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Abstract

Neuropathic pain is a chronic disease state resulting from injury to the nervous system. This type of pain often responds
poorly to standard treatments and occasionally may get worse instead of better over time. Patients who experience
neuropathic pain report sensitivity to cold and mechanical stimuli. Since the nociceptive system of African naked mole-
rats contains unique adaptations that result in insensitivity to some pain types, we investigated whether naked mole-rats may
be resilient to sensitivity following nerve injury. Using the spared nerve injury model of neuropathic pain, we showed that
sensitivity to mechanical stimuli developed similarly in mice and naked mole-rats. However, naked mole-rats lacked sensi-
tivity to mild cold stimulation after nerve injury, while mice developed robust cold sensitivity. We pursued this response
deficit by testing behavior to activators of transient receptor potential (TRP) receptors involved in detecting cold in naive
animals. Following mustard oil, a TRPAI activator, naked mole-rats responded similarly to mice. Conversely, icilin, a TRPM8
agonist, did not evoke pain behavior in naked mole-rats when compared with mice. Finally, we used RNAscope to probe for
TRPAI and TRPM8 messenger RNA expression in dorsal root ganglia of both species. We found increased TRPAI mes-
senger RNA, but decreased TRPM8 punctae in naked mole-rats when compared with mice. Our findings likely reflect species
differences due to evolutionary environmental responses that are not easily explained by differences in receptor expression
between the species.

Keywords
Naked mole-rat, nociception, cold allodynia, spared nerve injury, acetone, icilin, transient receptor potential receptors

Date received |5 June 2020; revised: 15 July 2020; accepted: 16 July 2020

Introduction -
clinical arsenal—have reduced efficacy to control neuro-

Broadly, pain can be divided in terms of resolution—  pathic pain and are associated with a high risk of sub-

acute versus chronic—and origin—damage to tissue
(nociceptive) or nerves (neuropathic).! In contrast to
acute pain, which informs of injury and warns against
continued damage, chronic pain lasts beyond the tissue
healing process and impairs our capacity to survive dis-
ease, trauma, and surgical procedures intended to
improve quality of life. A particular problem is the treat-
ment of chronic neuropathic pain as this type of pain is
often refractory and resistant to treatment, and those
therapies that do exist are associated with unwanted
side effects.! Analgesics used to treat nociceptive pain
(i.e., over the counter NSAIDs and other COX-2 inhib-
itors) simply do not work in the case of neuropathic
pain,” while opioids—the most potent analgesics in our

stance abuse.’
The lack of safe and effective therapeutic options for
many neuropathic pain patients highlights the urgent
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need for developing new and improved medications.
This has led to the investigation of patients with congen-
ital pain insensitivity that has identified several genetic
mutations that render these patients unable to feel pain.*
The relevance of these genes to pain processing has been
verified through the development of transgenic animal
models with genetic mutations in nerve growth factor
and its receptor’® and sodium channels’ intimately
involved. However, patients with congenital pain insen-
sitivity are rare and the generation of novel animal
models can be time consuming and expensive. A novel
alternative is the study of natural responses in animal
species that possess unique pain adaptations. By under-
standing how pain processing has evolved naturally, new
models and targets may be identified.

Recent studies have described pain insensitivity in the
African naked mole-rat (Heterocephalus glaber) (NMR)
in response to noxious stimulation from acid®’ and cap-
saicin/heat.'® The receptor for capsaicin, TRPVI, is
functional in the NMR,*'° with their lack of pain behav-
ior thought to be due to a paucity of peptidergic C fibers
and decreased connectivity with neurons in the deep
layers of the dorsal horn of the spinal cord.® NMRs
also lack calcitonin gene-related peptide (CGRP) and
substance P in nociceptive C fibers,'" have a conspicuous
dearth of unmyelinated C fibers in cutaneous nerves,'”
and possess a hypofunctional tropomyosin receptor
kinase A (TRKA) receptor in the dorsal horn of the
spinal cord resulting in a lack of a heat inflammatory
pain response.'” The NMR also has a species-specific
variant of the nociceptor-specific sodium channel
Nay1.7 resulting in an insensitivity toward acid stimuli.”

