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ARTICLE INFO ABSTRACT

Keywords: Naked mole-rats (Heterocephalus glaber) have adaptations within their pain pathway that are beneficial to sur-
P2X3 receptor vival in large colonies within poorly ventilated burrow systems, with lower O, and higher CO, ambient levels
Nociception than ground-level environments. These adaptations ultimately lead to a partial disruption of the C-fiber pain
lg:ﬁ‘:br;f;l;rat pathway, which enables naked mole-rats to not feel pain from the acidosis associated with CO, accumulation.

One hallmark of this disruption is that naked mole-rats do not express neuropeptides, such as Substance P and
calcitonin gene-related peptide in their cutaneous C-fibers, effectively making the peptidergic pain pathway
hypofunctional. One C-fiber pathway that remains unstudied in the naked mole-rat is the non-peptidergic,
purinergic pathway, despite this being a key pathway for inflammatory pain. The current study aimed to es-
tablish the functionality of the purinergic pathway in naked mole-rats and the effectiveness of cannabinoids in
attenuating pain through this pathway. Cannabinoids can manage chronic inflammatory pain in both humans
and mouse models, and studies suggest a major downstream role for the purinergic receptor, P2X3, in this
treatment. Here we used Ca®* -imaging of cultured dorsal root ganglion neurons and in vivo behavioral testing to
demonstrate that the P2X3 pathway is functional in naked mole-rats. Additionally, formalin-induced in-
flammatory pain was reduced by the cannabinoid receptor agonist, WIN55 (inflammatory, but not acute phase)
and the P2X3 receptor antagonist A-317491 (acute and inflammatory phases). This study establishes that the
purinergic C-fiber pathway is present and functional in naked mole-rats and that cannabinoid-mediated an-
algesia occurs in this species.

purinergic C-fibers

1. Introduction most mammals, TRPV1 " peptidergic C-fibers synapse in lamina I of the

spinal cord where the neurokinin I receptor (NK1r) for SP is also ex-

The African naked mole-rat (Heterocephalus glaber) is a eusocial,
subterranean rodent with adaptations that make this species resistant to
a multitude of noxious stimuli (LaVinka and Park, 2012; Smith et al.,
2020). This includes immunity to the burning pain associated with
capsaicin, the spicy compound in chili peppers (Park et al., 2008;
Eigenbrod et al., 2019). Normally, capsaicin activates the transient
receptor potential vanilloid 1 (TRPV1) ion channel, which is pre-
dominantly expressed by unmyelinated C-fiber sensory neurons that
also express neuropeptides (i.e. peptidergic C-fibers). Due to their
pseudounipolar morphology, activation of TRPV1™ neurons results in
release of neuropeptides (e.g. Substance P and calcitonin gene-related
peptide, SP and CGRP) both at the periphery and in the spinal cord
(Cavanaugh et al., 2011; Rigoni et al., 2009; Eberhardt et al., 2017). In

pressed and the SP — NK1r pathway is important for transmission of the
pain signal from the periphery to the central nervous system (Todd,
2010). While TRPV1 is expressed at similar levels in naked mole-rat and
mouse sensory neurons, and has similar activation properties, naked
mole-rat TRPV1 ™ fibers synapse with a greater frequency to neurons in
deeper spinal cord laminae than in the mouse (Park et al., 2008; Smith
et al.,, 2011; Omerbasic et al., 2016). Experiments involving im-
munohistochemistry and intrathecal administration of SP showed that
the behavioral insensitivity to capsaicin is attributable to a lack of
neuropeptides in C-fibers of the naked mole-rat, effectively making the
TRPV1 pain pathway non-functional with regard to pain signaling
(Brand et al., 2010; Park et al., 2003, 2008).

Consistent with a lack of pain-associated neuropeptides in TRPV1 ™"
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C-fibers, naked mole-rats show a reduced response to formalin-induced
nocifensive behaviors (Park et al, 2008). In particular, naked mole-rats
have a longer, yet significantly less intense, response to cutaneous in-
jection of the irritant formalin, particularly during the second pain
phase (Phase II; Park et al., 2008; Ma et al., 2015). Phase II is con-
sidered an inflammatory pain that, in mice and humans, is pre-
dominantly mediated by central sensitization of spinal dorsal horn
neurons as a result of the barrage of C-fiber input during the early phase
(Phase I) (Coderre et al., 1993; Dickenson and Sullivan, 1987;
Raboisson et al., 1995; Shibata et al., 1989; Park et al., 2008; Dulu
et al., 2014; Hunskaar and Hole, 1987). Importantly, although naked
mole-rats show a reduced response to formalin, it is not completely
absent, indicating that there is still a portion of the inflammatory pain
pathway that is intact. However, it is currently unknown which re-
ceptors mediate this pain response in naked mole-rats.

Here we consider the other major C-fiber population, non-pepti-
dergic neurons that, compared to peptidergic C-fibers, express high
levels of the purinergic ATP receptor P2X3 and bind isolectin B4 (IB4)
(Cauwels et al, 2014; Oliveira et al., 2009; Zeisel et al., 2018;
Viatchenko-Karpinski et al., 2016). Previously, we have shown that a
similar proportion of mouse and naked mole-rat dorsal root ganglion
(DRG) neurons bind IB4 and that these neurons synapse in laminae II of
the dorsal horn (Park et al., 2008) where non-peptidergic C fibers
normally synapse (Todd, 2010). Considering the lamina I vs. lamina II
input of peptidergic vs. non-peptidergic C-fibers, it is thus possible that
the non-peptidergic, P2X3r™ C-fibers mediate the (albeit diminished)
formalin-induced pain response in naked mole-rats. Therefore, the first
objective in this study was to examine the functionality of the P2X3r
pathway in naked mole-rats and determine its role in formalin-induced
pain.

