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TRPM3 Channels Play Roles in Heat Hypersensitivity and
Spontaneous Pain after Nerve Injury
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Transient receptor potential melastatin 3 (TRPM3) is a heat-activated ion channel in primary sensory neurons of the dorsal
root ganglia (DRGs). Pharmacological and genetic studies implicated TRPM3 in various pain modalities, but TRPM3 inhibi-
tors were not validated in TRPM32/2 mice. Here we tested two inhibitors of TRPM3 in male and female wild-type and
TRPM32/2 mice in nerve injury-induced neuropathic pain. We found that intraperitoneal injection of either isosakuranetin
or primidone reduced heat hypersensitivity induced by chronic constriction injury (CCI) of the sciatic nerve in wild-type, but
not in TRPM32/2 mice. Primidone was also effective when injected locally in the hindpaw or intrathecally. Consistently, in-
trathecal injection of the TRPM3 agonist CIM0216 reduced paw withdrawal latency to radiant heat in wild-type, but not in
TRPM32/2 mice. Intraperitoneal injection of 2mg/kg, but not 0.5mg/kg isosakuranetin, inhibited cold and mechanical hyper-
sensitivity in CCI, both in wild-type and TRPM32/2 mice, indicating a dose-dependent off-target effect. Primidone had no
effect on cold sensitivity, and only a marginal effect on mechanical hypersensitivity. Genetic deletion or inhibitors of TRPM3
reduced the increase in the levels of the early genes c-Fos and pERK in the spinal cord and DRGs in CCI mice, suggesting
spontaneous activity of the channel. Intraperitoneal isosakuranetin also inhibited spontaneous pain related behavior in CCI
in the conditioned place preference assay, and this effect was eliminated in TRPM32/2 mice. Overall, our data indicate a role
of TRPM3 in heat hypersensitivity and in spontaneous pain after nerve injury.
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Significance Statement

Neuropathic pain is a major unsolved medical problem. The heat-activated TRPM3 ion channel is a potential target for novel
pain medications, but the pain modalities in which it plays a role are not clear. Here we used a combination of genetic and
pharmacological tools to assess the role of this channel in spontaneous pain, heat, cold, and mechanical hypersensitivity in a
nerve injury model of neuropathic pain in mice. Our findings indicate a role for TRPM3 in heat hyperalgesia, and spontane-
ous pain, but not in cold and mechanical hypersensitivity. We also find that not only TRPM3 located in the peripheral nerve
termini, but also TRPM3 in the spinal cord or proximal segments of DRG neurons are important for heat hypersensitivity.

Introduction
Chronic pain is an unsolved medical problem; the lack of effec-
tive, but nonaddictive treatments against severe pain is a major
driving force behind the search for novel analgesics. Transient
receptor potential (TRP) channels are considered prominent

drug targets, but so far no clinically useful medication targeting
TRP channels has been developed. Most efforts focused on the
heat- and capsaicin-sensitive TRP vanilloid 1 (TRPV1), but they
largely failed mainly because of the severe, often life-threatening
hyperthermia caused by TRPV1 antagonists (Carnevale and
Rohacs, 2016). Here we evaluated the heat-sensitive TRP mela-
statin 3 (TRPM3) as an alternative drug target to treat evoked
and spontaneous neuropathic pain.

TRPM3 is a Ca21-permeable nonselective cation channel
expressed in nociceptive neurons of the dorsal root ganglia
(DRGs) and trigeminal ganglia (Oberwinkler and Philipp, 2014).
It is activated by heat and chemical compounds, such as the en-
dogenous neurosteroid pregnenolone sulfate (PregS; Wagner et
al., 2008) and the synthetic compound CIM0216 (Held et al.,
2015). Genetic deletion of TRPM3 in mice decreased sensitivity
to noxious heat, as well as reduced inflammatory thermal
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hyperalgesia (Vriens et al., 2011). Furthermore, this channel is
part of a trio of TRP channels, the combined deletion of which
completely eliminated sensitivity to noxious heat in mice
(Vandewauw et al., 2018). We and others recently reported that
this channel is robustly inhibited by the activation of Gi-coupled
receptors such as m-opioid receptors and GABAB receptors in
DRG neurons (Badheka et al., 2017; Dembla et al., 2017; Quallo
et al., 2017); thus, it may also be a downstream target of endoge-
nous pain relief pathways.

While genetic deletion of TRPM3 leads to defects in noxious
heat sensation (Vriens et al., 2011), the temperature threshold of
the channel is such that it is activated well below noxious tem-
peratures. For example, TRPM3 currents in HEK293 cells were
shown to increase when the temperature was raised from 15°C to
26°C, with a further increase at 37°C (Vriens et al., 2011).
TRPM3 expressed in Xenopus oocytes showed an increase in cur-
rents when the temperature was raised from room temperature
to 30°C (Zhao et al., 2020). This relatively low temperature
threshold makes TRPM3 an ideal candidate for contributing to
spontaneous pain in pathologic conditions, but this possibility
has not yet been experimentally addressed.

