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Neuronal Panx1 drives peripheral o

sensitization in experimental plantar
inflammatory pain
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Abstract

Background The channel-forming protein Pannexin1 (Panx1) has been implicated in both human studies and ani-
mal models of chronic pain, but the underlying mechanisms remain incompletely understood.

Methods Wild-type (WT, n=24), global Panx1 KO (n = 24), neuron-specific Panx1 KO (n = 20), and glia-specific

Panx1 KO (n=20) mice were used in this study at Albert Einstein College of Medicine. The von Frey test was used

to quantify pain sensitivity in these mice following complete Freund’s adjuvant (CFA) injection (7, 14, and 21 d).

The gRT-PCR was employed to measure mRNA levels of Panx1, Panx2, Panx3, Cx43, Calhm1, and -catenin. Laser
scanning confocal microscopy imaging, Sholl analysis, and electrophysiology were utilized to evaluate the impact

of Panx1 on neuronal excitability and morphology in Neuro2a and dorsal root ganglion neurons (DRGNs) in which
Panx1 expression or function was manipulated. Ethidium bromide (EtBr) dye uptake assay and calcium imaging were
employed to investigate the role of Panx1 in adenosine triphosphate (ATP) sensitivity. 3-galactosidase (3-gal) staining
was applied to determine the relative cellular expression levels of Panx1 in trigeminal ganglia (TG) and DRG of trans-
genic mice.

Results Global or neuron-specific Panx1 deletion markedly decreased pain thresholds after CFA stimuli (7, 14, and 21
d; P<0.01 vs. WT group), indicating that Panx1 was positively correlated with pain sensitivity. In Neuro2a, global Panx1
deletion dramatically reduced neurite extension and inward currents compared to the WT group (P<0.05), revealing
that Panx1 enhanced neurogenesis and excitability. Similarly, global Panx1 deletion significantly suppressed Wnt/[3-
catenin dependent DRG neurogenesis following 5 d of nerve growth factor (NGF) treatment (P<0.01 vs. WT group).
Moreover, Panx1 channels enhanced DRG neuron response to ATP after CFA injection (P<0.01 vs. Panx1 KO group).
Furthermore, ATP release increased Ca’* responses in DRGNs and satellite glial cells surrounding them following 7

d of CFA treatment (P<0.01 vs. Panx1 KO group), suggesting that Panx1 in glia also impacts exaggerated neuronal
excitability. Interestingly, neuron-specific Panx1 deletion was found to markedly reduce differentiation in cultured
DRGNS, as evidenced by stunted neurite outgrowth (P<0.05 vs. Panx1 KO group; P<0.01 vs. WT group or GFAP-Cre
group), blunted activation of Wnt/f3-catenin signaling (P<0.01 vs. WT, Panx1 KO and GFAP-Cre groups), and dimin-
ished cell excitability (P<0.01 vs. GFAP-Cre group) and response to ATP stimulation (P<0.01 vs. WT group). Analysis
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of B-gal staining showed that cellular expression levels of Panx1 in neurons are significantly higher (2.5-fold increase)

in the DRG than in the TG.

Conclusions The present study revealed that neuronal Panx1 is a prominent driver of peripheral sensitivity in the set-
ting of inflammatory pain through cell-autonomous effects on neuronal excitability. This hyperexcitability depend-
ence on neuronal Panx1 contrasts with inflammatory orofacial pain, where similar studies revealed a prominent role
for glial Panx1. The apparent differences in Panx1 expression in neuronal and non-neuronal TG and DRG cells are likely
responsible for the distinct impact of these cell types in the two pain models.

Keywords Panx1, Dorsal root ganglion, Satellite glial cell, Peripheral sensitization, Plantar inflammatory pain

Background

Pain sensitivity is amplified and becomes persistent
through both peripheral and central sensitization mech-
anisms [1-3]. Chronic inflammatory pain is complex,
involving not only tissue damage but also local release
of inflammatory signals that aggravate and prolong allo-
dynia. Traditional pharmacological approaches [opioids,
cannabinoids, and non-steroidal anti-inflammatory drugs
(NSAIDs)] have made great progress in reducing inflam-
matory pain, but they present potential risks in clinical
practice [4, 5]. For instance, long-term analgesic usage
may elevate the risk of kidney and cardiovascular disease
[6, 7], and pain-relieving opioid and cannabinoid drugs
can be addictive [8—10]. Thus, it is critical to explore
novel drug targets for the development of inflammatory
pain therapies.

Peripheral pain sensitization consists of a reduced
threshold for painful sensitivity (allodynia /hyperalge-
sia) [11], and the dorsal root ganglion (DRG) thus offers
a target for neuromodulation in the transmission of pain
signals to the dorsal horn of the spinal cord in chronic
inflammatory pain [12-14]. Inflammatory injury inten-
sifies interactions between sensory neurons and satel-
lite glial cells (SGCs) surrounding them, contributing to
persistent hyperexcitability through pathophysiologi-
cal changes in DRG neurons (DRGNs) [15, 16]. These
changes offer potential novel therapeutic targets for
DRG-based pain modulation in inflammatory pain.

Pannexinl (Panx1) has been shown to be involved in
chronic pain and could thus be a target following inflam-
matory pain insult [17-20]. As a non-selective and large—
conductance channel, Panx1 provides a conduit for the
release of adenosine triphosphate (ATP) [21-24], which
has long been known to enhance neuron excitability and
to be activated by both mechanical and chemical signals
[25-31]. Critically, Panx1 is expressed in both neurons
and SGCs in sensory ganglia, and its expression increases
in the ganglia in chronic inflammatory pain models [17,
20].

In neuropathic pain models [32, 33], Panx1 blockade
by gene deletion or small molecule inhibitors has been
shown to reduce hypersensitivity. We have previously

demonstrated that both glial and neuronal Panxl in
the trigeminal ganglia (TG) contribute to orofacial pain
hypersensitivity in an inflammatory mouse model [18,
34, 35], and another study reported that Panx1l channel
in immune cells contributes to inflammatory pain origi-
nating in the DRG [36]. However, the underlying mecha-
nism by which Panx1 contributes to inflammatory pain is
largely unresolved.

In this study, we aimed to investigate how Panxl
controls peripheral pain sensitization after inflamma-
tory stimuli. PanxI levels in the DRG were found to be
increased in a mouse model of chronic inflammation-
induced pain, and in mice lacking PanxI, either globally
or in neurons, pain hypersensitivity was much attenu-
ated. SGC deletion of Panx1, previously found to appre-
ciably reduce inflammatory orofacial pain, was less
effective than neuronal deletion in the hindlimb inflam-
matory pain model, consistent with the lower SGC than
neuronal Panxl expression we detected in DRG com-
pared to TG. Deletion of Panxl in DRG and Neuro2a
neurons resulted in numerous deficits in morphology
and function, including much-reduced neurite extension,
decreased excitability, and impaired ATP release. These
studies showing major impact of Panxl on peripheral
inflammatory pain may provide a novel therapeutic strat-
egy in future clinical trials and drug development.