The possibility that naked mole-rats rely on the P2X3r pathway to
mediate inflammatory pain could be a valuable tool in analyzing how
analgesic treatments influence pain in the absence of a functional
peptidergic pathway. Because analgesic treatments with cannabinoids
have been used to effectively reduce inflammatory pain (Calignano
et al., 1998), we also decided to test the naked mole-rats with a can-
nabinoid receptor agonist and antagonist.

Cannabinoids function through the endocannabinoid system, which
is a retrograde synaptic signaling pathway with analgesic effects that
have been identified in the dorsal horn of the spinal cord (Kreitzer and
Regehr, 2002; Chiou et al., 2013). Cannabinoids mediate their analgesic
effects through cannabinoid receptor 1 (CB1r), which is predominantly
expressed by neurons, whereas CB2r is strongly expressed by cells of the
immune system (Tsou et al., 1996; Hohmann et al., 1999; Agarwal
et al., 2007; Herkenham et al., 1991; Martin et al., 1995, 1996; Nackley
et al., 2003). Inflammation increases CB1r expression in C-fibers, but
not A-fibers, thus further supporting the hypothesis that cannabinoid-
mediated analgesia in inflammatory pain primarily occurs via C-fibers
(Amaya et al., 2006; Evans et al., 2004). Attenuation of pain by can-
nabinoids has been described in the C-fiber pathways of both pepti-
dergic (i.e. TRPV1 ™) and purinergic (i.e. P2X3r ™) nerves, through CB1r
activation on the axon terminals in the dorsal horn of the spinal cord
(Nerandzic et al., 2018; Starowicz et al., 2013). Studies in mice where
CB1r was knocked out specifically in primary sensory neurons showed a
reduced analgesic effect of the CB1/2r agonist WIN 55212-2 in in-
flammatory pain assays compared to the effect observed in wild type
mice, thus suggesting a key role for CB1r expressed by sensory neurons
in cannabinoid-mediated analgesia (Agarwal et al., 2007).

However, the mechanisms underpinning cannabinoid analgesia are
not well understood. It was initially thought that cannabinoid inhibi-
tion of TRPV1 presented a good target for pain therapeutics, but results
demonstrated a complicated picture. For example, TRPV1-mediated
release of neuropeptides can be inhibited by CB1r activation (an anti-
nociceptive effect), as well as TRPV1 being directly activated by the
endocannabinoid N-arachidonoylethanolamine (AEA, a pro-nociceptive
effect), thus indicating that cannabinoids produce both pro- and anti-
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nociceptive effects via TRPV1 (Carey et al., 2016). Previous research
also suggests that activation of CB1r can directly inhibit inflammatory
pain through P2X3r, as shown by inhibition of the hyperalgesic re-
sponse to mechanical stimuli and Ca®* influx in small diameter DRG
neurons after a,3-met-ATP (ATP, a P2X3r agonist) administration both
in vivo and in vitro (Oliveira-Fusaro et al., 2017). Due to the complex
nature of cannabinoid interactions with TRPV1/peptidergic neurons,
using a model system in which the TRPV1/peptidergic system is hy-
pofunctional, such as the naked mole-rat, provides an opportunity to
determine the degree to which the P2X3r/non-peptidergic pathway
contributes to cannabinoid mediated analgesia. Therefore, the second
objective of this study was to examine cannabinoid effects on P2X3r-
mediated responses in the naked mole-rat.

We find that naked mole-rats do have a functional purinergic pain
pathway that can be stimulated by activating P2X3r. Additionally,
cannabinoids are able to attenuate pain caused by stimulation of the
P2X3r. However, there does not appear to be an inflammatory pain
response after stimulating the P2X3r pathway, indicating some dis-
ruption in the inflammatory pathway of naked mole-rats.

2. Methods
2.1. Animals

All mice used for behavioral studies and spinal cord im-
munohistochemistry at the University of Illinois at Chicago were 2-5-
month-old C57BL/6J males, which were bred from stock, originally
obtained from Charles River Laboratories, Wilmington, Massachusetts,
USA. Mice were kept in a temperature-controlled environment of 22 °C
with a 12-hour light/dark cycle. Naked mole-rats of both sexes were
born in colonies maintained at the University of Illinois at Chicago.
Naked mole-rats were kept at a controlled temperature (27 °C) and
humidity (50-60%) with a 12-hour light/dark cycle. For Ca®*-imaging
and DRG neuron immunohistochemistry studies at the University of
Cambridge, both male and female adult C57BL/6J (Envigo) mice
(8-12 weeks) and naked mole-rats (9-24 months) were used. Mice were
kept under 12-hour light/dark cycle in a temperature-controlled (21 °C)
room, and naked mole-rats were maintained in a temperature-con-
trolled (28-32 °C) room and kept under red lighting (08:00-16:00). In
both Chicago and Cambridge, animals had access to water (in the case
of mice) and food ad libitum. Mice were housed in standard mouse cages
and naked mole-rat colonies were housed in bespoke caging systems
consisting of mouse and rat cages connected by tunnels (Artwohl et al.,
2002). All procedures were conducted according to the animal proto-
cols approved by the University of Illinois at Chicago Institutional
Animal Care and Use Committee or under a Home Office Project Li-
cense (P7EBFC1B1), conducted in accordance with the UK Animals
(Scientific Procedures) Act 1986 Amendment Regulations 2012 and
reviewed by the University of Cambridge Animal Welfare and Ethical
Review Body.