Increased skin temperatures are sensed by the free nerve end-
ings of the peripheral processes of DRG neurons (Vriens et al.,
2014). TRP channels, however, have been shown to also be pres-
ent in the central processes of DRG neurons that form synapses
with the secondary neurons in the dorsal horn, and they can
modulate the transmission of painful stimuli (Kim et al., 2014).
TRPM3 RNA has also been detected in the spinal cord (Lee et al.,
2003; Häring et al., 2018; Sathyamurthy et al., 2018). The role of
TRPM3 in pain processing in the spinal cord and the proximal
segments of DRG neurons (i.e., central processes, central termini,
or cell bodies) has not yet been experimentally addressed.

Inhibitors of TRPM3 showed beneficial effects in some rodent
pain models, and, unlike TRPV1 inhibitors, they do not increase
body temperatures (Straub et al., 2013; Vriens and Voets, 2018).
While the role of TRPM3 in noxious heat sensation and thermal
hyperalgesia is well supported, its role in cold and mechanosen-
sation is controversial, (Straub et al., 2013; Chen et al., 2014; Jia
et al., 2017; Krügel et al., 2017). None of the results with TRPM3
inhibitors, however, were validated in TRPM3�/� animals; there-
fore, it is not clear which of the reported effects are mediated by
TRPM3 inhibition (Behrendt, 2019).

Here we used TRPM3�/� mice and two different TRPM3
inhibitors to evaluate the role of this channel in various nocicep-
tive conditions. We found that genetic deletion of TRPM3
reduced heat, but not mechanical threshold in basal conditions
and in inflammation induced by paw injection of carrageenan.
In the chronic constriction injury (CCI) model of neuropathic
pain, intraperitoneal injection of isosakuranetin or primidone
reduced heat sensitivity in wild-type (WT) mice, but not in
TRPM3�/� mice. Mechanical and cold hypersensitivity after CCI
were not affected by intraperitoneal injection of 0.5mg/kg isosa-
kuranetin or were only marginally affected by 1mg/kg primi-
done. Isosakuranetin at 2mg/kg reduced mechanical and cold
hypersensitivity after CCI, but these effects were also observed in
TRPM3�/� mice, suggesting an effect independent of TRPM3.
Primidone was also effective in reducing heat, but not mechani-
cal hypersensitivity in CCI when injected locally either in the
hindpaw or intrathecally. Intrathecal injection of the TRPM3
agonist CIM0216 induced heat hypersensitivity in wild-type ani-
mals, but not in TRPM3 knock-out (KO) animals. Levels of the
early genes c-Fos and pERK phosphorylated extracellular signal-
regulated kinase, indicators of neural activity, increased in both

the DRGs and the spinal cords of CCI mice, and genetic deletion
of TRPM3 reduced this increase, suggesting spontaneous activity
of the channel in CCI, and its potential involvement in central
sensitization. Intraperitoneal isosakuranetin also inhibited spon-
taneous pain-related behavior in CCI in the conditioned place
preference (CPP) assay, and this effect was reduced, or elimi-
nated in TRPM3�/� mice. Our data support the role of TRPM3
in heat hyperalgesia and spontaneous pain, but not in cold and
mechanical hypersensitivity.

Materials and Methods
Ethics statement
All experiments were conducted in accordance with the ethical guide-
lines of the Rutgers New Jersey Medical School Animal Research
Committee, and complied with the recommendations of the International
Association for the Study of Pain. All procedures were approved by the
Institutional Animal Care and Use Committee at the Rutgers New Jersey
Medical School.

Experimental animals
Experiments were performed on male and female TRPM3-deficient
mice (TRPM3-KO or TRPM3�/�) and their WT counterparts (age, 7–
9weeks; weight, 22–25 g). TRPM3�/� mice in the C57BL/6 background
were a gift from Thomas Voets (Katholieke Universiteit, Leuven,
Belgium; Vriens et al., 2011). The mice were bred using heterozygous
breeding pairs, and we used wild-type littermates as controls for most
experiments. Mice were kept in the Laboratory Animal Housing Faculty
of Rutgers New Jersey Medical School at 24–25°C, provided with stand-
ard mouse chow and water ad libitum and maintained under a 12 h
light/dark cycle. Each mouse genotype was confirmed by PCR analysis.
Experimenters were blind to treatment condition and, in most cases, to
the mouse genotypes.

DRG neuron culture and Ca21 imaging
DRG neurons were prepared as described previously (Yudin and
Rohacs, 2019). Briefly, mice were anesthetized with intraperitoneal injec-
tion of ketamine (100mg/kg) and xylazine (12mg/kg). The anesthetized
animals were then perfused via the left ventricle with ice-cold HBSS
(Thermo Fisher Scientific). Ganglia were collected after laminectomy
and maintained in ice-cold HBSS during the isolation. After isolation,
ganglia were incubated in an HBSS-based enzyme solution containing
2mg/ml type I collagenase (Worthington) and 5mg/ml dispase (Sigma-
Aldrich) at 37°C for 25–30min, followed by repetitive trituration for dis-
sociation. After centrifugation at 80 g for 10min, cells were resuspended
and plated on round coverslips precoated with poly-L-lysine (Thermo
Fisher Scientific) and laminin (Sigma-Aldrich). They were allowed to
adhere for 1 h; were maintained in culture in DMEM/F12 supplemented
with 10% FBS (Thermo Fisher Scientific), 100 IU/ml penicillin, and
100mg/ml streptomycin; and were kept in a humidity-controlled tissue
culture incubator with 5% CO2 at 37°C for 12–36 h before experiments.