Methods

Animal

The Institutional Animal Care and Use Committee
(IACUC) of Einstein approved all animal experiments
(NO. IACUCs20151101), assuring compliance with ethi-
cal and legal requirements for animal research.

The 8-12-week-old mice (#=48) were used in the
course of the study: wild-type (W'T, n=24), global Panx1
knockout (KO) (PanxI~'~, n=24), neuron-specific
Panxl KO (NFH-Cre: Panx1", abbreviated NFH-Cre,
n=20), and glia-specific Panx1 KO (GFAP-Cre: Panx1",
abbreviated GFAP-Cre, n=20). Global PanxI KO and
neuron/glia-specific Panxl KO mice were generated in
the C57BL/6 background at the IACUC-approved animal
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facility of Albert Einstein College of Medicine, as previ-
ously reported [21]. Briefly, homozygous global Panx1 KO
was generated from hemizygous Panx]™*KOMPWsi pjce
(KOMP, Davis, CA, USA). Panx1"f mice were obtained by
crossing Panx]™? KOMPWEI with flippase deleter mice
(B6.ACTFLPe/J), allowing for neuron/glia-specific PanxI
knockout mice strain generation following crossing with
cell-type specific Cre mice (Jackson Laboratory, Bar Har-
bor, ME, USA). Glia-specific Panx1 KO mice were gener-
ated by crossing mGFAP-Cre [B6.Cg-Tg (Gfap-cre) 73.12
Mvs/]] and Panx1” mice. Neuron-specific PanxI KO
mice were established by crossing mNFH-Cre [Tg (Neth-
cre) 12 Kul/J] and Panx1"f mice.

Plantar inflammatory pain model

The plantar inflammatory pain was induced by complete
Freund’s adjuvant (CFA, #F5881, Sigma-Aldrich, Ger-
many), following the previously established procedure
[18]. For that, 20 pul of CFA solution (1 mg/ml, prepared
by mixing 1:1 saline to CFA) was injected subcutaneously
into the plantar portions of the right hind paw under
anesthesia (isoflurane).

Pain sensitivity analysis

Wild-type (n=11), global Panxl KO (n=11), neuron-
specific Panxl KO (n=12), and glia-specific Panx1 KO
mice (n=12) were used in the behavioral test. Mouse
paws were stimulated with von Frey filaments (Stoelting
Co., Dale Wood, IL, USA) to measure tactile sensitivity
as previously described [17]. Briefly, the mice were placed
in elevated plastic boxes with a wire mesh floor and each
filament was applied ten times with 5-30 s random inter-
vals to target the paw. Tactile thresholds (expressed in g)
were measured as the calibrated bending forces of the
filament that elicited a withdrawal response. Data for
50% pain thresholds were collected on 0, 7, 14, and 21 d,
and represented as three-dimensional (3D) surface plots
and two-dimensional (2D) heatmaps of the number of
responses to 10 stimulus presentations of each intensity
using the NSCC software (version 2019, NSCC, Kaysville,
UT, USA).

Cell culture

Details regarding the generation of Panxl CRISPR KO
and overexpressing Neuro2a cell lines were previously
described [37]. Neuro2a and Neuro2a CRISPR KO Panx1
and overexpressing Panx1 cells were cultured in DMEM
(#8,121,513, Gibco, USA) supplemented with 10% fetal
bovine serum (FBS; #10,099,141, Gibco, USA). To stimu-
late neuronal outgrowth, those Neuro2a cell lines above
were differentiated by a 5 d treatment with 40 umol/L
retinoic acid (RA; #302-79-4, Merck, Germany) to spe-
cifically investigate the function of Panx1 channels.
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Sensory neurons were dissociated from L5 DRG follow-
ing painless death (isoflurane followed by decapitation)
using collagenase/dispase digestion [38] from W'T, Panx1
mutant, and CFA-treated mice at the same time point.
Then, a total of 20,000 neurons were plated in 60-mm
dishes coated with poly-d-lysine (PDL; 25 pg/ml, #LPDLO001,
Sigma-Aldrich, Germany) and then cultured in 5 pg/ml
nerve growth factor (NGF; #9061-61-4, Sigma-Aldrich,
Germany) for 5 d [39].

To explore the signaling pathways underlying den-
dritic growth during DRG neuron culture, an agonist (20
mmol/L LiCl, #7447-41-8, Selleck Chemicals, USA) was
added to activate Wnt/B-Catenin signaling by limiting
B-catenin phosphorylation and degradation [40], Wnt
ligand blocker (30 nmol/L IWP2, #686770-61-6, Merck,
Germany) was added to prevent early Wnt ligand pal-
mitoylation by targeting the O-acyltransferase porcu-
pine (Porcn) [41], and B-catenin inhibitor (100 nmol/L
Triptonide, #38647-11-9, Selleck Chemicals, USA) was
added to block the Wnt pathway by binding to f-catenin’s
C-terminal Transactivation Domain [42].

Cell transfection

The 3 pg of enhanced green fluorescent protein (EGFP)-
labelled plasmid mPanxI-DNA with 10 pl of transit
LT1 transfection reagent (#MIR-2304, Mirus, USA) in
250 ul of Opti-MEM (#31,985,062, GIBCO, USA) were
used to re-express Panxl in Neuro2a Panxl KO cells.
Cell culture medium was replaced with standard growth
medium [DMEM (#8,121,513, Gibco, USA) supple-
mented with 10% FBS (#10,099,141, Gibco, USA)] after
24 h of transfection.

Neurite outgrowth assessment

For quantification of neural differentiation, cells were
viewed using phase-contrast microscopy (20x) with a
Nikon Eclipse TE300 microscope (Nikon Co., Minato,
TY, Japan). Five fields from each cell culture were ran-
domly selected, imaged, and then measured using Image]
(NIH, Bethesda, MD, USA) [43]. At least 30 cells in each
random field of view were studied to calculate the neur-
ite-bearing cell ratio using the following formula:

Ratio (%) = (Z neurite_bearing/ Z neuron) x 100

where ) neurite_bearing is the number of neurite-bear-
ing cells and ) neuron is the total number of neurons. A
cell was defined as neurite-bearing if it had at least one
neuronal process that was longer than its soma.

Sholl analysis
Sholl analysis was performed on 8-bit binary images of
selected neurofilament-200 (NF-200)-stained DRGNs
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(neurite length>20 pum) using the Sholl analysis plug-
in (Image], NIH, Bethesda, MD, USA). Dendrite inter-
sections were automatically evaluated at 10-um radius
intervals starting from the soma. Primary and secondary
dendrite lengths were determined by measuring the dis-
tance of each radius from the soma/branch point.