Thus, we sought to explore whether unique somato-
sensory features of the NMR may extend to neuropathic
pain sensitivity phenotypes and determine whether these
adaptations permit resistance to the development of
hypersensitivity following nerve injury. Using the
spared nerve injury (SNI) model, we compared
responses to innocuous mechanical, noxious mechanical,
and cold stimuli in mice and NMRs over multiple weeks.
Hypersensitivity to both types of mechanical stimuli fol-
lowing nerve injury was comparable in mice and NMRs;
however, NMRs did not respond to the cold stimulus.
Based on our initial experiments, we then compared the
responses of mice and NMRs to activators of two
known cold transducers belonging to the transient recep-
tor potential family, TRPA1 and TRPMS. Nocifensive
behavior was greater in NMRs compared with mice fol-
lowing administration of mustard oil, a TRPA1 agonist,
while NMRs did not respond to icilin, a TRPMS ago-
nist. Behavioral experiments in the present study were
followed up by in situ characterization of TRPA1 and
TRPMS messenger RNA (mRNA) in dorsal root gan-
glia (DRG) tissue of NMRs and mice, which revealed

higher TRPAT1 expression in NMRs with no difference
between the species for TRPMS.

Materials and methods

Animals

Adult subordinate NMRs were selected from four dif-
ferent colonies and randomly assigned to cohorts of
eight consisting of both sexes. Each cohort was tested
together and included two distinct subclasses of NMRs.
Subclass was selected by observing in-colony behavior
and out-pairing an individual in a fresh cage with a small
juvenile from another colony and observing aggressive
behavior (e.g., biting, intrusive sniffing with shoving)
toward the novel conspecific. NMRs displaying overt
aggressive behavior were classified as soldiers, while
NMRs that did not display aggressive behavior were
classified as workers. NMRs were bred in-house (M.M.
Holmes laboratory) and group-housed in large (45.75 cm
L x24cm W x 15.25cm H) and small (30cm L x 18cm
W x 13cm H) polycarbonate cages connected by plastic
tubes (25c¢cm L x 5cm D) in the animal facility under a
12-:12-h light:dark photoperiod (07:00 lights on) at 29 +
1°C and 50%-60% relative humidity. NMRs received
ad libitum access to peeled, cut sweet potato, and wet
19% protein mash (Teklad; Harlan, Indianapolis, IN,
USA). Adult mice were bred in-house (L.J. Martin lab-
oratory) from outbred CD-1 (ICR:Crl) breeders
obtained from Charles River Laboratories. Mice were
group-housed single-sex in small (30cm L x 18cm
W x 13 cm H) polycarbonate cages in the animal facility
under a 12-:12-h light:dark photoperiod (07:00 lights on)
at 224+ 1°C. Mice received ad libitum access to 19%
protein chow (Teklad; Harlan) and water. NMRs and
mice were housed and tested in separate rooms for all
experiments. All procedures were conducted in accor-
dance with the animal care standards set forth by the
Canadian Council on Animal Care (CCAC) and were
approved by the University of Toronto Animal Care
Committee.

Spared nerve injury

SNI, a surgical nerve injury designed to produce neuro-
pathic pain, was adapted from the Decosterd and Woolf
rat model."® Briefly, animals were deeply anesthetized
with isoflurane, and blunt dissection was performed
through the hind thigh muscle to expose the sciatic
nerve. Two tight knots of silk (PERMA-HAND® Silk
suture 7-0, Ethicon) were tied around the common pero-
neal and tibial nerves immediately distal to the branch-
ing. The nerves were transected distal to the suture, and
the dissection was closed with sutures (Vicryl suture 6-0,
Ethicon). The result of the surgery left the sural and
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saphenous nerves unaltered such that the respective lat-
eral and medial edges of the hind paw remained con-
nected with the spinal cord, while the center dorsal and
ventral surfaces of the paw were denervated. Following
surgery, animals were allowed to recover from anesthe-
sia and were returned to the home cage. The sham sur-
gery consisted of the blunt dissection through the thigh
muscle with care taken not to disturb the nerve.

Behavioral assays

For the SNI model behavioral experiments (von Frey,
acetone droplet, and pin prick: NMRs, n=31 (mal-
es=15: 7 SNI, 8 sham; females=16: 8 SNI, 8 sham);
CD1 mice n=8 (males =8 surgery)), care was taken to
test animals in a random blinded fashion; however, the
nature of the surgery lends to easy identification of the
SNI animals due to increased guarding behavior seven -
days following surgery. Baseline was measured the day
before surgery and testing started the day after surgery
continuing for four weeks. All animals were tested using
innocuous mechanical stimuli twice per week (e.g.,
Monday, Wednesday) and on separate days were
tested for cold allodynia followed by mechanical hyper-
algesia, placing the strongest stimulus last in the testing
session, on alternate days of the week (e.g., Tuesday,
Thursday). NMRs were tested in their respective hous-
ing room to match temperature and humidity.

