 5 h incubation with CCL2 was constructed by measuring tail currents at =120 mV after application of prepulse potentials between —50 to
—120 mV and fitted with a Boltzmann equation. (P) The midpoint (V,,,) for activation of /,, in small DRG neurons after incubation with CCL2 5h was
shifted 12 mV in the depolarizing direction compared to control neurons. (Q) The difference of Vy, for activation of I, between two groups was
significant changed. All data are presented as mean + SEM. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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|

FIGURE 5

mean + SEM. *p < 0.05, **p < 0.01, ***p <0.001, and ****p <0.0001.
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NMDAR-induced current in the dorsal horn neurons via CCR2
(Sonekatsu et al., 2016; Xie et al., 2018b; Zhang et al., 2020). CCL2 can
also act on CCR2 receptors in the presynaptic terminals of the spinal
dorsal horn to mediate presynaptic glutamate release (Huang et al.,
2014; Ma et al., 2020), leading to central sensitization. It has been
shown that intraplantar injections of CCL2 produce nociceptive
sensitization to thermal and mechanical stimuli in rats (Qin et al.,
2005; Hackel et al., 2013). Upregulation of CCL2 in the L5 DRG by
intrathecal injection of AAV5-EF1a-CCL2 enhances neuronal axon
regeneration (Kwon et al., 2015; Niemi et al., 2016), however few in
vivo studies have investigated the effects of exogenous CCL2 directly
on the DRG, and our study showed that DRG injection of CCL2
significantly induce mechanical and thermal hyperalgesia, and that
this hyperalgesia can be dose-dependently inhibited by the I
blocker ZD7288.

Frontiers in Molecular Neuroscience

Research into the influence of CCL2 on ion channels has primarily
centered on NMDA receptors. CCL2/CCR2 signaling mediates
chronic pain via regulating NR2B in spinal dorsal horn neurons (Xie
et al., 2018b; Zhang et al., 2020). CCL2/CCR2-mediated NMDAR
activity in D1R- and D2R-containing neurons after peripheral nerve
injury (Wu et al., 2018). Luo et al. verified that CCL2 causes
inflammatory pain by regulating Nay channel activity in primary
afferent neurons (Zhao et al., 2014; Luo et al., 2018). Patch-clamp
recordings of acutely isolated DRG neurons revealed that CCL2
directly depolarized small and medium-sized sensory neurons in
CFA-treated rats and enhanced whole-cell TTX-sensitive sodium
currents (Zhao et al., 2014; Luo et al.,, 2018). Chronic inflammatory
pain has been associated with an increase in excitability due to
hyperpolarization-activated current (I,,) (Song et al., 2012; Weng et al.,
2012; Jansen et al., 2021), and the changes in I, current may depend

10 frontiersin.org


https://doi.org/10.3389/fnmol.2023.1144614
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Lietal. 10.3389/fnmol.2023.1144614
CCR2 HCN2 Merge Magnified | =607 Comml -+ coRzHONZ
NG > D 5 = CCR2”
= eX & 40
¢ g
© -
= 2
c 5
o] & 4
(@] e
E = 80 CCL2 -+ CCR2'HCN2"
s & ccrz'
g
& 40
o~ g
3
- =
Q 2 20
5
(& 3
0
O P E P
Diameter(pm)
F ~ 60 CFA =~ ccre*HoNg'
g 40
< 3
[ g
(@] 2 20-
0. 5
50 3
7 0+
e = OR PSSO P
— Diameter(pm)
CCR2 CGRP Merge Magnified & 607 Control
| o @ CCR2'
) o K 5
. B s B 2
». ) -4
— : g
g r
] S
]
[e] ]
(6] «
RPN RSP
Diameter(um)
— ¥ 60 coL2 CCR2"CGRP"
L > = core’
& 4
2 40
g
o~ 2
- '
0 g
o 3
T
x 0
PO P
Diameter(lm)
— T 609 ~+ CCR2'CGRP™
< CFA .
M @ = core
g
g
=
g
< g
L b
(6] ]
3
&
OOPPH PP
— Diameter(um)
[
G w N (o) P * Q .
— - — —
g ﬁ g ﬁ!ﬂ %25 %e g»s ns
S & 3 k] 3
= w T e . 201 20
5 ! ™ CCR2' HONZ' & ® corz’ caRP <, =
g CCR2" HONZ* g corz corp” & 1 z zs
g GCRZ g w CCR2 o M0 [ (3 22 o 101 [
2 b > = =
[ 2 £ 05 2 ‘-1 £o0s
] 9101 k1
o o —_ @ o o e @ 0.0 T
Vi & & ) T A PE  o .\i‘ & R
PO & & @ &S & S ¥ S ¢ I F 5
o o incubation COL2
ipsilateral contralateral silateral contralateral
. § ipsilateral
§ 20, ipsilateral ipsilateral g 20, P
R ipsilateral H] s —— F
£, ccLz |- B
cirl CFA 3 5 vee ——————— 3"
Y = = 3 LR e (HEET I . § 10
2 s
— g S .
¢ 2 &
2 % o0
Solom 1 3 oo
3 N
@ & & = & o
§ § .. _contralateral
contralateral g contralateral contralateral 320
cl CFA S5 * —Or___coL2 s =
3 3
l T W o
%oo-—v—v— S 00-
s S TS
H 5 ¢
£ 207 ipsilateral 2 207 ipsilateral
: H
T ipsilateral &5 e . U ipsilateral S5 =
c CFA ] ccL2 e
— - < — < 2
£ 10 - §1o
o 05 N
3 — © 0.5 g "f-‘
actin [ 42%Da = e ——T 1 T F ol ls
_ - 2 00d 2 & 9
L4 & & <
& &
2 20-contralateral 2 >o-contralateral
2 A
contralateral £ * contralateral g s
c CEA @ Cirl ccLz 5
= = < = c
ool DT ] oo 1 ccv: (L] <
== e == ?
actin 42kDa 3 actin n 42kDa 2
& 004 -
['4 o
& d(\"
FIGURE 6