2.2. Drug Preparation

Formalin Preparation. 37% stock formaldehyde solution was pur-
chased from Sigma-Aldrich and diluted in water to 2% by volume. WIN
55212-2 CB1r Agonist Preparation. WIN 55212-2 mesylate salt (WIN55)
was obtained from Sigma-Aldrich and suspended at 1 mg/mL in 49.5%
TEG, 49.5% Saline, 0.5% DMSO, and 0.5% Cremaphor and ready to be
diluted to injection concentrations with saline. Dilutions were injected
at either 1.5 mg/kg or 3 mg/kg or saline vehicle. SP Preparation. We
used dilutions in accordance with Park et al., 2008. Briefly, 100 uM of
SP was dissolved in 0.9% Saline. A-317491 P2X3r Antagonist Prepara-
tion. A-317491 was diluted in 0.9% Saline and given at a dose of 50 pg/
10 pL. a-B-metATP (ATP) P2X3r Agonist Preparation. ATP was diluted to
50 uM/10 pL in 0.9% Saline.
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2.3. Drug conditions

An insulin syringe was used to administer all drugs. For cannabinoid
experiments, drugs were injected via intraperitoneal (IP) administra-
tion 30 min prior to the commencement of behavioral tests and syringes
contained either a 1.5 mg/kg, or a 3 mg/kg dose of WINS55, or a 0.9%
dose of saline. SP was injected by intrathecal administration between
the L4 and L5 vertebrae at 20 pL volume 30 min prior to testing. For the
P2X3r antagonist, 40 pM of A-317491 was injected into the dorsal paw
10 min prior to beginning the formalin test. 10 puL of ATP was injected
to the plantar side of the hind paw 10 min prior to the first von Frey
test.

2.4. Formalin test

Each mouse and naked mole-rat received 15-20 L of formalin (2%)
subcutaneously into the dorsal side of the hind paw with an insulin
syringe. The animal was placed into an empty mouse cage without a lid
and observed for 90 min. Licking, biting, and lifting of the formalin
injected foot were operationally defined as nociceptive behavior. The
time spent performing nociceptive behaviors was recorded for all ani-
mals in intervals of 5 min for the entire 90-minute duration. The total
time observed was divided into 0-10 min (Phase I) for both naked mole-
rats and mice. However, the late phase was defined as 10-60 min for
mice and 10-90 min for naked mole-rats due to species differences in
reaction to formalin (Eigenbrod et al., 2019). The formalin test was
performed and scored by an observer blinded to experimental condi-
tions.

2.5. Tail flick

Mice and naked mole-rats were acclimated to a plastic restraint cone
where they were placed in it and given a sugar treat daily for 1 week
prior to testing. Animals were given a treatment of either saline (con-
trol), 1.5 mg/kg WIN55, or 3 mg/kg WINS55 by IP injection 30 min prior
to testing. Each animal was tested at all three experimental conditions
with at least 48 h between treatments. To test heat sensitivity, a water
bath was prepared with water held at 48 °C. Animals were placed in a
restraint cone with the tail remaining free from the restraint and when
restrained and calm the experimenter lowered the tail into the water
and recorded the time in seconds it took for the animal to attempt to
remove the tail from the water.

2.6. Von Frey

Mice and naked mole-rats were injected with saline or WIN55 by IP
injection 30 mins prior to injection of a-B-met-ATP in the plantar sur-
face of the left hind paw. Sensitivity to mechanical stimuli was assessed
using calibrated von Frey filaments (Stoelting, Wood Dale, IL). Animals
were placed in 10 cm diameter wire bottom apparatus. The von Frey
filaments (0.4-15.1 g) were applied to the mid-plantar surface of each
hind paw. The mechanical stimulus producing the 50% paw withdrawal
threshold was determined using the up-down method (Chaplan et al.,
1994). Behavioral tests using mechanical stimuli were performed on
both the ipsilateral and contralateral paw at 10 and 180 min after in-
traplantar injection of saline or a-B-met-ATP. Each animal was tested
with both IP saline and WIN55, and thus served as their own controls.

2.7. Behavioral analysis

All behavioral data was compiled into Microsoft Excel for initial
processing. Statistical analysis was done using vassarstats.com T-test
and ANOVA calculators.

Neurobiology of Pain 8 (2020) 100047

2.8. Immunohistochemistry

For spinal cord immunohistochemistry, mice and naked mole-rats
were decapitated, and spinal cords were quickly removed and fixed
with a fixative containing 4% paraformaldehyde (PFA) in 0.1 M phos-
phate-buffer (PBS, pH 7.4) overnight, and subsequently cryoprotected
in 30% sucrose (in PBS). Brains were sectioned coronally (26 pum
thickness) on a cryo-microtome and directly placed on slides. Non-
specific immunoreactivity was suppressed by incubating our specimens
in a cocktail of 5% normal donkey serum (Jackson), 1% bovine serum
albumin (BSA, Sigma) and 0.3% Triton X-100 in PB for an hour at
22-24 °C. CB1r was stained using a rabbit anti-CB1r antibody (Synaptic
signaling 1:1000) and P2X3r was stained using a guinea pig anti-P2X3r
antibody (Sigma, 1:50). Neuron nuclei were stained using Hoechst
(1:1000). Primary antibodies were counterstained with AlexaFluor 488
anti-rabbit (1:1000), and Cy3 anti-guinea pig (1:1000). Glass-mounted
sections were cover slipped with Aquamount (Dako, Glosstrup,
Denmark). Images acquired on a Fluoview FV 10i confocal laser-scan-
ning microscope (Olympus). Colocalization was analyzed using the FV
10i internal software to determine Pearson’s Coefficient and Overlap of
CB1r and P2X3r staining. Significant colocalization was set as any
correlation coefficient over 0.5 or 50% and referred to as a relatively
strong positive overlap. Correlation coefficients > 0.7 or 70% were
considered as having a strong positive overlap. The percentage of dorsal
horn images with these two standards of overlap were compiled for
each species.