Ca21 imaging measurements were performed with an Olympus IX-
51 Inverted Microscope equipped with a DeltaRAM excitation light
source (Photon Technology International), as described earlier (Yudin
and Rohacs, 2019). Briefly, DRG neurons were loaded with 1 mM fura-2
AM (Thermo Fisher Scientific) at 37°C for 40–50min before the mea-
surement, and dual-excitation images at 340 and 380nm excitation
wavelengths were detected at 510 nm with a Roper Cool-Snap digital
CCD camera. Measurements were conducted in an extracellular solution
containing the following (in mM): 137 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10
HEPES, and 10 glucose, pH 7.4. Data analysis was performed using the
Image Master software (PTI), and data were transferred to Microsoft
Excel for further analysis and plotted in Origin 2019.

Drugs and their administration
Isosakuranetin was purchased from PhytoLab with a purity of .98%.
The compound was freshly prepared with 5% Tween 80 in PBS.
Different doses (2, 6, and 10mg/kg in a volume of 6 ml/kg body weight)
were tested in naive mice by intraperitoneal injection to evaluate the
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most effective dosage. In the mice that underwent nerve injury, 2mg/kg
was used intraperitoneally. Behavior measurements were conducted
15min after drug delivery, animals were killed for immunofluorescence
measurements 30min after drug delivery.

Primidone was purchased from Sigma-Aldrich. This compound was
dissolved in sterile DMSO (10mg/ml) and diluted in 0.5% Tween 80 in
isotonic NaCl (Sigma-Aldrich), which was also used as vehicle control.
Primidone was delivered with three distinct protocols: responses to 0.5,
1, and 2mg/kg body weight were measured in naive mice by intraperito-
neal injection, and 1mg/kg was applied intraperitoneally in the mice
with neuropathic pain. For intrathecal injection, 5ml of 460 mM was
administered (2.3 nmol), and for intraplantar injection 10ml of 230 mM

was (2.3 nmol) was injected. CIM0216, the potent agonist of TRPM3, was
purchased from Calbiochem (EMDMillipore) with a purity of 98.3%, and
was dissolved in DMSO. The working solutions were diluted from the
stock solution (100 mM) with vehicle (combination of 88% NaCl, 10%
PEG-200, and 2% Tween 80). For intrathecal injection (25nmol), a vol-
ume of 5ml with a concentration of 5 mM was delivered slowly. All meas-
urements were conducted 30–60min after drug delivery.

Intrathecal administration. Intrathecal injection was performed as
previously described (Gao et al., 2010; Berta et al., 2014; Lee et al., 2018).
Briefly, a 25ml microsyringe (30 ga needle coupled to a Hamilton syringe)
was inserted between the L5 and L6 segments under light isoflurane anes-
thesia (3%), and the flick or formation of an “S” shape by the tail was con-
sidered as a successful injection. Drugs were injected into the
subarachnoid space with a total volume of 5ml at a constant rate of 10ml/
min. Measurements were performed 30min after intrathecal drug
delivery.

Pain models
Carrageenan-induced inflammatory pain model. Paw inflammation

was evoked by unilateral subcutaneous injection with 20ml of a 1% solu-
tion of l -carrageenan [dissolved in 0.9% sodium chloride (Sigma-
Aldrich) into the dorsal surface of the left hindpaw; Woodhams et al.,
2019]. Behavioral measurements were performed throughout a 2 d experi-
mental period, as indicated in the figure legend. Immunofluorescence
staining was performed at 4 h after carrageenan administration.

Sciatic nerve chronic constriction injury-induced neuropathic pain
model. For CCI-induced neuropathic pain, the surgery was performed as
described previously (Tanimoto-Mori et al., 2008; Li et al., 2015b, 2017).
Briefly, after the animals were anesthetized with ketamine and xylazine,
and randomly divided into the sham-operated and unilateral CCI model
groups. The left sciatic nerve trunk was exposed by blunt dissection at
mid-thigh level, and three ligatures were tied loosely with 7–0 silk thread
around the nerve with 1 mm spacing. The sham groups underwent pro-
cedures identical to that in the CCI group, but without the ligature of the
respective nerve. Behaviors were examined before the surgery and 6 d af-
ter surgery with drug treatments. Immunofluorescence measurements
were conducted 6 d after the surgery; animals underwent CCI surgery on
one side, sham operation on the other side.

Behavior tests
Animals were acclimatized to the testing room for at least 1 h before all
behavioral tests. The same experimenter handled and tested all animals
in each experiment, and was blinded to the treatment and, in most cases,
to the genotype of the animals. Both male and female mice were used,
and the data were pooled together as we did not observe a significant dif-
ference between the sexes.

Evoked pain behavior analysis
Mechanical, heat, and cold tests were conducted as described previously
(Bennett and Xie, 1988; Nadal et al., 2006; Tanimoto-Mori et al., 2008; Li
et al., 2017). There was a 1 h interval between the two tests.

von Frey filament test. Mechanical sensitivity was assessed by paw
withdrawal responses to von Frey filament stimuli (Li et al., 2017, 2020).
Mice were acclimatized on a metal mesh floor in an individual Plexiglas
chamber for 1 h. The mechanical sensitivity was evaluated using two
calibrated von Frey filaments (0.07 and 0.4 g). They were used to stimu-
late the hindpaw for;1 s, and each stimulation was repeated 10 times to

both hindpaws with a 5min interval. Paw withdrawal responses in each
of these 10 applications were represented as a percentage response fre-
quency [(number of paw withdrawals/10 trials)� 100 = % response
frequency].