Ethidium bromide (EtBr) uptake

DRGNs were seeded in monolayers on glass-bottomed
dishes (MatTek, USA) at a density of 2000 cells/cm?, and
then cultured with DMEM medium (#8,121,513, Gibco,
USA) with 10% FBS (#10,099,141, Gibco, USA) for 5 d.
After rinsing twice with PBS without Ca** and Mg*"
(#21-031-CV, Corning, USA), DRGNs were incubated for
10 min in 5 ml of DMEM with 10 pmol/L EtBr (#E7637,
Merck, Germany) and 2 mmol/L ATP (#R0441, Thermo
Scientific, USA). The fluorescence intensity of EtBr dye
uptake was monitored using a Nikon Eclipse TE300
microscope (Nikon Co., Minato, TY, Japan) and Spot-RT
digital camera with fixed gain and exposure duration.

Extracellular ATP release

As previously described [17], the extracellular ATP
released from DRG ganglia was determined using the
D-luciferin/luciferase assay (#A22066 ATP Determi-
nation Kit, Thermo Scientific, USA). Briefly, excised
DRG ganglia of mice one week after CFA injection into
hindlimb paw were immediately incubated in glass-
bottomed dishes (MatTek, USA) containing ACSF (125
mmol/L NaCl, 3.5 mmol/L KCI, 2.0 mmol/L CaCl,, 2.0
mmol/L MgSO,, 1.25 mmol/L KH,PO,, 26 mmol/L
NaHCOg, 10 mmol/L D-glucose, pH 7.2) at 37 °C for
40 min. Then, 500 ul of ACSF was collected and evalu-
ated using an ATP Determination Kit according to the
manufacturer’s instructions. Finally, the luminescence of
ACSF at 560 nm was monitored using a TD 20/20 lumi-
nometer (Turner Designs, Sunnyvale, CA, USA). The
ATP values released by the DRG were calculated based
on the standard curves and normalized to the total pro-
tein amount, which was quantified using a bicinchoninic
acid assay (#23,225, Thermo Scientific, USA).

Calcium imaging

DRGNs were loaded with the ratiometric Ca*' indi-
cator Fura-2 acetoxymethyl ester (5 umol/L; #F1221,
Invitrogen, USA) at 37 °C for 30 min, rinsed, and kept
in phenol-free a-MEM supplemented with 1% FBS
(#10,099,141, Gibco, USA) and 20 mmol/L. HEPES
(#7365-45-9, Sigma-Aldrich, Germany) throughout each
test. Cells were imaged on a Nikon TE 2000 microscope
(20%x0.65 NA objective; Nikon Co., Minato, TY, Japan)
with MetaFluor software (Molecular Devices Co., San
Jose, CA, USA) using a Hamamatsu camera and Sutter
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filter changer connected to the microscope via a fiber
optic cable. Intracellular Ca®>" was measured at 2 Hz by
imaging regions of interest (ROIs) corresponding to indi-
vidual cell bodies with 380/340 nm dual excitation (Sut-
ter filter changer) and Fura-2 filter cube. As described
in our earlier study [44], ratio values were converted to
intracellular Ca®>* concentrations using in vitro calibra-
tions in MetaFluor software (version 6.1, Universal Imag-
ing. Corp., USA). Next, 2 mmol/L ATP was added to the
bathing solution after 10 s of 200 s tracing to stimulate
cellular Ca*" responses. ROIs on at least 10 cell bodies
were used to determine Ca®* responses in each test. Data
were normalized to the average non-ATDP treated baseline
amplitudes.

RNA extraction and gRT-PCR

RNA samples were extracted from Neuro2a cells,
Panxl KO DRGNs, Wnt/B-catenin agonist/inhibitor-
treated DRGNS, and DRG tissue using TRIzol reagent
(#15,596,026, Invitrogen, USA) for qRT-PCR with corre-
sponding primers (Additional file 1: Table S1). The cDNA
was synthesized from 1 ug of RNA sample using Super-
Script™ IV VILO™ Master Mix (#11,756,500, Invitrogen,
USA) according to the manufacturer’s instructions.

The qRT-PCR assay was performed using Power SYBR®
Green RNA-to-CT™ 1-Step Kit (#4,389,986, Thermo
Scientific, USA) and QuantStudio " 6 Flex system (Life
Technologies, Carlsbad, CA, USA). Reaction mixtures
were denatured at 95 °C for 10 min followed by 40 PCR
cycles. Each cycle consisted of the following three steps:
94 °C for 15 s, 57 °C for 15 s, and 72 °C for 1 min. The
ddCT method was employed to determine relative gene-
level differences with GAPDH qPCR products used as
the control.

Electrophysiology

Whole-cell patch clamp was utilized to determine the
amplitude of voltage-activated membrane currents in
Neuro2a and DRG cells before and after the differentiat-
ing treatments. Cells were bathed in PBS solution con-
taining 1 g/L glucose at pH 7.2. Patch pipettes with tip
resistance of 3—6 MQ were filled with an internal solu-
tion consisting of K-gluconate (140 mmol/L), HEPES (10
mmol/L), MgCl, (1 mmol/L), EGTA (1 mmol/L), and
Na,ATP (4 mmol/L) at pH 7.2. Membrane currents were
recorded using an Axopatch-1B amplifier with a digitizer
and stored in a computer for analysis using pClamp10
(Molecular Devices Co., San Jose, CA, USA). Leak-
age subtraction was employed in some recordings using
standard protocols. Values reported for inward current
amplitudes generally reflected such subtraction. Panx1
blocker probenecid (Pbcd; 1 mmol/L, #57-66-9 Sigma-
Aldrich, Germany) was added during cell differentiation
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in Neuro2a Panxl KO, Neuro2a WT, Neuro2a Panxl
OE, DRGNs WT, and Panx! KO DRGNS groups.

Immunostaining

The DRGNs on PDL-coated coverslips or DRG tissue
Sects. (10-15 um) were fixed using 4% PFA solution
(#158,127, Sigma-Aldrich, Germany) in phosphate-buff-
ered saline (PBS) for 15 min, permeabilized with 0.4%
Triton-X 100 (#93,443, Sigma-Aldrich, Germany) in
1x PBS for 10 min, and blocked at room temperature
with PBS buffer containing 0.4% Triton-X 100 and 10%
goat serum (#16,210,064, Thermo Scientific, USA). The
coverslips and sections were stained with primary anti-
bodies targeting NF200 (1:200; rabbit IgG; #N4142,
Sigma-Aldrich, Germany) and glutamine synthetase
(1:500; mouse IgG, #sc-74,430, Santa Cruz, USA) in the
incubating solution (0.4% Triton-X 100 and 2% goat
serum) for at least 24 h at 4 °C. Following three gentle
rinses with 1X PBS, the samples were incubated with
secondary antibodies that included donkey anti-rabbit
IgG-Alexa Fluor 488 (1:1,000; #A-21,206, Invitrogen,
USA) and goat anti-mouse IgG (H+L) - Alexa Fluor "
594 (1:1,000, #A-11,032, Invitrogen, USA) at 37 °C for
2 h. After three PBS washes in the dark, the samples
were mounted using the mounting medium (#H-1000-
10, Vector Laboratories, USA) containing 1% 4’6-Diami-
dino-2-phenylindole stock (DAPI, 10 mmol/L, #D9542,
Sigma-Aldrich, Germany). The coverslips and DRG tis-
sues were photographed using a Zeiss LSM 880 con-
focal microscope equipped with a Plan-Apochromat
63x/1.40 NA Oil DIC objective (Carl Zeiss AG, Jena, TH,
Germany).