For immunohistochemistry with DRG neurons, mice and naked
mole-rats were euthanized by cervical dislocation (mice) or a rising
concentration of CO, and decapitation (naked mole-rats) according to
local procedures. Thoracolumbar (TL) DRG were dissected and fixed in
Zamboni’s fixative (2% paraformaldehyde and 15% picric acid in so-
dium phosphate buffer; 1 h). DRG were then cryoprotected overnight in
30% sucrose (in PBS) at 4 °C, before embedding in ShandonTM M-1
Embedding Matrix (Thermo Fisher Scientific) and snap frozen in liquid
nitrogen before being then stored at —80 °C. Embedded DRG were
sectioned (12 pm) using a Leica Cryostat (CM3000; Nussloch,
Germany), and mounted on Superfrost Plus microscope slides (Thermo
Fisher Scientific). Sections were stored at —20 °C until further use.
Slides were defrosted, washed with PBS-tween (PBS-T) and blocked in
antibody diluent solution (1% BSA, 5% donkey serum (Sigma-Aldrich),
and 0.2% Triton X-100 (Sigma-Aldrich) in PBS; 1 h) at room tem-
perature. All sections were incubated overnight (4 °C, humid atmo-
sphere) with primary antibodies prepared in diluent. Primary anti-
bodies used were rabbit anti-P2X3r polyclonal (1:1000, Alomone) and
guinea pig anti-TRPV1 polyclonal (1:500, Alomone). Slides were wa-
shed three times using PBS-T before incubation in the appropriate
species-specific fluorophore-conjugated secondary antibodies (donkey
anti-rabbit IgG-AF350 (Invitrogen); donkey anti-guinea-pig IgG-AF594
(Jackson Lab) for 2 h at room temperature (20-22 °C). All secondary
antibodies were used at a 1:1000 dilution. For each antibody, a nega-
tive control experiment excluding primary antibody incubation was
also performed and showed no staining. Slides were washed in PBS-T,
mounted using Mowiol-based mounting media. Sections were imaged
with an Olympus BX51 microscope (Tokyo, Japan). Brightfield and
fluorescent images were acquired at 10 X and 20 X magnification using
a Q-Imaging camera and software (Surrey, Canada). Exposure levels
were kept constant for each slide and the same contrast enhancements
were made to all slides.

2.9. Primary DRG neuron culture

Mice were killed by cervical dislocation and naked mole-rats were
immobilized using a rising concentration of CO, and then decapitated
according to local procedures. For each animal, a primary DRG neuron
culture was prepared using a mixture of TL DRG. The spinal column was
dissected and T1-L6 DRG were collected, trimmed of connective fibers,
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and placed in ice-cold dissociation media containing L-15 Medium
(1X) + GlutaMAX-1 (Life Technologies), supplemented with 24 mM
NaHCO;. media (Thermo Fisher Scientific, UK). Harvested DRG were
then incubated in 3 mL type 1A collagenase (1 mg/mL with 6 mg/mL
bovine serum albumin (BSA in dissociation media; Sigma-Aldrich) for
20 min at 37 °C (mouse) or 32 °C (NMR) in an incubator with 5% CO,;
NMRs are cold-blooded and are maintained at 28 — 32 °C and hence this
temperature was used for preparing and maintaining NMR DRG neuron
cultures. This was followed by a 30-minute incubation in 3 mL trypsin
solution (1 mg/mL with 6 mg/mL BSA in dissociation media; Sigma-
Aldrich) at respective temperatures. After removing the enzymes, DRG
were placed in 2 mL of DRG culture media composed of L-15 Medium
(1X) + GlutaMAX, 10% fetal bovine serum (Sigma-Aldrich), 24 mM
NaHCO3, 38 mM glucose, and 2% penicillin/streptomycin (Life
Technologies, UK). DRG neurons were dissociated via gentle mechan-
ical trituration using 1 mL Gilson pipette tips, by pipetting up and down
approximately 8 times. Following a 30 s centrifugation at 160 x g
(Biofuge primo, Heraeus Instruments; Hanau, Germany) the super-
natant containing dissociated cells was collected in a fresh tube, and the
remaining pellet was resuspended in 2 mL of media. This process of
trituration, centrifugation and collection was repeated a total of five
times. Following a 5-minute centrifugation at 160 x g, the pellet was
resuspended in media and plated onto poly-D-lysine-coated 35 mm
glass- bottom dishes (MatTek Corporation, USA) coated with laminin
(20 pg/mL; Life Technologies) and were incubated at 37 °C (mouse) and
32 °C (NMR) in 5% CO,, for 20-24 h. The cells were flooded with fresh
media after 3 h.

2.10. Ca®*-imaging

A day after the preparation of the primary DRG neuron culture,
neurons plated on coverslips were loaded with the fluorescent Ca*
indicator Fluo-4 (10 uM; Thermo Fisher Scientific) in extracellular so-
lution (ECS; 140 mM NaCl, 4 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
10 mM HEPES, 4 mM glucose; adjusted to pH 7.4 with NaOH and
300-310 mOsm with sucrose) for 45 min at room temperature.
Coverslips were washed once with ECS and placed in an imaging
chamber (RC-26, Warner Instruments, UK) and incubated for 5 min
with either 0.0102% DMSO (highest concentration used for vehicle/
control for WIN55), 3 uM ACEA (Tocris), 1 nM or 100 nM WIN55. Cells
were imaged using a Nikon Eclipse Ti microscope and a 10 X objective.
Fluo-4 was excited using a 470 nm LED (Cairn Research, UK) and
fluorescent images were acquired every second using a Zyla sCMOS
camera (Andor, UK) and Micro-Manager software (v 1.4; National
Institute of Health). For all conditions, neurons were initially perfused
with whichever prior solution they were incubated in for the final 30 s
of the 5 min incubation, then perfused with af3-met-ATP (30 uM, 20 s)
and washed with ECS (240 s) before a 20 s KC1 (50 mM) stimulus which
was applied at the end of every experiment to determine cell viability.
Unless otherwise specified, all chemicals and drugs were obtained from
Sigma- Aldrich.