Hargreaves test. Thermal sensitivity of the paw was assessed with a
Model 336 Analgesia Meter (IITC Life Science). Mice were acclimatized
on a glass floor in small Plexiglas chambers for 1 h, after which a light
beam was focused on the midplantar region of the of the hindpaw. The
latency to respond by withdrawing the paw from the light was recorded.
The intensity of the light beam was adjusted to achieve an average base-
line paw withdrawal latency of ;10–12 s in naive mice. The cutoff time
was 20 s to prevent tissue damage. Stimuli were applied to the paws three
to five times at 5min intervals, and the average latency was calculated
(Nadal et al., 2006; Li et al., 2017).

Cold plate test. Paw withdrawal responses to noxious cold (0°C) and
innocuous cold (5°C) were examined when the animal was placed in an
individual Plexiglas chamber on a cold aluminum plate, the temperature
of which was monitored continuously by a thermometer. For the
response to noxious cold (0°C), the duration between hindpaw placed
on the plate and paw flinching was recorded as paw withdrawal latency.
Each test was repeated three times at 10 min intervals for the paw on the
ipsilateral side. To avoid tissue damage, a cutoff time of 20 s was used
(Cao et al., 2015b; Li et al., 2017). For the response to innocuous cold (5°
C), each mouse was placed on the cold plate, which was preset at a tem-
perature of 5°C. The number of times the mouse lifted up or flinched its
paw was recorded for the duration of 5min. The scores were obtained
by subtracting the contralateral paw lifts count from the ipsilateral paw
lifts count (Nadal et al., 2006; Tanimoto-Mori et al., 2008).

Spontaneous pain test
Conditioned place preference. CPP was performed 6d after CCI or

sham operations as described previously (Mo et al., 2018; Sun et al., 2019).
Animals were first preconditioned with full access to two different
Plexiglas chambers connected through an internal door (Med Associates)
for 30min; after that, the time spent in each chamber was recorded as the
baseline within 15min. The conditioning protocol was performed for the
following 3d with the internal door closed. Each mouse received intraperi-
toneal injection of vehicle specifically paired with one conditioning cham-
ber for 30min in the morning. Six hours later, isosakuranetin (2 or
0.5mg/kg body weight) was given intraperitoneally paired with another
conditioning chamber for 30min in the afternoon. On the test day, the
mice were placed in one chamber with free access to both chambers. The
duration of time that each mouse spent in each chamber was recorded for
15min. CPP scores were calculated by subtracting preconditioning time
from test time spent in the isosakuranetin-paired chamber.

Immunofluorescence
Animals were deeply anesthetized with ketamine and xylazine and trans-
cardially perfused with 20 ml of 0.01 M PBS, pH 7.4, followed by 20 ml of
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. The tis-
sues of L3–L5 DRGs and the corresponding spinal cord from each group
were collected, and postfixed in 4% paraformaldehyde at 4°C for 4 h, fol-
lowed by dehydration in gradient from 20–30% sucrose in 0.01 M PBS
solution at 4°C overnight. The DRGs were sectioned into 12-mm-thick
slices, and the spinal cords were sectioned into 14-mm-thick slices. After
the sections were blocked for 1 h at room temperature in blocking solu-
tion (UltraCruz Blocking Reagent, catalog #sc-516214, Santa Cruz
Biotechnology), they were incubated with the following primary anti-
bodies overnight at 4°C: mouse anti-c-Fos (E-8; 1:80; catalog #sc-
166940, Santa Cruz Biotechnology) and rabbit anti-pERK (1:200; catalog
#p160-2024, PhosphoSolutions). The sections were then incubated with
either goat anti-mouse antibody conjugated to Cy3 (1:600; Jackson
ImmunoResearch) and goat anti-rabbit conjugated to Cy3 (1:600;
Jackson ImmunoResearch) for 2 h at room temperature. Control experi-
ments included the substitution of normal mouse or rabbit serum for
the primary antiserum and omission of the primary antiserum. The sec-
tions were finally mounted using DAPI mounting medium (Sigma-
Aldrich). Immunofluorescence-labeled images were examined using a
Leica DMI4000 Fluorescence Microscope and captured with a
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DFC365FX camera (Leica) or a Nikon Ti2-E Microscope equipped with
an ORCA-Fusion Gen-III Camera. Labeled cells were quantified using
the NIH ImageJ software. Consistent with earlier publications, c-Fos
staining showed predominantly cytoplasmic location in DRG neurons
(Koh et al., 2014; Liu et al., 2015).

In situ hybridization RNAscope assay
After perfusion under deep anesthesia, L3–L5 DRGs and the corre-
sponding spinal cords were collected from mice; the tissues were post-
fixed and dehydrated with the same protocol as applied in
immunofluorescence measurements. DRGs and spinal cords were sec-
tioned into 12- and 14-mm-thick slices, respectively.