B-galactosidase (B-gal) Staining

B-gal staining in TG and DRG sections was performed
as previously described [17]. Briefly, tissues were fixed in
4% PFA in PBS for 1 h, rinsed with PBS, washed with the
washing buffer (2.0 mmol/L MgCl,, 0.01% deoxycholate,
0.02% NP-40, 97 mmol/L Na,PO,, pH 7.3) for 30 min,
and incubated overnight at 37 °C with X-gal reaction
solution [1.0 g/L X-gal (#R0941, Thermo Scientific, USA),
5 mmol/L potassium ferrocyanide (#14459-95-1, Merck,
Germany), 7 mmol/L potassium ferricyanide]. After
rinsing with the washing buffer, tissues were post-fixed
overnight in 4% PFA and then immersed in (5, 10, 20,
and 30%) sucrose solution in PBS for 24 h each at 4 °C.
The tissues were then embedded in an OCT compound
and immediately frozen at —80 °C. Sections 10-15 pm
in thickness were cut using a cryostat at —20 °C. Tissues
were examined with a Leica inverted DMi8 SP8 micro-
scope. Leica LASX software was used for image acquisi-
tion (Leica Microsystems CMS GmbH, Mannheim, BW,
Germany). Images were analyzed using Image] software
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(NIH, Bethesda, MD, USA). The number of stained cells
(neurons or satellite glial cells) was normalized to the
total number of neurons.

Statistical analysis

Measurement data were expressed as mean *standard
error of the mean (SEM) from at least three independ-
ent replicates. Data were analyzed using SPSS (version
22, IBM Co., Armonk, NY, USA) and plotted with Prism
software (version 9.5.1, GraphPad, Armonk, NY, USA).
T-test was used to compare two groups except for -gal
staining, where unpaired Student’s -test was utilized.
One-way ANOVA was carried out for multiple com-
parisons. Two-way ANOVA with Bonferroni post hoc
test was performed to compare the variables between
different genotypes, including 50% pain threshold and
[-catenin relative level test. All statistical details are
shown in the respective figure legend. A P-value of <0.05
indicated statistical significance.

For behavioral studies, at least 10 mice were included
in each animal group based on the power analysis rec-
ommendation [23], and tests were scheduled at their
appointed time.

Results

Global or neuron-specific Panx1 deletion decreases pain
sensitivity

In this study, the inflammatory agent CFA was injected
into the mouse hind paw (Fig. 1a) to test whether PanxI
expression in sensory ganglia was altered during chronic
pain. As shown in Fig. 1b, gene expression of PanxI was
significantly progressively increased in L5 DRG from 7 to
21 d after CFA injection. However, there was no increase
in Panxl mRNA in the L5 spinal cord (dorsal and ven-
tral horns; Fig. 1c). Pain threshold values showed a more
substantial and significant increase in global Panx1 KO
mice, compared to those WT mice (Fig. 1d). Normal-
ized values of 50% pain thresholds (post-/pre-CFA) in
WT were strikingly lower than in global Panx1 deletion
from 7 d till 21 d (Additional file 1: Fig. S1a). The positive
response fraction to each magnitude of von Frey filament
applied force at each time point is shown in pseudo-color
displays (Additional file 1: Fig. S1c). As shown in the 3D
convex topology of WT mice, there are fewer responses
to weak stimuli and more responses to moderate and
robust stimuli, compared to the planar topology in Panx1
KO group. This difference was apparent as a narrower
blue band and a more intense red region in WT in its 2D
plots. For Panxl KO mice, the blue region was particu-
larly pronounced on 14 d and 21 d, while the red intensity
was lower at all time points. These results indicated that
Panx1 deletion substantially blocks CFA administration-
induced peripheral hypersensitivity.



Xing et al. Military Medical Research (2024) 11:27

Page 6 of 16

b C
CFA ind d- ipheral infl t i del O __ 47 osaline ~ 4+ osaline
induced-peripheral inflammatory pain mode 2 E Qealr . - z e
£ 34 3T X 3
U0 < oYV
> T <O o 1
<@ 8 2_ 5 © hy 2_
=X ESg ] s ons
OEC s 14 T< 2 © 1
£ 57 E
Spinal cord '?'é o 1 & g %’%
L5 s E0 =1
N 3 o 7d 14d 21d
d [ precra | Post-CFA | Post-CFA |
] ] ® Panx1 KO ® NFH-Cre
ns oWT @ GFAP-Cre
S 44 T 4+ ki
2 ot i 2 ns
$ 34 .o g 3-
< ns % Cp
= [ ) < * K
g 2 82_ ns
BN ol e ns ES ® o ® = NsEa
w19 ° ’ Y w17 g @J & % & & ?
O T T T T T T T T 0 T T T T T T T T
0d 0d 7d 14d 21d 7d 14d 21d 0d 0d 7d 14d 21d 7d 14d 21d
f 151
=WT
he) ns = ns B Panx1 KO
3 —_— Kk x ns E NFH-Cre
ﬁ 1.0 - kx i x B GFAP-Cre
s Sk AR ok
E * % * L ne
3 ek = ;**
) 0.54 Iy
o
) I
0 T T I T I T
od 7d 14d 21d

Fig. 1 Global or neuronal Panx1 deletion reduces allodynia while GFAP-targeted deletion does not. a Schematic plot of CFA induced peripheral
inflammatory pain model. Panx1 mRNA expression in DRG (b) and spinal cord (c) from WT and Panx1 KO mice within 3 weeks after CFA
inflammation. d Three-week dynamic 50% pain threshold of WT and Panx1 KO mice. e Three-week dynamic 50% pain threshold of NFH-Cre

and GFAP-Cre Panx1 KO mice. f Comparison of pain sensitivity changes among those four genotypes above at each time point. For panels b and ¢,
n=3in saline and CFA group; n=11in WT group, n=11 in Panx1 KO group, n =12 in GFAP-Cre group, and n=12 in NFH-Cre group. Two-way
ANOVA with Bonferroni, interaction F (2, 12)=26.07 in panel b, F (2, 12)=0.1176 in panel ¢, F (7, 68)=29.66 in panel d, F (7, 87)=33.44 in panel e,
and F (9, 170)=5.641 in panel f. ns non-significant, P<0.05, P <0.01. CFA complete Freund's adjuvant, DRG dorsal root ganglion, NFH-Cre neuro
filament H-Cre, GFAP-Cre glial fibrillary acidic protein-Cre, Panx1 pannexin 1, Panx1 KO pannexin 1 knockout, WT wild-type