2.11. P2X3r and TRPV1 receptor expression in DRG neurons

To determine the expression of P2X3r and TRPV1 in DRG neurons,
2-5 DRG sections were chosen using a random number generator for
analysis per each imaged DRG using Fiji/ImageJ (National Institute of
Health). Regions of interest (ROI) were drawn around the borders of all
neuron cell bodies that were identified morphologically using the
brightfield image. The criteria for determining a DRG neuron cell body
were they had to have a clear circular outline and a nucleus. Mean
fluorescent intensities of the ROIs were measured for the fluorescent
channels corresponding to P2X3r and TRPV1. For each section, back-
ground fluorescence was subtracted from ROI fluorescent intensities.
For each section, F,;, and F,.x were determined from ROIs with the
lowest (“negative”) and highest background-subtracted fluorescent
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intensities, respectively. For each experiment, the average F,;, and Fy,.«
was determined by taking the mean of all F;, and Fp,.x. Normalized
fluorescence was calculated as (F — average F;,)/(average
Fmax — average F,). For each animal group, the threshold used for
scoring a neuron as positive was set as the normalized minimum grey
value across all sections +1 times SD. Each ROI with a normalized
fluorescence above the threshold was counted as being immunoreactive
and the percentage of P2X3r and TRPV1-positive neurons was calcu-
lated for each section. Size distribution of P2X3r- and TRPV1-positive
cells was plotted using R.

2.12. Ca®™ -imaging analysis

Neurons were identified morphologically, and ROIs were drawn
around them for each coverslip using Fiji/ImageJ (National Institute of
Health). Background fluorescence was subtracted from fluorescent in-
tensities of ROIs. Baseline fluorescence was calculated by taking the
average fluorescence of 20 s before the application of the first stimulus
in each experiment, and background- and baseline-subtracted fluores-
cence (F) was calculated for all neurons from each coverslip. Maximum
fluorescence (F.x) was calculated from the baseline- and background-
subtracted fluorescent intensity following the application of 50 mM KCl
at the end of each experiment. Normalized fluorescence intensity (AF/
Frmax) Was calculated by dividing the difference between F,,,, and F by
Fmax. Neurons were determined as being af3-meATP/KCL- responsive if
the average AF/F,.x at pulses were above 0.05 noise threshold (de-
termined from control data) of the baseline. Cells that did not respond
to KCl or had an unstable baseline, were excluded from analysis. The
peak of each pulse was calculated as the max within the time period of
response duration. Proportions of cells responding to different stimuli
were calculated using Excel. The peak data were plotted in GraphPad
Prism. The size distribution of all neurons analyzed was plotted using
the ggplot2 package of R.

2.13. Statistics

Statistical analysis was carried out using GraphPad Prism version 4
(GraphPad Software, San Diego, CA) or Microsoft Excel. Data from
Ca®*-imaging, and immunohistochemistry experiments were analyzed
and plotted using R and Python. Statistical tests used are referred to
where appropriate.

3. Results

As shown in previous studies (Park et al., 2008, Dulu et al., 2014),
we found that naked mole-rats show a less intense and longer lasting
response to formalin compared to mice (Fig. 1A). However, in the
present study, summing the total response times for Phase I (0-10 min)
and Phase II (10-90 min), only Phase I showed a significant reduction
in response time for naked mole-rats (n = 8) compared to mice (n = 8;
p < 0.01; Fig. 1B).

Naked mole-rats lack neuropeptides associated with the peptidergic
pain pathway (Park et al., 2003, 2008) and reintroduction of SP can
“rescue” capsaicin and histamine sensitivity, as well as sensitizing foot
withdrawal to heat (Park et al., 2008; Smith et al., 2010). Therefore, we
first examined whether or not introduction of SP via intrathecal injec-
tion would affect responses in the formalin test. We observed that SP
increased the duration of pain behaviors in both Phase I and Phase II
(Fig. 1C, D) of the formalin test in naked mole-rats, such that the
duration of responses in Phase I for naked mole-rats was no longer
significantly different from that of mice (Fig. 1C). However, in this
particular experiment, Phase I control responses to formalin (i.e.
without SP) were also not significantly different between mice (n = 4)
and naked mole-rats (n = 6). Nevertheless, the duration of responses in
Phase II for the naked mole-rats treated with SP was significantly
greater compared to both control mice and control naked mole-rat
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Fig. 1. Naked Mole-Rat and Mouse Response to the Irritant Formalin. Quantification of pain behaviors in mice and naked mole-rats during the formalin test, and the
effects of intrathecal (IT) injection of SP. A) Time spent performing pain behaviors (licking, biting, and lifting the formalin-injected foot) as a function of time. Data is
shown in 5-minute increments. (n = 8 mice and NMR). B) The data are re-plotted and displayed as cumulative time to facilitate species comparisons within Phase I
and Phase II. Phase I corresponds to the first 10 min after formalin application. Phase II corresponds to 10-90 min after formalin injection. Here, time of pain
behaviors for phase II is summed for the entire 10-90-minute phase (note that all other Phase II data presented for mice correspond to 10-60 min as we did not
observe robust pain behaviors after 60 min). C) Time spent in pain behaviors for Phase I of the formalin test after intrathecal injection of SP or saline control. (n = 4
mice, n = 7 NMR) D) Time spent in pain behaviors for Phase II after intrathecal injection of SP or saline control (same animals as C). E) Quantification of pain
behaviors from formalin application following IT injection of SP or saline in naked mole-rats, displayed in 10-minute increments. NMR = naked mole-rat.