RNAscope assay was then conducted as described previously
(Adriaenssens et al., 2019; Warren et al., 2019). Simultaneous detection
of mouse TRPM3, GFAP, and NeuN was performed on fixed DRGs and
spinal cord sections using Advanced Cell Diagnostics (ACD) RNAscope
2.5 LS Multiplex Reagent Kit, Probe-Mm-Trpm3, and Probe-Mm-
GFAP-C2, and Probe-Mm-Rbfox3-C3 (NeuN; ACD). Positive
(RNAscope 3-plex LS Multiplex Control Positive Probe-Mm polr2A,
ppib, ubc; ACD) and negative (RNAscope 3-plex LS Multiplex Negative
Control Probe dapB; ACD) controls were performed in parallel. The sec-
tions were then postfixed in prechilled 4% PFA for 15min at 4°C and
washed three times with PBS for 5min each before dehydration through
50, 70, and 100% and 100% ethanol for 5min each. Slides were air dried
at room temperature, and a hydrophobic barrier was drawn around the
section. We then treated slides with a protease (Pretreatment 4) for
20min and washed them in distilled water. Probe hybridization and sig-
nal amplification were performed according to manufacturer instruc-
tions. The following TSA Plus fluorophores were used to detect
corresponding RNAscope probes according to the ACD protocol: Opal
520, 570, and 690 Reagent Kits (Akoya Biosciences). Slides were then
mounted using DAPI (ACD). Slides were imaged on a Nikon A1R con-
focal microscope with a 40� oil-objective; the images were quantified
using CellProfiler software (Erben et al., 2018).

Experimental design and statistical analysis
All the sample sizes and experimental designs were based on data previ-
ously published in our laboratory and similar experiments in this field.
Data are presented as the mean 6 SD or mean 6 SEM and scatter plots,
with the number of experimental replicates indicated in each figure legend.
Statistical analysis was performed using GraphPad Prism 8.0 or Microcal
Origin 2019 software. The normality of data distribution was tested with the
Kolmogorov–Smirnov test. One-way, two-way, or three-way ANOVA fol-
lowed by Tukey’s post hoc test was used to assess significance, as indicated
in each figure legend. The p values shown in the figures are from pairwise
comparisons from Tukey’s test; p and F values for overall ANOVA for indi-
vidual factors and their interactions are described in the figure legends. p
Values of,0.05 were considered significantly different.

Results
The goal of this study is to assess the role of the TRPM3 ion channel
in various nociceptive conditions, using two TRPM3 inhibitors and
TRPM3�/� mice. First, we validated the TRPM3�/� mice by per-
forming Ca21 imaging experiments on DRG neurons isolated from
wild-type and TRPM3�/� mice. Consistent with earlier reports
(Vriens et al., 2011), we found that wild-type, but not TRPM3�/�,
DRG neurons displayed robust Ca21 increases in response to the
application of the TRPM3 agonist pregnenolone sulfate (12.5 mM;
Fig. 1A,B). Unlike wild-type neurons, TRPM3�/� DRG neurons
also lacked responses to CIM0216 (1 mM), the synthetic agonist of
TRPM3, but they responded to capsaicin (0.2 mM), the agonist of
TRPV1, and menthol (500 mM), the agonist of TRPM8 channels
(data not shown). These data validate the lack of functional TRPM3
channels in TRPM3�/� mice.

TRPM3 plays a role in thermal hyperalgesia but not in
mechanical allodynia in inflammation
TRPM3�/� mice were shown to display reduced basal heat sensi-
tivity and thermal hyperalgesia, but no impairment in mechanical
sensitivity after inflammation induced by local injection of
Complete Freund’s Adjuvant (CFA; Vriens et al., 2011). Here we
tested heat and mechanical sensitivity before and after hindpaw
injection of carrageenan. Figure 1, C and D, shows that TRPM3�/�

mice showed reduced basal sensitivity to radiant heat compared
with wild-type mice. Injection of carrageenan induced a robust
decrease in paw withdrawal latency to radiant heat in wild-type
mice, but not in TRPM3�/� mice. Responses to mechanical stimuli
using von Frey filaments, on the other hand, were not different
between wild-type and TRPM3�/� mice (Fig. 1E–H) in baseline
conditions, and after carrageenan injection. These data are consist-
ent with earlier findings showing that TRPM3 plays a role in
responses to heat, but not to mechanical stimuli (Vriens et al.,
2011).

Next, we compared the levels of c-Fos and pERK, two prono-
ciceptive signal transduction proteins in L3–L5 DRGs and the
corresponding dorsal horn in TRPM3�/� mice and wild-type lit-
termates with or without carrageenan injection. Figure 2 shows
that the number of c-Fos- and pERK-positive cells increased
both in the DRGs (Fig. 2A,C) and the dorsal horn (Fig. 2B,D) af-
ter carrageenan injection. This increase was significantly smaller
in DRGs from TRPM3�/� mice compared with wild-type litter-
mates both for c-Fos and pERK (Fig. 2C). Similarly, in the dorsal
horn, the increase induced by carrageenan in c-Fos and pERK
(Fig. 2D) was smaller in TRPM3�/� mice than in wild-type litter-
mates. These data indicate the importance of TRPM3 in trans-
mitting painful stimuli in carrageenan-induced inflammation.