Interestingly, further allodynia studies showed a differ-
ence between neuronal and glial Panx1 deletion mice. As
shown in Fig. le, the pain sensitivity baseline (pre-CFA)
was similar between those two groups. But neuron-
specific PanxI deletion (NFH-Cre) led to a significant
decrease in pain sensitivity persisting for 3 weeks after
CFA injection, compared to only minor differences in
the glia-specific Panx1 deletion (GFAP-Cre) mice. Also,
normalized 50% pain thresholds (post-/pre-CFA) in the
GFAP-Cre group were markedly less decreased than in
the NFH-Cre PanxI KO mice from 7 to 21 d, indicat-
ing that neuronal PanxI was critical for hypersensitivity

attenuation (Additional file 1: Fig. S1b). The 3D plots
indicated there were more numerous paw withdrawal
responses in GFAP-Cre:Panx1™, particularly at the high-
est stimulus intensities and at longer times after inflam-
mation. The 2D heatmaps of the GFAP-Cre mice showed
that the extent and saturation of the red region were
much higher than in NFH-Cre mice (Additional file 1:
Fig. S1d). These results also confirmed that allodynia was
significantly lower in the NFH-Cre group.

For pain threshold baselines, there were no signifi-
cant differences among W'T, Panx1 KO, NFH-Cre, and
GFAP-Cre mice before CFA injection (Additional file 1:
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Fig. S2). Pain sensitivity was dramatically attenuated
in global Panxl KO/NFH-Cre mice, compared to WT
and GFAP-Cre groups at all time points (Fig. 1f). The
differences were not attributable to gross changes in
mouse body weight, which was well maintained in all
four genotypes (Additional file 1: Fig. Sle). Therefore,
global/neuronal Panx1 KO but not glial PanxI deletion
decreased pain sensitivity in the CFA-induced inflam-
matory pain model.
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Panx1 deletion decreases neurite extension and inward
currentin Neuro2a

To probe mechanisms underlying the effects of Panx1 on
behavioral allodynia, we first established WT, Panx1 KO,
and PanxI-overexpressing Neuro2a cell lines to examine
the impact of Panxl on neuronal morphology and cell
excitability (Additional file 1: Fig. S3a). Morphologically,
Neuro2a cells extended many more neurites in the WT
and Panx1-overexpressing cells after 5 d of 40 umol/L RA
treatment compared to the Panxi-deleted group (Fig. 2a).
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Fig. 2 Panx1 facilitates neurite extension and promotes cell excitability in Neuro2a neuroblastoma cells. a Representative photomicrograph

of Neuro2a WT, Neuro2a Panx1 KO, and Neuro2a Panx1 OE cells after 5 d of RA treatment. Arrows indicate processes of representative cells in each
condition. b Neurite extension analysis in WT, Panx1-deleted, and Neuro2a Panx1 OE cells at d 3-5 in culture with or without 40 umol/L RA (n=5).
¢ Quantification of peak inward currents in Neuro2a WT, Neuro2a Panx1 KO and Neuro2a Panx1 OE on day 5 with and without RA treatment
(n=15-22 cells in each group). d Representative recordings of whole-cell voltage-clamp currents in Neuro2a WT, Neuro2a Panx1 KO, and Neuro2a
WT plus Panx1 blocker T mmol/L Pbcd following 5 d treatment with RA. e Current density analysis of Neuro2a cells with 1 mmol/L Pbcd (n=9-11
in each group). Two-way ANOVA with Bonferroni in b, ¢, interaction £ (2, 24)=15.04 in panel b, F (2, 56)=18.62 in panel ¢; scale bar =150 um

in panel a and scale bar =20 um in panel d. ns non-significant, P<0.05, P <0.01. Neuro2a WT neuro2a wild-type, Neuro2a Panx1 KO neuro2a
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RA did not enhance the percentage of neurite-bearing
Panx1-null Neuro2a cells. The fraction of neurite-bearing
Neuro2a cells in the absence of RA from 3 to 5 d was low
in both WT and PanxI-overexpression groups and much
lower in Panx1 KO cells, but it was substantially higher
in both WT and especially in PanxI-overexpressing
Neuro2a cells after RA treatment (Fig. 2b). To confirm
that neurite extension was cell autonomous with regard
to Panxl expression, Panx1 deleted Neuro2a cells were
transfected with an EGFP-tagged mPanxl plasmid. In
the same dish, neurite growth was much more elabo-
rate in the EGFP-Panx1 group with RA treatment at 5 d
in striking contrast to the surrounding PanxI1-KO cells
(Additional file 1: Fig. S3b).

Concerning cell excitability, inward currents were
more robust in cells overexpressing Panxl and mark-
edly weaker in Neuro2a Panxl KO cells, compared to
WT Neuro2a cells. Following 40 pmol/L RA treatment,
inward currents were significantly increased in PanxI-
overexpressing cells and slightly increased in WT cells,
whereas currents were not enhanced by RA in Panxl
KO cells (Fig. 2c). Furthermore, cells were continuously
subjected to the Panx1 blocker Pbed (1 mmol/L) for 5 d
of RA treatment to determine whether these differences
depended on functional Panx1l channels. Representative
recordings (Fig. 2d) and current density analysis (Fig. 2e)
revealed the diminished peak currents in Neuro2a WT
cells after blocking Panx1 channels. These results indi-
cated that Panxl channels enhance both neurogenesis
and cell excitability and therefore would be expected to
impact neuronal differentiation during development and
network remodeling.

Panx1 impacts DRG neurogenesis via Wnt/B-catenin
pathway

Next, primary cultures of dissociated L5 DRG sensory
neurons were established from WT and PanxI KO mice
to probe Panx1’s impacts on neurogenesis and cell excit-
ability. Notably, confocal microscopy imaging of neuro-
filaments from Panxl KO DRGNs showed that the cells
extended only short processes after 5 d of 5 ug/ml NGF
treatment compared to much longer and more elabo-
rate processes seen in WT DRGNS (Fig. 3a). As shown in
Fig. 3b, Sholl analysis results revealed a higher number of
dendrite intersections with Sholl rings in WT vs. PanxI
KO DRGNS, particularly in the distal dendritic arbor,
indicating Panx1 enhanced neurogenesis.