SP = Substance P. (* p < .05, ** p < .01, Statistical analysis was performed using a paired T-test).

(p < 0.05; Fig. 1D). SP had no significant effect on Phase I or Phase II
in mice, which naturally produce SP in cutaneous nerves. While no
individual time point provided a statistically significant change, the
significant increase in Fig. 1D can be seen in moderate levels of pain
increase during the 10-60-minute range (Fig. 1E), exhibiting a greater
intensity in the earlier part of Phase II compared to control naked mole-
rats. Thus, administration of SP enhances formalin-induced pain in
naked mole-rats, but not in mice.

Next, we focused on the involvement of P2X3r in formalin-induced
pain in naked mole-rats and mice. Prior to applying formalin, we in-
jected one foot with the P2X3r antagonist, A-317491. Ten minutes later,
we injected the same foot with formalin. For mice (n = 4), we found no
significant effect with the P2X3r antagonist in either Phase I or Phase II
response (Fig. 2A, B). However, for naked mole-rats (n = 5), we found
that pretreatment with the P2X3r antagonist resulted in a significant
reduction in Phase I pain responses (p < .05; Fig. 2A); a reduction of
46% compared to control. The Phase II response was inhibited by an
even greater extent of 70% (p < .001; Fig. 2B). These results suggest
that a substantial portion of Phase I pain and the majority of Phase II
pain is mediated by P2X3r" (i.e. non-peptidergic) nerves in naked
mole-rats.

The species differences in the ability of the P2X3r antagonist to
inhibit formalin-induced nocifensive behaviors in mice and naked
mole-rats could suggest dissimilar patterns of P2X3r expression in
sensory neurons from these species, e.g. greater expression of P2X3r in
naked mole-rat DRG neurons. We thus assessed the expression of P2X3r
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and TRPV1 in DRG neurons from naked mole-rats and mice (Fig. 3A-E).
Consistent with our previous findings (Park et al., 2008; Smith et al.,
2012), mice had a more pronounced peak in the number of small dia-
meter neurons (Fig. 3A, B, average cell 358.4 + 237.5 um?) than
naked mole-rats (Fig. 3C, D, average cell 547.3 *+ 295.2 um2). How-
ever, the proportion of P2X3r* only, TRPV1* only and P2X3r*/
TRPV1™ co-expressing neurons was similar between naked mole-rats
and mice (Fig. 3B, D naked mole-rat vs. mouse: P2X3r* only

17.5 = 4.8% vs. 28.1 *+ 7.6%, TRPV1* only 24.5 + 4.8 vs.
15.8 + 3.3% and P2X3r*/TRPV1" co-expression 11.3 =+ 5.4 vs.
16.5 = 0.8%). Importantly, the total percentage of P2X3r™ neurons

was also similar between species (mouse 44.5 *= 8.2% vs. naked mole-
rat 28.8 = 5.9%, Fig. 3E) and consistent with this result, in a func-
tional Ca®*-imaging assay, we observed that the proportion of DRG
neurons responding to the P2X3r agonist, a-B-met-ATP was not sig-
nificantly different between species (Fig. 3F, naked mole-rat
429 =+ 9.6% and mouse 55.3 * 2.9%). Given these results, we in-
terpret the in vivo species differences to the antagonist in Fig. 2 to be
due to species differences in the peptidergic pathway. For example, it is
possible that, for mice, the effects of antagonizing the purinergic
pathway are masked by simultaneously activating the peptidergic
pathway, which would not be the case for the naked mole-rat.

We next turned our attention to the endocannabinoid system and
how it interacts with the purinergic pathway. To make that assessment,
we pre-treated animals with an IP injection of the non-selective CB1r
agonist, WIN55, or saline (control). Thirty minutes later, we injected
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Fig. 2. Inhibiting P2X3R Reduces Naked Mole-Rat Pain Response to Formalin. Inhibition of P2X3r decreases pain responses induced by formalin in naked mole-rats in
Phase I (A) and Phase II (B) but has no effect on those responses in mice. P2X3r Ant = Antagonist A-317491. (n = 8 mice and NMR saline control; 4 mice and 5 NMR
with antagonist; * p < .05, *** p < .001, Statistical analysis was performed using a paired T-test).
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Fig. 3. P2X3R is Functional in Cultured Naked Mole-Rat Dorsal Root Ganglion Neurons. Functionality of P2X3r was assessed with IHC and Ca®*-imaging. Example
images of P2X3r and TRPV1 expression in DRG neurons of mice (A, n = 3) and naked mole-rats (C, n = 3). Quantification of neurons by cell area in mice (B) and
naked mole-rats (D) shows a similar distribution of P2X3r and TRPV1 expression/co-expression but note the enhanced peak of small diameter fibers in mouse
compared to naked mole-rat. Quantification of P2X3r expression in mouse and naked mole-rat DRG reveals no significant difference (E, n = 3). Responsiveness of
mouse and naked mole-rat DRG neurons to the P2X3r agonist af3-meATP is similar across species (F, n = 4). Statistical analysis of data in E and F was performed

using Mann Whitney U test.

one foot with the P2X3r agonist, a-3-met-ATP (ATP). Ten minutes later,
we performed the von Frey assay of mechanical pain sensitivity on both
the ATP-injected paw (ipsilateral) and the non-injected paw (con-
tralateral). This test, 10 min after ATP application, was intended to
assess the short-term effects of ATP sensitization on mechanical sensi-
tivity. We tested both paws again 180 min after the ATP injection to
assess the inflammatory response. In control naked mole-rats (n = 6),
the paw withdrawal threshold 10 min after ATP injection showed a
significantly lower threshold than the contralateral paw, indicating
sensitization of the ipsilateral paw due to ATP treatment (Fig. 4A).
Pretreatment with WIN55 produced a significantly higher ipsilateral
threshold compared to saline treated animals (Fig. 4A) and the
threshold was not significantly different to the contralateral paw
threshold (Fig. 4A). Thus, the data indicate that activation of CB1r in-
hibits the function of the purinergic pathway in naked mole-rats.
WINS5 did not significantly change the paw withdrawal threshold for
the paw that was not injected with ATP (Fig. 4A).