Mild mechanical—von Frey test. Sham or SNI animals were
habituated to clean individual cubicles on an elevated
wire mesh grid for 1h before testing. Calibrated von
Frey filaments (0.008-1.4g for mice, 1.6-10 g for mole-
rats, North Coast Medical Inc., Gilroy, California,
USA) were applied to the lateral edge of the hind paw
ipsilateral to surgery using the Chaplan Up and Down
method'* until the filament bowed (50% bend) for at
least 4s. Withdrawal, meaning a strong leg muscle
reflex, lifting, guarding, chewing, or licking, was scored
as present or absent. Each hind paw was tested up to 10
times with at least 2min between successive tests.
Animals were tested twice per week for fourweeks
after surgery.

Mild cold—Acetone droplet test. Sham or SNI animals were
placed in clean individual cubicles on an elevated wire
mesh grid and habituated to the testing arena for 1h
before testing. We employed an acetone droplet assay
to both sham and SNI animals, as previously described
by Yoon et al.'> A 30pul droplet of acetone (Caledon
Laboratory Chemicals, 1201-7-10) was placed onto
the plantar surface ipsilateral to surgery using a blunted
18-gauge needle and a 100 ml syringe. Care was made to
touch the droplet of acetone, but not the needle, to the
plantar hind paw surface. The duration of withdrawal

response (i.e., licking, shaking, guarding) was measured
using a minimum of 0 s and a maximum of 20s. Animals
were tested twice per week for four weeks after surgery.

Strong mechanical—Pinprick test. Using sham or SNI ani-
mals, a pinprick test was implemented as described by
Tal and Bennett'® after a 20-min wait period following
the last test of the cold allodynia assay. The pin was
applied swiftly to the lateral edge of the paw ipsilateral
to surgery to the point of skin indentation but not skin
penetration. We recorded the duration of paw withdraw-
al using an arbitrary minimum cut-off of 0.5s and a
maximum cut-off of 10s. The duration of hind paw
response (i.e., licking, chewing, shaking, guarding) was
recorded using a stopwatch. Animals were tested twice
per week for four weeks after surgery.

Mustard oil and icilin tests. Without using the nerve injury
model, surgically naive animals (mustard oil: NMR
n=17 (male="7, female=10), CDI1 mice n=18 (mal-
e=9, female=9); icilinn NMR n=16 (male=3§,
female=28), CD1 mice n=16 (male=38, female=2_))
were habituated to red acrylic cylinders on an elevated
acrylic observation platform for 30 min. Animals were
then briefly removed from the cylinder, and 20 ul intra-
plantar injection of either mustard oil (allyl isothiocya-
nate 5%, Sigma-Aldrich W203408, suspended in 80%
DMSO and 15% PBS) or icilin (Cayman Chemical,
10137, 3mg/ml (60 pg/dose) suspended in 80% DMSO
and 20% normal saline) of the left hind paw was given
before the animal was placed back into the cylinder.
Behavior was digitally video recorded for 10 min, and
video files were later scored for the total duration (s)
of licking/biting of the paw.

Video analysis

Videos were analyzed by behavioral coders blinded to
treatment conditions. Videos were scored using an
open-source key-stroke ethogram software mice_notes.
py, Copyright 2019 Jack Poulson, and Sandra Poulson
under the open-source BSD 2-Clause License, available
on GitHub https://github.com/sandrapoulson/mice
notes. The use of this software is similar to using a hand-
held stopwatch, except that multiple behaviors can be
scored real time with the click of different keys repre-
senting different behaviors, and the data are stored in
time bins such that it can be easily graphed using the
freely available graphing software like Matplotlib in
Python. The time animals spent licking or chewing the
left hind paw was graphically represented in raster plots
made using the Python Matplotlib function eventplot.'’
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RNAscope