Since shRNA knockdown of Panxl was reported to
reduce mRNA levels of S-catenin in human melanoma
cells, we further explored whether the Wnt/p-catenin
signaling was involved in Panxl KO DRGNs. For that,
we applied 20 mmol/L LiCl (Wnt/B-catenin pathway
agonist), 30 nmol/L IWP2 (Wnt inhibitor), and 100
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nmol/L Triptonide (B-catenin blocker) during 5 d of NGF
treatment. As shown in NF200-stained neuron images
(Fig. 3c¢), the dendrite growth was affected in opposite
ways by Wnt/p-catenin agonists or inhibitors. The qPCR
results showed the mRNA levels of 5-catenin were dra-
matically down-regulated in Panxl KO compared to WT
neurons in basal and LiCl treatment conditions (Fig. 3d).
Our quantitative analysis revealed that the average den-
drite length of WT neurons was approximately four times
that of PanxI KO neurons (Fig. 3e). After LiCl treatment,
dendritic growth was stimulated in both WT and Panx1
KO DRGNS (Fig. 3e), consistent with Wnt signaling acti-
vation. However, inhibition of either Wnt or B-catenin
almost markedly eliminated dendritic length augmenta-
tion in those two groups when IWP2 or Triptonide was
added; in contrast, LiCl partially overcame neurite exten-
sion inhibition in Panxl KO DRGNS, consistent with the
downstream signaling via -catenin (Fig. 3c, e). Collec-
tively, these results indicated that Panx1 could modulate
neurogenesis via the Wnt/B-catenin pathway in sensory
neurons.

Panx1 channels activate DRGNs excitability

Given that pain is transduced by small diameter nocicep-
tors, we assessed the inward currents in DRGNS of vari-
ous sizes [small (<20 pm), medium (20-25 um), and large
(>25 pum)] isolated from ganglia of the CFA treated mice
(7d). Representative recordings (Fig. 4a) and quantita-
tive analysis (Fig. 4b) revealed that the amplitudes of the
transient inward currents recorded from small DRGNs
were significantly lower in PanxI KO [(3521 +512.2) pico
ammeter (pA)] than in the WT group [(6411 +651.6) pA]
after 7 d of CFA treatment. This excitability difference
was consistent with the lower pain sensitivity and allo-
dynia in these animals.

To determine the extent to which Panx1 contributed to
the heightened neuronal excitability following CFA treat-
ment, we compared inward currents in DRGNs from WT
mice with those lacking Panx1 or in which Panx1 func-
tion was blocked. As shown in Fig. 4c, the amplitude of
inward currents recorded from Panxl KO DRGNs was
smaller than those in WT without CFA treatment, and
this difference was markedly enhanced following 5 d in
the presence of NGF. Similarly, blocking Panx1 channels
by 1 mmol/L Pbcd significantly reduced the inward cur-
rent amplitude and density of DRGNs (Fig. 4d, e). These
results confirmed that functional Panx1 channels greatly
augment cellular excitability in DRGNS.

Additionally, we explored the mechanism by which
Panxl channels contribute to pain sensitivity and allo-
dynia. Measurement of the uptake of EtBr dye showed
that membrane permeability of W'T DRGNS was robustly
increased in response to extracellular 2 mmol/L ATP
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(allogeneic molecule), while Panx1-null neurons did not  Panx1 in glia impacts exaggerated neuronal excitability

show appreciably increased EtBr uptake in response to  To determine whether ATP sensitivity was different
ATP application (Fig. 4f, g). Consistent with these dye in DRGNs and SGCs in sensory ganglion, intracel-
uptake results, ATP release levels were much higher in  lular Ca®* changes evoked by ATP were measured in
WT DRG than in Panx! KO ganglia from CFA-treated Fura-2 AM-loaded cells dissociated from DRG ganglion
mice (7 d) (Fig. 4h). These results indicated that ATP-  after CFA administration to the hindlimb paw (7 d). As
activated Panx1 channels were critical to the up-regula-  shown in Fig. 5a, applying 2 mmol/L ATP enhanced Ca*"
tion of pain sensitivity in sensory neurons. responses in DRGNs and the SGCs surrounding them.
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recordings of different diameter-DRGNs [small (< 20 pum), medium (20-25 um), and large (> 25 um)] from WT and Panx1 KO mice were detected
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Further calcium imaging analysis revealed there were  This lower ATP sensitivity in SGCs than in DRGNs from
smaller and slower Ca”" rises in SGCs than in neurons  Panxl KO mice indicates that Panx1 in glia also impacts
(Fig. 5b, c). Notably, Ca?>* responses in both cell types  exaggerated neuronal excitability, although its impact is
were lower in Panx1 KO than in WT cultures (Fig. 5b).  less than in neurons.



Xing et al. Military Medical Research (2024) 11:27

Page 11 of 16

2 b —wT C
FanxL KO 2z 3 —Panx1 KO

g == DRGNs in WT

o2 Fm —SGCs in WT
Z - -=DRGNs in Panx1 KO
(U] o 1 /\ ==SGCs in Panx1 KO
(0 EL \
= E fZENS AL e, ~ 2_ o

<0 100 200 0 100 200 0 100 200 Lo 55

Time (s) o <

" 3 b g

3 14 E
wn wv 2 ~
Q £
o o
2. w1 1>

5 /\ /\ ) /f’\\ 0 25 50 75 100125150175 200

0 100200 O 100 200 0 100 200

Time (s)

Time (s)
Fig. 5 Both dorsal root ganglion neurons (DRGNs) and satellite glial cells (SGCs) show heightened sensitivity to ATP in co-cultures from CFA-treated
mice. a Ca’" imaging of Fura2-loaded dissociated WT and Panx1 KO DRGNs and SGCs. Scale bar =50 um. b Quantification of calcium responses
from DRGNS (blue) and SGCs (red) [n = 5; statistical analysis from either DRGNs or SGCs indicates that there are stronger calcium waves in WT,
compared to Panx1 KO group (P <0.01)]. ¢ Data summarized and replotted from data sets in b (downward-pointing arrow indicates a time of ATP
application). ns non-significant, P <0.05, “P<0.01 for one-way ANOVA with repeated measures in ¢. WT wild-type, Panx1 KO pannexin 1 knockout

Neuronal Panx1 drives neurogenesis and hyperexcitability
in DRG following CFA injection in paw