TRPM3 is important for thermal hyperalgesia, but plays no
major role in cold or mechanical hypersensitivity in
neuropathic pain
It was reported that systemic injection of the TRPM3 antagonist
isosakuranetin (1.5–6mg/kg; Jia et al., 2017) and liquiritigenin
(Chen et al., 2014) reduced not only heat, but mechanical and
cold sensitivity in the CCI model of peripheral neuropathy in
rats.

Here we revisited the role of TRPM3 in heat, cold, and me-
chanical sensitivity in neuropathic pain using inhibitors and
TRPM3�/� mice. First, we tested the dose dependence of isosa-
kuranetin on sensitivity to radiant heat in naive mice. Figure 3A
shows that intraperitoneal injection of 2mg/kg isosakuranetin
induced a significant increase in paw withdrawal latency to radi-
ant heat. Higher doses (6 and 10mg/kg) showed smaller effects,
consistent with an earlier report (Straub et al., 2013); therefore,
we proceeded with 2mg/kg for subsequent experiments.

Next, we performed CCI operation on the mice and tested
sensitivity to radiant heat. Figure 3B shows that wild-type CCI
animals displayed a significant reduction in paw withdrawal la-
tency compared with sham-operated animals. TRPM3�/� CCI
mice on the other hand displayed no reduction in withdrawal la-
tency to radiant heat, showing the importance of TRPM3 in neu-
ropathic heat hyperalgesia. Intraperitoneal injection of 2mg/kg
isosakuranetin increased the latency of paw withdrawal from ra-
diant heat in wild-type sham-operated mice to levels similar to
those observed in TRPM3�/� mice (Fig. 3B). Isosakuranetin also
significantly increased the paw withdrawal latency in wild-type
CCI mice, but the withdrawal latency was still lower than that
observed in TRPM3�/� mice (Fig. 3B). In TRPM3�/� mice iso-
sakuranetin had no effect on paw withdrawal latency in either
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Figure 1. TRPM3 deficiency reduces hypersensitivity to thermal, but not to mechanical, stimuli in carrageen-induced inflammatory pain. A, B, Ca21 imaging experiments on isolated DRG
neurons from wild-type (A) and TRPM3�/� (B) mice. The applications of 12.5mM PregS and 30 mM KCl are indicated by the horizontal lines. Data are shown as the mean 6 SEM n = 69
for all PregS responsive neurons from one DRG isolation for wild-type mice, and n = 197 neurons for TRPM3�/� mice from a separate DRG neuron isolation on the same day.
Three independent DRG neuron isolations both from wild-type mice and from TRPM�/� mice were performed, and PregS was applied in all three of them with similar results.
C, D, Latencies to thermal stimuli after hind paw injection of carrageenan in the Hargreaves test of ipsilateral (C) and contralateral (D) sides of TRPM3-KO mice and wild-type lit-
termates (TRPM3-WT; n = 9–11). The p values on the top indicate a difference between TRPM3-KO and TRPM3-WT mice; p values at the bottom indicate a difference from the
baseline of TRPM3-WT mice. Data are expressed as the mean 6 SD. Statistical significance was calculated with two-way ANOVA (genotype � time) and Tukey’s post hoc test
(Fgenotype(1,72) = 173.43, p, 1� 10�15; Ftime(3,72) = 9.91, p = 1.5� 10�5; Fgenotype � time(3,72) = 6.00, p = 0.001) for the ipsilateral side. E–H, Paw withdrawal frequencies to
mechanical stimulation at 0.07 g (E, ipsilateral; F, contralateral) and 0.4 g (G, ipsilateral; H, contralateral) in von Frey filament test of TRPM3-WT and TRPM3-KO mice (n = 9-
11), p values on top show a difference from baseline in TRPM3-KO mice; p values in the bottom show difference from baseline for TRPM3- WT mice. Bars represent the mean 6
SD. Statistical significance was calculated with two-way ANOVA (genotype � time) and Tukey’s post hoc test (Fgenotype(1,76) = 0.17, p = 0.68; Ftime(3,76) = 89.9, p, 1� 10�15;
Fgenotype � time(3,76) = 0.36, p = 0.78 for the values of ipsilateral side at 0.07 g. Fgenotype(1,76) = 0.15, p = 0.70; Ftime(3,76) = 98.6, p, 1� 10�15; Fgenotype � time(3,76) = 0.10,
p = 0.96 for the values of ipsilateral side at 0.4 g.
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sham-operated or CCI-operated animals
(Fig. 3B), demonstrating that isosakurane-
tin reduced heat sensitivity acting on
TRPM3.

We also measured paw withdrawal fre-
quency in response to mechanical stimuli
using von Frey filaments (0.07 and 0.4 g).
Figure 3, C and D, shows that CCI surgery
increased withdrawal frequency from both
0.07 and 0.4 g von Frey filaments in wild-
type and TRPM3�/� mice to a similar
extent, arguing against the role of TRPM3
in mechanical allodynia. Interestingly, in-
traperitoneal injection of 2mg/kg isosakur-
anetin induced a moderate, but significant
reduction in withdrawal frequency at both
filament strengths in CCI-operated ani-
mals, but not in sham-operated animals.
The effect of isosakuranetin, however,
was similar in wild-type and in TRPM3�/�

mice, indicating that its effect was not medi-
ated by TRPM3.