Without using the nerve injury model, surgically naive
animals (NMR n=1 male, CDl mouse n=1 male)
were deeply anesthetized (avertin at 40 mg/100g i.p. for
NMRs, pentobarbital at 80 mg/kg i.p. for mice) and trans-
cardially perfused with sterile PBS and then 4% parafor-
maldehyde. Lumbar DRG were removed and post-fixed in
4% PFA for 24h and then treated with 10%, 20%, and
then 30% sucrose in PBS until the tissue settled at the base
of the tube. Tissue was then embedded in Tissue-Plus O.C.
T. Compound (Fisher Healthcare, 4585) and kept at
—80°C for onemonth or less. Tissue was cut via cryostat
(CryoStar™ NX50 Cryostat, Thermo Scientific) at 14 pm
and mounted directly onto Superfrost Plus slides
(Fisherbrand, 1255015) and kept frozen until the RNA
in situ hybridization assay (RNAscope). After tissue prep-
aration and slide-mounting, DRG tissue was prepared
according to the manufacturer’s technical note
(Advanced Cell Diagnostics (ACD), catalog no. 302535).
Briefly, RNAscope was applied to the slides using the ver-
sion 1 fluorescent multiplex reagent kit (ACD, catalog no.
320850) and RNAscope procedure (ACD, 320293). Slides
were cover-slipped using ProLong Gold Antifade
Mountant (Invitrogen, P36930) and imaged using a
Zeiss LSM 800 confocal with Airyscan at 20x magnifica-
tion. Punctac staining was counted using the three-
dimensional viewer and marker function in ZEN lite (3.1
blue edition, Zeiss). RNAscope signal is revealed as a
punctate staining, with little or no background, and pre-
vious studies demonstrated that each punctum corre-
sponds to one molecule of the intended target mRNA.'®
Thus, punctae were counted in each positively labeled cell
and compared between NMR and mouse DRG tissue for
TRPMS, TRPAI1, and TRPV1 mRNA staining (see Table
1 for probe specifications). Quantification of the number
of puncta per cell offered a direct measurement of expres-
sion probe targets.

Statistical analysis

Mild mechanical (von Frey), mild cold (acetone drop-
let), and strong mechanical (pinprick) assays were

Table I. Advanced cell diagnostics RNAscope target ZZ probes.

analyzed with repeated measures analysis of variance
(ANOVA), followed where appropriate with multiple
independent t-tests with Bonferroni correction. A two-
tailed independent t-test after a Levene’s Test for
Equality of Variances was used to compare nocifensive
behavior in the mustard oil and icilin assays. A two-
way ANOVA was used to test whether sex or social
status affected the decrease in threshold after nerve
injury in NMRs. Since the RNAscope data violated
assumptions of normality (Shapiro-Wilk: TRPMS,
W= p<0.0001; TRPAI, W=0.77, p<0.0001;
TRPVI, W=0.74, p<0.0001) and homogeneity of
variance (Levene’s test: TRPMS, F=5.24, p <0.0001;
TRPAI, F=56.56, p<0.0001), data were analyzed for
outliers. Cells with punctate counts 3 SD (or more)
away from the mean were removed and remaining
data transformed (square root, reciprocal, z-score);
however, statistical assumptions were still violated.
Thus, RNAscope data—with outliers removed—were
analyzed using the Mann—Whitney U test, a non-
parametric test that does not assume normality and is
robust against violations of homogeneity of variance.
All data are presented as mean =+ standard error of the
mean (SEM), and differences were considered statisti-
cally significant at a p-value of less than 0.05.
Statistical analyses were performed using IBM SPSS
Statistics (Version 24, IBM Corp), and graphical rep-
resentations of data were made using Prism 8 for Max
OS X (GraphPad Software, Inc).

Results

Effect of innocuous mechanical stimuli after nerve
injury

Mice that underwent SNI surgery displayed a significant
decrease in von Frey mechanical thresholds across all
four-week time points post-surgery (Figure 1(a), one-
way ANOVA, F,;=210.11, p=0.001). In NMRs, SNI
significantly decreased von Frey thresholds across all
four-week time points (Figure 1(b), two-way ANOVA,
surgery X time interaction, F ss=22.7, p=0.001). Sham-