To probe the cell-specific role of Panx1l in DRG follow-
ing CFA injection, a detailed analysis of dendrite devel-
opment, cell excitability, and Ca>" influx was performed
in neurons from mice with targeted Panx1 deletion in
neurons (NFH-Cre) and glia (GFAP-Cre). Sholl analy-
sis results showed that neurotic arbors were more com-
plex in both NFH-Cre and GFAP-Cre groups compared
to global Panx1 KO, with neuron-targeted Panx! dele-
tion leading to a more severe reduction in intersection
number than in GFAP-targeted PanxI deletion (Fig. 6a,
b). Further analysis of dendritic complexity in all geno-
types indicated that a lower secondary dendrite length in
NFH-Cre prominently affected the total branch length of
DRGNS, even though there was no difference in branch
numbers and primary dendrite length between GFAP-
Cre and NFH-Cre groups (Additional file 1: Fig. S4a, S4b).
Interestingly, the S-catenin mRNA level in GFAP-Cre
was higher than in the NFH-Cre group, indicating that
neuronal Panx1 contributes to neurogenesis (Fig. 6¢). As
shown in Fig. 6d, the inward current amplitude of GFAP-
Cre mice was remarkably higher in smaller DRGNs com-
pared to NFH-Cre mice, implying that neuronal PanxI
deletion evoked greater excitability of the small periph-
eral nociceptive cells than deletion in glia. Moreover, all
Panxi-deleted mice showed lower ATP levels in DRG,
but differences among the genotypes were not detected
(Fig. 6e). However, intracellular Ca®" responses of disso-
ciated DRGNs were considerably higher in the GFAP-Cre
than in the NFH-Cre group after 7 d post-CFA injection
(Fig. 6f). Collectively, these results indicated that neu-
ronal Panx1 contributes substantially to hyperexcitability
following CFA injection.

The more prominent role of neuronal Panxl in paw
sensitization than in orofacial pain might be due to dif-
ferential expression in ganglia innervating the sites of
inflammation. To test for this, we used staining for -gal
to assess Panxl levels in sensory ganglia from mice
in which glial or neuronal Panxl was deleted. Results
showed the absence of staining in TG and DRG from
WT mice, which lack the B-gal transcript; however, in
ganglia of both PanxI-nulls, B-gal staining was promi-
nent in brightfield images (Additional file 1: Fig. S5a).
SGC staining for glutamine synthetase aided in identi-
fying sensory neurons that they encircled in the merged
images (Additional file 1: Fig. S5a). Quantification of nine
DRG and TG sections from three mice revealed signifi-
cantly higher expression of the PanxI reporter gene in
the DRG than in the TG (Additional file 1: Fig. S5b) and
significantly higher non-neuronal B-gal staining in the
TG than in the DRG (Additional file 1: Fig. S5c). These
results indicate that cellular expression levels of Panx1
are different in the TG and the DRG, with Panx1 being
more prominent in DRGNs and Panx1 more prominent
in TG glia. This difference likely contributes to the higher
relevance of SGC Panxl1 to orofacial pain and the greater
contribution of neuronal Panxl to hindlimb inflamma-
tory hypersensitivity.

Discussion

Panx1 contributes to many physiological and patho-
logical processes, such as migraine headaches [45], spi-
nal cord injury [33], sciatic nerve injury [32], cancer
pain [46, 47], and inflammatory pain [48]. For example,
blockade of Panx1 activation reduced cortical suscepti-
bility to cortical spreading depression in migraine aura
pathogenesis [45]; Panxl blockers (10Panx peptide,
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carbenoxolone, and Pbcd) decreased mechanical hyper-
algesia by inhibiting nocioceptor ion channels [NMDA
receptors (NMDAR) and P2X7 purinoceptors (P2X7R)]
in a spared nerve injury rat model [33]. These studies
provide strong evidence that the Panx1 channel may pro-
vide a key element in the process of pain sensitization,
both in the brain and in the periphery. The present study
revealed that global/neuron-Panx1 deletion in mice rap-
idly increased pain thresholds in an experimental plantar
inflammatory pain. These findings confirmed our pre-
vious report that Panxl deletion provided substantial
protection against the development and maintenance of
allodynia in an orofacial inflammatory mouse model [17].
In an initial study on rats following sciatic nerve ligation
[18], Panx1 was increased in DRG but not in the spinal
cord dorsal horn during neuropathic pain development,
implying that the locus of sensitization was within the
DRG [21, 49]. Our investigation demonstrated that gene
expression of Panxl was dramatically elevated in DRG
but not in the spinal cord from 7 to 21 d after CFA injec-
tion. Therefore, because cells in the DRG are accessible

to drugs delivered systemically, there is enormous poten-
tial value in developing therapeutics that target the Panx1
channel in treating inflammatory pain.

Neurite regeneration has a strong correlation with
pain sensitization, which is critical for alleviating neu-
ropathic pain [50]. Concerning the role of neurite out-
growth in painful conditions, it is noteworthy that injury
induces local branching of nociceptors in the skin [51].
Our study has revealed that neurite extension is retarded
when Panx1 expression or function is blocked. However,
these results are in contrast with those of other studies
that examined the effects of Panx1 deletion or blockade
on neurite extension. Prolonged (36 h) probenecid and
Panx1 siRNA treatment led to increased neurite numbers
in Neuro2a cells and ventricular zone neural progenitors,
while transfection of neural progenitors with GFP-tagged
Panx1 led to fewer cells with neurites [52]. The hypoth-
esized mechanism for the negative impact of Panx1 on
neurite expression involved microtubule cytoskeleton
stabilization [53]. A recent study showing higher activity
of dendritic protrusions in developing cortical neurons
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from Panxi-null mice (with rescue by PanxI expression)
was similarly interpreted as indicating increased pro-
cess stability due to Panx1 binding to cytoskeleton [54].
One possible explanation for different results obtained
from PanxI-null mice is that previous publications used
transgenic mice whose coding region was only partially
deleted and with a genetic background prone to pas-
senger mutations. This effect has been demonstrated
to result in the deletion of Caspase-4 and several other
gene mutations in this transgenic Panxl mouse [55]. In
contrast, PanxI-null mice used in the present study were
generated with the C57BL6 background by crossing mice
obtained from the KOMP project [21]. These mice are
hypomorphs, expressing deficient mRNA levels and hav-
ing virtually no Panx1 function.

The changes that we observed in pain sensitivity and
neuronal excitability in mice lacking functional Panx1
presumably result from altered signaling pathways linked
to Panx1l function. One such pathway is Wnt signaling,
where recent study has revealed that pathway compo-
nents, including Wnt-3a, Frizzled 4, and B-catenin, rap-
idly increased at both mRNA and protein levels in rat
L4—-6 DRG in neuropathic pain [56]. Notably, S-catenin
levels were found to be lower in periosteal bone from
Panx1 KO mice compared to WT, indicating that mecha-
noresponsive Wnt signaling was impaired in PanxI-null
osteocytes [57], and f5-catenin expression declined when
Panx1 was knocked down in melanoma cells [58, 59].
Consistent with these findings, our results confirmed that
the B-catenin level was lower in the Panxl KO DRGNS,
compared to WT mice. Given the critical role of Wnt/[3-
catenin pathway activation in mediating neuronal-related
gene expression, cell survival, and cytoskeletal organi-
zation [60-62], we tested [-catenin expression using
the Wnt signaling agonist (LiCl) and inhibitors (IWP2,
Triptonide) on WT and PanxI-null DRGNs. These stud-
ies revealed that Panx1 could modulate neurogenesis via
activating the Wnt/B-catenin pathway in DRGNS, sug-
gesting that this pathway may represent the downstream
effector of neurogenesis changes. Thus, it can be specu-
lated that Panx1 interacts with Wnt signals to enhance
pain intensity.