Next, we tested the effect of isosakura-
netin on cold sensitivity. Mice were first
placed on 0°C cold plates (noxious cold)
and the withdrawal latency was measured.
Figure 3E shows that wild-type CCI-oper-
ated animals showed significantly shorter
withdrawal latency than sham-operated
animals. Intraperitoneal injection of
isosakuranetin increased the withdrawal
latency in CCI-operated animals, but
not in sham-operated mice. The effect
of isosakuranetin was very similar in
TRPM3�/� mice, which indicates that
isosakuranetin exerted its effect on cold
sensitivity independent of TRPM3 inhi-
bition. We also tested the number of
hindpaw lifts in a 5 min period when
mice were placed on a 5°C plate (innoc-
uous cold). Figure 3F shows that CCI-
operated animals showed a substantial
increase in the number of hindpaw lifts
compared with sham-operated animals
both in wild-type and TRPM3�/� mice.
Isosakuranetin reduced the number of hind-
paw lifts in both wild-type and TRPM3�/�

CCI-operated animals to similar extents.
Overall, these data indicate that isosakurane-
tin at 2mg/kg inhibits cold hypersensitivity
in CCI mice independently of TRPM3.

We also tested a lower dose of intraper-
itoneal isosakuranetin (0.5mg/kg) on heat,
mechanical, and cold sensitivity. As shown

A

B

C D

Figure 2. TRPM3 deficiency impairs carrageenan-induced pronociceptive signal transduction protein expressions in L3–L5 DRGs
and the corresponding dorsal horn. A, Sections of c-Fos (left) and pERK (right) immunostaining in DRGs of TRPM3-WT and TRPM3-
KO mice at 4 h after carrageen or vehicle injection. Scale bars, 50mm. B, Sections of c-Fos (left) and pERK (right) immunostaining
in dorsal spinal dorsal horn of TRPM3-WT and TRPM3-KO mice at 4 h after carrageenan or vehicle injection. Scale bars, 50mm. C,
The numbers of c-Fos-positive cells and pERK-positive cells in the DRG sections were counted (n =11–13 sections, from three inde-
pendent DRG preparations). Data are expressed as the mean6 SEM and scatter plots. Statistical significance was calculated with
two-way ANOVA (genotype � treatment) and Tukey’s post hoc test (Fgenotype(1,42) = 10.07, p=0.003; Ftreatment(1,42) = 119.29,
p=7.60� 10�14; Fgenotype � treatment(1,42) = 8.18, p=0.007 for c-Fos expression; Fgenotype(1,42) = 7.77, p=0.008; Ftreatment(1,42) =
95.04, p=2.38� 10�12; Fgenotype � treatment(1,42) = 6.77, p=0.01 for pERK expression). D, The numbers of c-Fos-positive cells and
pERK-positive cells in the dorsal horn sections were counted (n=11–13 sections, from three independent spinal cord preparations).
Statistical significance was calculated with two-way ANOVA (genotype � treatment) and Tukey’s post hoc test (Fgenotype(1,43) =

/

4.09, p=0.049, Ftreatment(1,43) = 115.29, p=9.50� 10�14;
Fgenotype � treatment(1,43) = 4.00, p=0.05 for c-Fos expression;
Fgenotype(1,36) = 4.55, p=0.04, Ftreatment(1,42) = 116.05, p=
8.19� 10�13; Fgenotype � treatment(1,36) = 3.31, p=0.08 for pERK
expression). Data are expressed as the mean6 SEM and scatter
plots.
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in Figure 4, at this lower dose, isosakuranetin inhibited heat
responses in wild-type CCI-operated mice, and while the effect
was smaller than that induced by 2mg/kg, it was statistically sig-
nificant. In sham-operated animals, 0.5mg/kg induced a small,
statistically nonsignificant (p=0.29) increase in paw withdrawal
latency in wild-type, but not in TRPM3�/� mice (Fig. 4A). On
the contralateral side, 0.5mg/kg induced only a negligible
increase in paw withdrawal latency both in sham-operated and
CCI-operated wild-type mice (p=0.69 and 0.84), respectively
(Fig. 4B). Mechanical and cold responses were not affected by
0.5mg/kg isosakuranetin (Fig. 4C–H).

Next, we tested the effects of primidone, a clinically used anti-
epileptic medication, which was shown to directly inhibit
TRPM3 (Krügel et al., 2017). Primidone is a prodrug, and it is
metabolized in the liver to the active metabolite phenobarbital,
which is thought to be responsible for the antiepileptic effects
(Krügel et al., 2017). Primidone was shown to decrease basal heat
sensitivity as well as thermal hyperalgesia evoked by local CFA
injection (Krügel et al., 2017), but its effects have not been tested
in neuropathic pain. First, we tested the dose dependence of pri-
midone on basal heat sensitivity in naive mice by injecting 0.5, 1,
and 2mg/kg primidone intraperitoneally. Figure 5A shows that