Target Catalog no. Length Target region Accession no. Species
Hg-TRPM8 537651 20ZZ 15102485 XM_021247317.1 Naked mole-rat
Hg-TRPAI 537661-C2 20ZZ 898-1948 XM_004842180.2 Naked mole-rat
Hg-TRPVI 537671-C3 20ZZ 548-1491 NM_001279859.1 Naked mole-rat
Mm-TRPM8 420451-C3 20ZZ 440-1350 NM_134252.3 Mouse
Mm-TRPAI 400211-C2 20ZZ 77-1047 NM_177781.4 Mouse
Mm-TRPVI 313331 20ZZ 1162-2155 NM_001001445.1 Mouse

Hg-Actb (positive) 540491 1277 20-1821 XM_004840381.2 Naked mole-rat
3-plex positive control probe-Mm 320881 NA NA NA Mouse

NA: not applicable.
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Figure |. Effects of stimuli after nerve injury in mice and naked mole-rats. (a) Mice (n =8) developed hypersensitivity to innocuous
mechanical stimuli within seven days of spared nerve injury compared to BL, which was maintained for at least four weeks, **p < 0.001. (b)
Like mice, NMRs developed sensitivity to innocuous mechanical touch after nerve injury compared to BL threshold. Threshold meas-
urements differed between sham (n= 16) and SNI (n=15) animals at every time point beyond baseline, **p < 0.001. (c) Mice (n=8)
exhibited a larger percent change from BL after nerve injury compared to NMRs (n = 15), ¥ < 0.01. (d) Neither sex nor status had an
effect on the development of hypersensitivity to innocuous mechanical touch in NMRs (male soldier n =2, female soldier n =3, male
worker n =5, female worker n =5; p =0.404). (e) Both species developed similar reaction patterns to noxious mechanical pinprick over
time, p=0.117. Independent t-tests revealed statistical difference between mice and NMR reaction time at WK4, *p < 0.05. (f) Reaction to
an acetone droplet differed between NMR and mice across time points. Independent t-tests showed statistical difference between mice
and NMR both at baseline and at every time point after surgery, **p < 0.01. Data plotted as mean + SEM. BL: baseline; NMR: naked mole-

rat; SNI: spared nerve injury; WK: week.

operated NMRs showed a decrease in von Frey thresh-
olds during the first week of testing (¢,5="7.07, p <0.001)
followed by a return to baseline, whereas threshold
measurements in NMRs were significantly decreased at
every time point post-SNI surgery (week 1, trg=3.971;
week 2, t,9=8.476; week 3, t»»=9.744; week 4,
1, =9.834, all p values < 0.001). Despite the difference
in threshold measurements between mice and NMRs,
mice exhibited a greater decrease from baseline thresh-
olds compared with NMRs after SNI (Figure 1(c);
t14=3.37, p<0.01). Body weights were similar between
species indicating that threshold differences were not due
to size disparities between NMRs and mice (mice:

4329+1.15 g NMRs: 4582+1.25 g t37=1.074,
p=0.29). Sex or social status of the NMR also did not
appear to significantly influence the development of
hypersensitivity following SNI as the percent decrease
from baseline for von Frey thresholds between NMRs
was not statistically different between sexes or different
sub-castes (i.e. soldier or worker) (Figure 1(d), two-way
ANOVA, main effect of sex: Fy 11 =0.07, p=0.802; main
effect of status: Fy 1, =0.11, p=0.40; sex X status inter-
action: Fy 11 =0.75, p=0.404). Sample size was small for
these comparisons; however, we decided not to investi-
gate this further as it was secondary to our main line of
investigation.
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Effect of noxious mechanical stimuli after nerve injury

To further characterize pain behavior, we used the pin-
prick assay as a metric for noxious mechanical stimuli.
Following SNI, no statistical difference in response time
between NMRs and mice was observed in the pinprick
assay (Figure 1(e); two-way ANOVA, main effect of time:
Fr36=2.28, p=0.123; species x time  interaction:
F>36=2.34, p=0.117). However, subsequent indepen-
dent t-tests revealed that NMRs exhibited significantly
less reaction to the pinprick compared with mice four-
weeks following nerve injury (week 4, 7;=2.871,
p <0.05). Mice showed different reaction times to pin-
prick following SNI, but only at four weeks were these
times increased compared with baseline (paired samples
t-test, 17,=2.95, p=0.021). Response times of NMRs
were not significantly elevated at any of the time points
following injury compared with baseline responses
(paired samples t-test, all # values < 1.17, p > 0.05).