We tested for a long-term (inflammatory) response from ATP acti-
vation of P2X3r by reassessing animals at 180 min post ATP applica-
tion. However, ATP did not cause any long-term sensitization in naked
mole-rats and WIN55 also had no effect on the paw withdrawal
threshold (p > .05; Fig. 4A).

In mice (n = 7), ATP alone caused significant sensitization
(Fig. 4B), similar to that observed in naked mole-rats. However, the
dose of WIN55 that reduced naked mole-rat ATP-induced sensitization
did not attenuate sensitization in mice at 10 min post ATP application
(Fig. 4B). Regarding long-term effects of ATP, the average threshold of
the ATP injected paw was lower than the average threshold of the
contralateral paw, but the difference was not significant (Fig. 4B).
There was, however, a significant sensitization response in mice at
180 min post ATP after pretreatment with WIN55 (Fig. 4B). Given that
this dose of WIN55 did not attenuate pain in the 10 min mouse group,
we interpret the sensitization in the 180 min mouse group to be the
result of inflammation from the ATP.

The von Frey experiment showed that stimulating CB1r signaling
attenuated P2X3r-dependent sensitization to acute mechanical stimu-
lation in the naked mole-rats but not the mice. Next, we tested the ef-
fects of stimulating CB1r in the formalin test. The CB1r agonist WIN55
significantly reduced Phase I pain behaviors in mice (n = 8), but not in
naked mole-rats (n = 8; Fig. 5A), suggesting perhaps that CBlr sig-
naling may reduce acute chemical pain (Phase I) via the peptidergic
pain pathway, which is functional in mice, but non-functional in naked
mole-rats. The results were different in the inflammatory phase of the
formalin test (Phase II), such that in both mice and naked mole-rats
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WINS5 produced a significant reduction in pain behaviors (Fig. 5B). that is presumably independent of peptidergic neurons due to lack of
These results suggest a robust influence of CB1r signaling on the pur- neuropeptides in the C-fibers of naked mole-rat.
inergic pain pathway in inflammatory pain in both species, i.e. an effect Stimulating CB1r signaling can have a wide range of effects in
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Fig. 5. WIN55 Attenuates Pain in Phase II of the Formalin Test. The CB1r agonist WIN55 (3 mg/kg) attenuates the behavioral responses induced by formalin in both
Phase I (A) and Phase II (B) for mice, but only Phase II for naked mole-rats. (n = 8; * p < 0.05, ** p < 0.01, Statistical analysis was performed using a paired T-

test).
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Fig. 6. WIN55 Does Not Reduce Thermal Pain.
Thermal pain was assessed by immersion of the an-
imal’s tail into water at 48 °C and recording the la-
tency to tail flick. Naked mole-rats response la-
tencies with control, 1.5 mg/kg WIN55, and 3 mg/
kg WIN55 were compared as were mice responses at
the same doses and no significant differences were
observed in either species. (n = 24 mice and NMR; *
p < .05, Statistical analysis was performed using a
1way-ANOVA with Tukey post-Hoc analysis).
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addition to relieving inflammatory pain (Elphick and Egertova, 2001).
For example, CB1r agonists can slow motor responses. To support the
hypothesis that the WIN55 effect observed in the inflammatory phase of
the formalin test was due to CB1r signaling in P2X3r™ fibers, we as-
sessed the response of WIN55 on acute thermal pain, which is thought
to be independent of P2X3r* fibers (Ramer et al., 2001; Souslova et al.,
2000). We previously showed that naive naked mole-rats have a normal
(mouse-like) response to acute thermal pain in a foot withdrawal to

radiant heat procedure (Park et al, 2008). In the current study, we
employed the tail flick test and observed that the time to tail flick after
emersion in 48 °C water was not significantly reduced after pretreat-
ment with WIN55 in either naked mole-rats or mice, compared to
pretreatment with saline (n = 24; Fig. 6). This result suggests that the
reduction in inflammatory pain we observed in the formalin test was
due to CB1r agonist-induced analgesia and not induction of sedation/
hypomobility. Note that the mice showed a non-significant trend
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Fig. 7. CB1r and P2X3r are Co-expressed in Lamina II of the Dorsal Horn of Mice and Naked Mole-Rat Spinal Cords Example confocal images of CB1r and P2X3r
expression in the dorsal horn of the spinal cord in mice (A) and naked mole-rats (B). Scale bar 25 um.

toward an increase in latency (all mouse data ANOVA: p = .2; control
vs. 3 mg/kg, t-test: p = .11), which may have been due to a hypomo-
bility response from the WIN55, which was not apparent in naked mole-
rats.