CFA and CCL2 induces upregulation of CCR2, HCN2, and CGRP expression in DRG. (A—C) Representative 20x and 40X (magnified) IHC images of
CCR2 (red) and HCN2 (green) in DRGs of control, DRG injection of CCL2 and intraplantar CFA injection mice. Scale bar, 50 pm. (D—F) Size distribution
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FIGURE 6 (Continued)

and CCR2*/HCN2* co-expression characterization of CCR2-positive neurons in DRGs of control, intervertebral foramen injection CCL2 and
intraplantar CFA injection mice. (H-J) Representative 20x and 40x (magnified) IHC images of CGRP (red) and CCR2 (green) in DRGs of control,
intervertebral foramen injection CCL2 and intraplantar CFA injection mice. Scale bar, 50 pm. (K—M) Size distribution and CCR2*/CGRP* co-expression
characterization of CCR2-positive neurons in DRGs of control, intervertebral foramen injection CCL2 and intraplantar CFA injection mice. Note that for
CFA-inflamed group, ipsilateral L4/L5 DRGs were obtained and analyzed at 24 h after intraplantar CFA injection; for CCL2-inflamed group, ipsilateral
L4/L5 DRGs were obtained and analyzed at 5 h after intervertebral foramen injection CCL2. (G) Percentage of CCR2*/HCN2-, CCR2*/HCN2*, CCR2-
cells in the total number of cells. Percentage of CCR2*/HCN2* in DRG after intraplantar injection of CFA or DRG injection of CCL2 were significantly
increased vs. control mice (by one-way ANOVA, Newan—Keuls test, n = 3 per group). (N) Percentage of CCR2*/CGRP-, CCR2*/CGRP*, CCR2-cells in
the total number of cells (n = 3 per group). (O—Q) The mRNA expression of HCN2 was identified by RT-qPCR in 12 groups (n = 6 per group). (R) The
expression of HCN2 protein in 4 groups of CFA 1 d mice (6 cases in each group) was detected by Western blot. (S) The expression of HCN2 protein in 4
groups of DRG injection of CCL2 5h mice (6 cases in each group) were detected by Western blot. (T) The expression of CCR2 protein in 4 groups of
CFA 1d mice (6 cases in each group) was detected by Western blot. (U) The expression of CCR2 protein in 4 groups of DRG injection of CCL2 5h mice

10.3389/fnmol.2023.1144614

(6 cases in each group) were detected by Western blot (by nonparametric Mann—-Whitney test). CCL2 represents for DRG injection CCL2 5h in
B,E,I,L,G,N—-P,S—U. All data are presented as mean + SEM. *p < 0.05 and **p <0.01.

on prostaglandines and cAMP-increasing effect (Gelderblom et al.,
1987; Emery et al., 2011). However, the mechanism responsible for the
elevated I, in inflammatory states is still unclear. Our study found that
exogenously administered DRG injected with CCL2 for 5h can
significantly upregulate HCN2 and that DRG incubation with CCL2
for 5h can lead to a significant increase in I, which were blocked by
co-incubation CCR2 antagonist INCB3344 or adenylate cyclase
inhibitor SQ22536. It was further clarified that CCL2 may act on
CCR2 in small-diameter DRG neurons in the inflammatory pain state,
upregulating HCN2 channels and I, through the intracellular cAMP
signaling pathway, thus leading to neuronal hyperexcitability. It shows
that adenylate cyclase inhibitor SQ22536 can inhibit CCL2-induced
Akt phosphorylation (Mizutani et al., 2009). Neutralizing CCL2
inhibits neuronal growth activity in cAMP-treated neuron-
macrophage co-cultures conditioned medium (Kwon et al., 2015). It
has been shown that cAMP can also act directly on HCN channels,
thereby directly increasing I, currents (Ulens and Tytgat, 2001;
Wainger etal., 2001; Leypold et al., 2019). Whether the effects of CCL2
on small-diameter DRG neurons results in changes in intracellular
cAMP that act directly on CCR2 receptors on neurons or whether
they originate from other types of cells (e.g., macrophages) remains to
be further investigated. Meanwhile, further studies are still needed to
investigate the changes of cAAMP in DRG neurons during inflammatory
pain states.

In conclusion, our results suggest that CCL2 can upregulate
HCN2 in specific types of sensory neurons, leading to an increased
number of small-diameter DRG neurons discharging in an
inflammatory state, which is a potential cause of peripheral
sensitization. This study also provides new insights and targets for the
peripheral treatment of chronic pain.
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