Effect of mild cold stimuli after nerve injury

Following SNI, mice displayed an increase in the
amount of time spent attending to the hind paw after
the application of acetone, with response times in NMRs
remaining virtually unchanged (Figure 1(f); two-way
ANOVA, species x time interaction: F5 4 =20.205,
p<0.001). There was a consistent increase in time
spent attending in mice that was not observed in
NMRs, where a complete lack of behavioral responding
was observed. At all time points, the amount of time
attending to the hind paw after acetone application
was significantly greater in mice compared with NMRs
(baseline: t,=3.58, week 1: t,=3.936, week 2: t;,=15.921,
week 3:t,=4.851, week 4: t,=4.522, all p values < 0.01).

Effect of chemical transient receptor potential
agonists on surgically naive animals

We next sought to determine whether the lack of response
to acetone in NMRs generalized to different cold stimuli
in the absence of nerve injury. Accordingly, we used sur-
gically naive animals and compared response time in both
NMRs and mice to intraplantar injections of two algo-
gens known to activate TRP receptors involved in the
response of cold stimuli. In particular, we tested intra-
plantar injections of mustard oil, which activates TRPAI,
and icilin, a strong activator of TRPMS&. Mice displayed a
lower amount of licking/chewing of the hind paw when
injected with mustard oil, compared with responses in
NMRs (Figure 2(a) and (c), t3=3.13, p<0.01).
Conversely, NMRs displayed less licking/chewing behav-
ior compared to mice following intraplantar injection of
icilin (Figure 2(b) and (d), t;7="7.69, p <0.001), indicat-
ing that an obvious reaction to icilin is lacking in the
NMR. Ethograms displaying individual licking episodes

over the entire 10 min observation period are shown for
mustard oil (Figure 2(c)) and icilin (Figure 2(d)) behav-
iors for mice and NMRs.

Species expression of TRPA| and TRPMS8 receptor
mRNA

In order to determine whether paw attending in surgi-
cally naive NMRs following mustard oil or icilin injec-
tions was associated with differences in the expression of
TRPA1 or TRPMS&, we used RNAscope, an in situ
hybridization stain. Specifically, we quantified the aver-
age number of punctae in TRPA1 and TRPMS positive
cells in DRG tissue between surgically naive animals of
both species. The average number of TRPA1 was signif-
icantly higher (Figure 3(a), U=3052, p <0.0001), while
TRPMS was lower (Figure 3(b), U=1564, p<0.001) in
NMRs compared with mice when mRNA puncta per cell
was analyzed. We also probed for TRPV1 mRNA tran-
scripts as a further TRP channel comparison and found
that the average number of punctae per cell was similar
between the species (data not shown; U=4133, p=0.14).

Discussion

The African NMR (Heterocephalus glaber) was chosen
for the current study due to several modifications to the
nociceptive system that have evolved to help it navigate
a challenging subterranean environment. Initially, we set
out to assess whether unique features of the NMR
somatosensory system may extend to neuropathic pain
phenotypes, specifically the development of sensitivity to
mechanical and cold stimuli following nerve injury.
NMRs displayed a lack of cold allodynia following
nerve injury when compared with mice, which led us to
assess behavior responses in surgically naive animals to
TRP channel activators associated with cold stimuli.
Nocifensive responses to mustard oil, a TRPA1 activa-
tor, were enhanced when compared with mice, while
icilin, a strong activator of TRMP8'%* did not evoke
detectable behaviors in NMRs. We also observed abun-
dant expression of TRPAI, but lower expression of
TRPMS, mRNA puncta in the DRG of NMRs when
compared with mice. NMRs and mice were compared
because prior investigations into the somatosensory
system of the NMR have been made with mice and
not rats.* ' In addition, RNAseq profiling has revealed
that NMR sensory neurons can be classified at the
molecular level in a similar way to those of mice.*'*?
After SNI surgery, NMRs and mice developed similar
patterns of sensitivity to innocuous touch represented by
a sustained decrease in von Frey threshold following
injury (Figure 1(a) and (b)). This result is comparable
with previous studies that have reported similar mechan-
ical sensitivity between the two species following
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Figure 2. Behavioral reaction to chemical activators of cold receptors in surgically naive animals. (a) Mice (n = 17) exhibited less licking/
chewing in the 10 min after intraplantar injection of mustard oil, activator of TRPAI, compared to NMRs (NMR; n=17), *p < 0.01. (b) In
contrast, NMRs (n = 16) displayed little licking/chewing behavior compared to mice (n = 16) in the 10 min after an intraplantar injection of
icilin, strong activator of TRPM8, **p < 0.001. (c and d) Raster plots of time spent licking/chewing (s) after intraplantar mustard oil (c) and

icilin (d). NMR: naked mole-rat.