Allodynia depends in part on peripheral sensitiza-
tion, which involves neuronal hyperexcitability. It is well
known that Neuro2a/DRG cells extend neurites and
display inward Na*/Ca®" currents in response to treat-
ment with the differentiating agent RA and NGF [18, 35,
36, 63—65]. Our results demonstrated that, in both RA-
treated Neuro2a cells and NGF-treated DRGNS, Panx1
was required for neurite extension and robust expres-
sion of cellular excitability. ATP, an allogeneic molecule,
is released through Panx1 channels [58, 66], which might
also contribute to pain sensitivity and allodynia. ATP
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release from cultured neurons and extracted DRGs was
significantly enhanced in the hind paw CFA-induced
inflammatory pain model, and this enhancement was
absent in Panxl-null DRG and neurons cultured there-
from. Additionally, ATP-elicited Ca®" elevations were
blunted in both neurons and glia from PanxI-null mice,
suggesting that ATP signaling might contribute to the
phenotypic differences in PanxI-null and WT mice.
These results are similar to those obtained in imag-
ing studies of TG, in which submandibular CFA led to
heightened Ca”" responses to both K™ and ATP appli-
cations compared to controls [17]. These data indicated
that Panx1 channels activate DRG neuron excitability via
ATP.

The excitability of primary sensory neurons is patho-
logically enhanced following tissue injury and inflam-
mation [67]. Recent investigations have indicated that
pharmacological inhibition or genetic deletion of Panx1
strongly attenuated the excitability of CAl pyrami-
dal neurons [68] and ATP release in hippocampal slices
[69], suggesting that Panx1 might also reduce the noci-
ceptive threshold by affecting the transmission and per-
sistence of such excitability in peripheral neuralgia. The
present study data showed that Panxl deletion reduced
basal inward currents in both Neuro2a cells and DRGNs
during neuronal differentiation, while current densi-
ties also decreased after Panxl blockade by 1 mmol/L
Pbcd. While supportive of the deletion study, Pbcd is an
organic anion transport inhibitor that not only inhibits
Panx1 but also affects other cell functions [70]. Generally,
smaller diameter DRG cells are nociceptors and ther-
moreceptors, and larger high threshold mechanorecep-
tors become recruited into activity in pain sensitization.
In this study, it was also observed that electrophysiology
of small-diameter DRGNs was improved after Panxl
deletion, indicating that the Panx1 channels particularly
impacted nociceptive C- and AP-fiber cells that mediate
pain sensitization [33, 35, 65].

Our initial behavioral studies showed that pain thresh-
olds were higher in global Panxi-deleted than in WT
mice and that neuron-specific deletion also increased
pain threshold, albeit not quite as effectively. Because we
previously showed that glial-specific deletion effectively
raised the pain threshold in an orofacial model [17], it
was hypothesized that glial-targeted Panxl deletion
would provide at least partial relief from hypersensitivity.
However, it did not significantly raise the threshold in the
hind paw inflammatory pain model compared to that in
WT mice. Given ATP release of DRGNs was much higher
in WT than in PanxI KO after CFA injection, we further
compared neuron and glial sensitivity to ATP. Measure-
ment of Ca’' signaling in SGCs or neurons revealed
that both cell types were hyperactive. Intracellular Ca**
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elevation evoked by ATP in DRGNs was higher and more
rapid than in SGCs; however, both were diminished in
Panxi-null cells. These findings indicate that reduced
participation of glial cells in inflammatory signaling
might also contribute to the lesser behavioral hypersen-
sitivity in the knockout mice. Therefore, pain sensitivity
has a close association with cell-specific Panx1 in DRG.

Further dendrite growth and cell excitability analysis
supported the view that both neuronal and glial Panx1
might contribute to behavioral hypersensitivity in DRG
following CFA treatment. On one hand, Panxi deletion
in glia reduced S-catenin expression, and this directly
limited Wnt/B-catenin signaling induced neurite remod-
eling [40, 62, 71], resulting in a decrease in dendritic
extension. On the other hand, neuronal Panx1 deletion
evoked greater excitability of the small peripheral noci-
ceptive cells than deletion in glia. These interesting data
contrast with the striking efficacy of glial Panxl in TG
accompanying inflammatory orofacial pain [17], and
indicate that the neuronal Panxl is more prominent in
controlling neurogenesis and hyperexcitability in the
DRG than in the TG in inflammatory pain.

This difference likely arises from distinct proper-
ties of the neurons that innervate the hind paw and
submandibular skin. The sensory neurons innervating
these areas are located in the DRG and TG, respectively.
Gene expression comparisons have revealed that signifi-
cant differences in profiles, including a study compar-
ing both transcriptomes of the ganglia and translatomes
from ScnlOa-positive nociceptors in both DRG and TG
[34]. In that study, the overall level of Panx1 transcript
was 2.6-fold higher in the DRG than in the TG, whereas
translated mRNA was > 5-fold higher in the DRG than in
TG nociceptors. Our demonstration of more abundant
[-gal reporter activity in DRGNs than in TG neurons is
consistent with these findings. Moreover, the higher -gal
reporter activity in non-neuronal cells in TG provides
additional support for differential cellular involvement
of Panxl in these ganglia [34]. Although we found that
neuronal Panxl played a prominent role in controlling
pain sensitization in inflammatory pain, the mechanisms
underlying how neuronal Panx1 impacts synapse forma-
tion and nociceptive ion channels are still not known
and need to be further studied. Collectively, our results
revealed that the prominent role of neuronal Panx1 in
neurogenesis and excitability following hindlimb CFA
injection may provide a novel target for intervention in
pain management.

Despite the dramatically lower pain sensitivity in mice
lacking neuronal Panxl in our study, interpretation
is limited because the mechanistic analyses reported
here were only performed in cell culture. Future stud-
ies should examine whether Panxl-related differences
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in neurogenesis exist in both DRG and receptive fields
within the skin. Our findings also predict that Panx1-
targeted therapy might benefit inflammatory pain, and
future studies should optimize such pharmaceutical
compounds.

Conclusions

The present study demonstrated that neuronal Panx1 is
crucial for initiating and maintaining pain hypersensi-
tivity following hind paw inflammatory injury. Mecha-
nisms by which Panx1 facilitates pain sensitivity include
enhanced neurite outgrowth, exaggerated cell excitabil-
ity, and amplified ATP-induced calcium influx. Signal-
ing via the Wnt/B-catenin pathway appeared to underlie
Panx1 actions. In conclusion, the present study indicated
that Panxl is a prominent “pain driver” in peripheral
hypersensitivity via cell-autonomous effects on neuronal
excitability.
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