Finally, we used immunochemistry to examine the overlap of CB1r
and P2X3r in lamina II of the dorsal horn where P2X3r™ fibers termi-
nate and where CB1r activation may mediate its effect (Fig. 7). Both
species expressed CB1r and P2X3r in a similar manner. We analyzed the
proximity of CB1r to P2X3r to determine if there was colocalization
between the receptors. We found no significant difference between
overlap in mice (n = 3; Fig. 7A; 0.95 = 0.007) compared to naked
mole-rats (n = 8; Fig. 7B; 0.969 = 0.004) though the individual in-
dices for naked mole-rats (Index 1-CB1r: 1.04 #= 0.13; Index2- P2X3r:
0.977 = 0.14) were closer to a 1:1 ratio than that of mice (Index 1-
CB1r: 0.745 = 0.05; Index2- P2X3r: 1.24 + 0.07). Individual Pearson
Coefficients were also calculated for each dorsal horn imaged. In naked
mole-rats, the coefficients all showed at least a moderately positive
correlation with a range from 0.37 to 0.81. The percentage of images
with a relatively strong positive correlation (> 0.5) were 69.23% and
with a strong positive correlation was 38.46% (n = 13). The range of
Pearson coefficients in mice was from 0.32 to 0.88, i.e. greater variation
than in naked mole-rats. There were also fewer images that were in the
relatively strong (42.85%) and strong (14.28%) correlation ranges.

4. Discussion

This study aimed to determine the functionality of non-peptidergic
P2X3r™ fibers, the role of P2X3r in inflammatory pain, and modulation
of nociception by CB1r signaling in naked mole-rats. Binding of the
non-peptidergic neuron marker IB4 has been shown to be similar in
naked mole-rats and mice with regard to the proportion of DRG neurons
labelled and afferent terminals in the dorsal horn of the spinal cord
(Park et al., 2008). By contrast, naked mole-rats lack neuropeptide
signaling in cutaneous C-fibers (Park et al., 2003, 2008). However, the
purinergic pathway had not previously been examined.

Naked mole-rats have a diminished response to formalin compared

10

to mice (Park et al., 2008; Fig. 1) and here we showed that intrathecal
SP administration enhanced the formalin-induced pain response in
naked mole-rats, suggesting that activation of the peptidergic pathway
is important for the full behavioral response and that the pain behaviors
observed without intrathecal SP are likely mediated by non-peptidergic
fibers. Indeed, administration of the P2X3r antagonist A-317491 sig-
nificantly reduced both phases of the formalin response in naked mole-
rats, but not in mice (Fig. 2). This species difference in behavioral re-
sponse cannot be explained by a difference in proportion of DRG neu-
rons in mouse and naked mole-rat that express P2X3r, as shown
through both immunohistochemistry and Ca®*-imaging (Fig. 3). Fur-
ther evidence of a fully functional purinergic pain pathway in naked
mole-rats is that, similar to mice, the naked mole-rats show mechanical
hypersensitivity following administration of the P2X3r agonist ATP
(Fig. 4). Interestingly, we observed no sensitization effect of ATP on
naked mole-rats 180 min after ATP application. Our data and previous
studies in mice have indicated that the 3-hour time point was indicative
of an inflammatory response, and mice were more sensitive during that
time than at earlier time points (Oliveira-Fusaro et al., 2017). This
observation raises the possibility that the peptidergic pathway may be
necessary to stimulate the ATP-dependent inflammatory response.
Considering the growing interest in cannabinoid-based therapeutics
and the evidence from studies in mice and rats that activation of CB1r
results in analgesia, we explored the functionality of the cannabinoid
system in naked mole-rats, the first study to investigate this system in
this species to our knowledge. Whereas in mice, application of the CB1r
agonist WIN55 caused a significant reduction in pain behaviors in both
Phases I and Phase II of the formalin response, only the inflammatory
phase (Phase II) was reduced in naked mole-rats (Fig. 5). Because the
CB1r agonist was able to reduce pain in naked mole-rats, which lack
endogenous neuropeptide signaling in cutaneous C-fibers, this result
suggests that the cannabinoid system likely reduces inflammatory pain
exclusively through non-peptidergic, P2X3r™ neurons in naked mole-
rats. The lack of analgesia produced by WIN55 in naked mole-rats in the
acute Phase (Phase I; Fig. 5A), suggests a greater role for activation of
peptidergic neurons in Phase I and indeed formalin has been shown to
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activate TRPA1 and produce nocifensive behaviors in a TRPA1-depen-
dent manner, moreover, some, but not all, studies have shown greater
expression of TRPA1 in peptidergic compared to non-peptidergic neu-
rons in mice (McNamara et al., 2007; Hockley et al., 2019; Zeisel et al.,
2018); although naked mole-rats respond behaviorally to TRPA1 ago-
nists (Eigenbrod et al., 2019), the expression profile of TRPA1 in naked
mole-rat DRG neurons remains unknown.

We wish to point out a cautionary issue to be considered. The
concentration of formalin that we used (2%) has previously been shown
to induce long-term behavioral hypersensitivity (at least 14 days) and
enhanced expression of activating transcription factor 3 (ATF3) in DRG
neurons, both of which are indicative of nerve injury (Braz and
Basbaum, 2010; Salinas-Abarca et al., 2017; Tsujino et al., 2000). Nerve
injury can cause neuronal activity in a heterogeneous population of
sensory neurons. Thus, our behavioral data may reflect, to some extent,
activity in neurons other than purinergic C-fibers, namely A-delta fi-
bers. However, we do not believe that this caveat detracts from the
significant effects that we found from agonizing and antagonizing
purinergic receptors.

Overall, we found that naked mole-rat non-peptidergic, P2X3r* C-
fibers are able to functionally receive and relay nociceptive signals.
Additionally, activation of CB1r is able to reduce inflammatory pain
signaling in naked mole-rats. Taken together, our results suggest that
the naked mole-rat may be a useful model for studying features of the
purinergic pain pathway in the absence of a functional peptidergic pain
pathway.
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