inflammatory injury.® Since the absolute threshold
values for mice and NMRs were quite different, we stan-
dardized the change in sensitivity as a percent of baseline
values and found greater hypersensitivity in mice com-
pared with NMRs following surgery (Figure 1(c)). While
this observation may indicate that NMRs develop less
hypersensitivity following nerve injury, these data may
reflect the constant tunneling and digging movement of
NMRs, which make the measurement of mechanical
thresholds difficult. There are reported behavioral differ-
ences in subordinate colony members with some individ-
uals being more aggressive and others spending more
time digging and moving food.”* However, when sepa-
rated from the colony and placed into testing cubicles,
all subordinate NMRs constantly bite at the cubicle and
push on the sides in an attempt to tunnel out with occa-
sional breaks of typically no more than 1min. This

behavior is in stark contrast to mice, which habituate
and remain relatively stationary within the testing cubi-
cles after as little as 30 min. In a species such as the
NMR, which spends much of the day tunneling and dig-
ging, cognitive attention may be pulled more toward
digging as opposed to responding to the evoked mechan-
ical stimulation. This would be similar to increased pain
thresholds of human participants in response to distrac-
tion* 2% and reduced pain behavior during grooming
and movement in mice.?’

In our opinion, the most intriguing finding from the
present study is that NMRs showed an unusual lack of
reflexive behavior to a mild cold stimulus both before
and after nerve injury, and surgically naive animals did
not display behavioral responses to icilin. Mice respond
to acetone with a brief flick of the foot and the duration
of foot flicking increases over time following nerve
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Figure 3. Expression of TRPA| and TRPM8 mRNA in DRG of surgically naive animals. (a) Representative images for mouse (left panel)
and NMR (middle panel) showing TRPAI mRNA punctae (orange). Significantly higher punctae per cell (right panel) in NMR DRG (n =95
cells) compared with mice (n = 157 cells), ¥***p < 0.001. (b) Representative images for mouse (left panel) and NMR (middle panel) showing
TRPM8 mRNA punctae (green). Significantly lower puncta per cell (right panel) in NMR DRG (n = 137 cells) compared with mice (n =70

cells). Scale bars =50 uM. NMR: naked mole-rat.

injury. In contrast, NMRs did not respond to a droplet
of acetone before or after nerve injury, indicating that
the stimulus may not be transmitted properly, or the
signals are not processed as in other rodent species.?
In addition, electrophysiological recordings have
shown that high concentrations of icilin activate
TRPAI1, but behavioral responses have been shown to
rely on TRPMS and not TRPA1 activation.'®-**%
Based on the lack of icilin responsiveness in NMRs,
we reasoned that they might have a lower expression of
TRPMS in sensory neurons. Thus, we used RNAscope
in situ hybridization to investigate this hypothesis
because commercially available TRPMS antibodies—
even for mouse and rat—are limited, and RNAscope
allowed us to design probes specific for the NMR. We
observed a lower number of TRPM8 mRNA puncta
between in NMR when compared with surgically naive
mice and analyzed per cell. Further to this point, each
cell was considered independent because each
RNAscope dot is derived from a single mRNA mole-
cule.'® However, caution must be exercised when inter-
preting the RNAscope data because of the small sample
size. These data are a limitation of the current study, but
we would like to reinforce that the primary reason for
including RNAscope was not to give an in-depth

analysis of TRPMS8 (or even TRPAI), but rather to
show the presence of these transcripts in both species.
It is reasonable to expect that TRPMS or TRPAI are
expressed by different subpopulations of neurons in
NMRs because differences in TRP channel expression
have been previously reported among other species.
For example TRPV1 is almost exclusively found in
heat-specific peptidergic sensory neurons in mice,*’!
while it is found in both peptidergic and nonpeptidergic
C-fibers in rats.’®¥¥ A recent RNAscope study
revealed that TRPV1 mRNA is expressed in the entire
nociceptor population in humans (77.7% of all neurons)
compared to only 32.4% in mouse. Contrastingly, this
same study found less TRPA1 mRNA expressing neu-
rons in human DRG (16.3%) than mouse (55.2%).%
TRPMS8 and TRPA1 mRNA are expressed in different
subsets of rat DRG cells, with TRPMS found in both C
fibers and A fibers, while TRPA1 is found almost exclu-
sively in a different subset of C fibers.> Follow-up stud-
ies will be imperative toward understanding the cellular
distribution of TRPMS8 (and TRPA1) in NMRs, while
also examining their functional sensitivity to activators
of these ion channels. However, in both rats and mice,
TRPMS and TRPA1 are downregulated following nerve
injury with distribution patterns remaining intact.*
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It is challenging to draw conclusions without con-
ducting a functional experiment. However, motivated
behavioral responses do not always correspond with
fiber and receptor activation.’” In NMRs, the TRPV1
receptor is expressed at normal levels in DRG and func-
tions despite a lack of behavioral response to capsaicin'®
and heat hypersensitivity.® Explanations for the lack of
response from capsaicin in the NMR have been pro-
posed, including deeper superficial rooting of TRPV1
receptor-expressing C fibers into the dorsal horn® and
modification of receptor function either on the receptor
itself or through interaction with other molecules.'
Given that monosynaptic input from a subset of unmy-
elinated primary afferents converge on capsaicin- and
icilin-responsive ~ spinal interneurons, interactions
between distinct afferent messages may be dependent
on similar mechanisms.*® However, eradicating CGRP-
expressing neurons in mice enhances both cold sensitiv-
ity and icilin-evoked spinal neuron responses.’’ These
results conflict with the lack of cold sensitivity and
icilin-responsiveness in NMRs as they naturally do not
express CGRP in peripheral afferents.'’ Another possi-
bility is that NMRs present lower expression of TRPMS
at central terminals compared to the expression of these
receptors in mice. We attempted to investigate this pos-
sibility, but punctate staining was sparse in both species
making the interpretation of the data difficult (data not
shown). Enhanced TRPMS signaling has also been impli-
cated in cellular proliferation® and decreased TRPMS
signaling in NMRs would coincide with their resilience
to cancer.*

NMRs possessed intact nocifensive behaviors in
response to mustard oil, a TRPA1 agonist, suggesting
that unique rather than general pain adaptations have
occurred in this species. Interestingly, mustard oil does
not evoke noxious pain responses in the highveld mole-
rat, a closely related species to the NMR.?> TRPAI
mRNA was elevated in NMRs, supporting previously
published sequencing work?* and the mustard oil behav-
ioral data reported herein. In addition to responding to
mustard oil and other chemical signals, TRPAIl
responds to cold and mechanical stimuli.*' * Focusing
on cold signals, the debate on the role of TRPAI and
TRPMS in cold sensation has been lively since the dis-
covery of these receptors.***® While the involvement of
TRPMS in cold stimuli has been relatively consis-
tent,***® some studies found a role for TRPAI in
strong cold perception,*® mild cold perception,®’>
and no role for either TRPA1 or TRPMS in cold sensi-
tivity after nerve injury.’®> However, recent studies
using calcium imaging observed large regions of neurons
in the spinal cord and trigeminal ganglia, revealed
TRPMS to be involved in the encoding of both mild
and strong cold stimuli, and found no role for TRPAI
in the encoding of cold stimuli.”** Instead, TRPA1 has

been implicated in the encoding for heat stimuli,
strengthened by the co-expression of TRPAI1 with
TRPV1.>

Together, these data have broadened the overall pic-
ture of the pain system in this fossorial species by explor-
ing neuropathic pain. Continued investigation should
reveal the mechanism behind the lack of mild cold
response in this unique rodent and will potentially help
to understand the role of TRP receptors in cold allody-
nia in neuropathic pain and the interaction of receptors
in sensory signal transmission. Concerning symptoms in
nociceptive and chronic pain, continued research into
potential TRP targets may help alleviate sensations
that often fail to respond to NSAIDs or opiate therapies
widely used today.’® It should also be noted that TRP
channel antagonists have been tested in drug develop-
ment studies with side effects of hyper- and hypother-
mia.’” Thus, targeting local TRP channels at the site of
injury may be essential to avoid systemic side effects
from TRP modulators in sensitized nociceptive fibers.
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