A B

C D

E F

Figure 3. The effect of systemic isosakuranetin administration in naive mice and in WT and TRPM3�/� mice with peripheral nerve injury-induced neuropathic pain. A, Paw withdrawal
latencies to thermal stimuli at different doses of isosakuranetin in naive mice (n= 9–12); one-way ANOVA and Tukey’s post hoc test (Ftreatment(4,46) = 22.39, p= 2.60� 10�10). Data are
expressed as the mean 6 SEM and scatter plots. B, The effect of 2 mg/kg isosakuranetin on paw withdrawal latency to thermal stimuli in the Hargreaves test of ipsilateral TRPM3-WT and
TRPM3-KO mice on day 6 following CCI or sham surgery (n= 9–14). The p values were calculated with three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test
(Fsurgery(1,87) = 32.57, p= 1.56� 10�7; Fgenotype(1,87) = 75.63, p= 1.89� 10�13; Ftreatment(1,87) = 13.42, p= 0.0004; Fsurgery � genotype(1,87) = 13.04, p= 0.0005; Fsurgery � treatment(1,87) = 0.40,
p= 0.53; Fgenotype � treatment (1,87) = 11.07, p= 0.001. C, D, The effect of isosakuranetin on mechanical sensitivity in von Frey test of ipsilateral hindpaws of TRPM3-WT and TRPM3-KO mice on
day 6 following CCI or sham surgery at 0.07 g (C) and 0.4 g (D; n= 10–14). Statistical significance was calculated with three-way ANOVA (surgery� genotype� treatment) and Tukey’s post
hoc test (Fsurgery(1,88) = 280.24, p, 1� 10�15; Fgenotype(1,88) = 3.24, p= 0.08; Ftreatment(1,88) = 28.83, p= 6.35� 10�7; Fsurgery � genotype(1,88) = 0.0002, p= 0.99; Fsurgery � treatment(1,88) =
14.17, p= 0.0003; Fgenotype � treatment(1, 88) = 0.02, p= 0.88 for the values at 0.07 g; Fsurgery(1,88) = 376.92, p, 1� 10�15; Fgenotype(1,88) = 0.39, p= 0.53; Ftreatment(1, 88) = 52.32, p= 1.65�
10�10; Fsurgery � genotype(1,88) = 1.43, p= 0.23; Fsurgery � treatment(1,88) = 41.77, p= 5.53� 10�9; Fgenotype � treatment(1,88) = 0.17, p= 0.68 for the values at 0.4 g). E, F, The effect of isosakura-
netin on paw withdrawal responses to noxious cold (E) and innocuous cold (F) in cold plate test of ipsilateral of TRPM3-WT and TRPM3-KO mice on day 6 following CCI or sham surgery
(n= 7–9). The p values were calculated with three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test (Fsurgery(1,53) = 92.31, p= 3.35� 10�13; Fgenotype(1,53) = 0.40,
p= 0.53; Ftreatment(1,53) = 9.06, p= 0.004; Fsurgery � genotype(1,53) = 0.09, p= 0.76; Fsurgery� treatment(1,53) = 15.04, p= 0.0003; Fgenotype � treatment(1,53) = 0.22, p= 0.64 for the values at the 0°C
plate; Fsurgery(1,55) = 217.21, p, 1� 10�15; Fgenotype(1,55) = 1.30, p= 0.26; Ftreatment(1, 55) =7.59, p= 0.008; Fsurgery � genotype(1,55) = 0.55, p= 0.46; Fsurgery � treatment(1,55) = 16.63,
p= 0.0001; Fgenotype � treatment(1,55) = 0.0004, p= 0.98; for the values at the 5°C plate). Data are expressed as the mean6 SEM and scatter plots.
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all three concentrations increased withdrawal latency to radiant
heat, with 1mg/kg showing the strongest effect; thus, we pro-
ceeded with this dose in subsequent experiments. On the ipsilat-
eral side, intraperitoneal injection of 1mg/kg primidone
significantly increased the paw withdrawal latency in wild-type

CCI mice, but the withdrawal latency was still lower than that
observed in TRPM3�/� mice (Fig. 5B). Primidone increased la-
tency of paw withdrawal from radiant heat in wild-type sham-
operated mice to levels similar to those observed in TRPM3�/�

mice (Fig. 5B). In TRPM3�/� mice, primidone had no effect on

A B

C D

E F

G H

Figure 4. The effect of systemic administration of 0.5 mg/kg isosakuranetin in WT and TRPM3�/� mice with peripheral nerve injury-induced neuropathic pain. A, B, The effect of isosakura-
netin on paw withdrawal latency to thermal stimuli in the Hargreaves test of ipsilateral (A) and contralateral (B) hindpaws of TRPM3-WT and TRPM3-KO mice on day 6 following CCI or sham
surgery (n= 8–10); three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test (Fsurgery(1,66) = 21.16, p= 2.0� 10�5; Fgenotype(1,66) = 70.08, p= 5.73� 10�12;
Ftreatment(1,66) = 3.64, p= 0.06; Fsurgery � genotype(1,66) = 20.61, p= 2.0� 10�5; Fsurgery � treatment(1,66) = 0.45, p= 0.50; Fgenotype � treatment(1,66) = 11.98, p= 0.0009 for the values of ipsilateral
side). C–F, The effect of isosakuranetin on mechanical sensitivity in von Frey test of ipsilateral (C, E) and contralateral (D, F) hindpaws of TRPM3-WT and TRPM3-KO mice on day 6 following
CCI or sham surgery at 0.07 g (C, D) and 0.4 g (E, F; n= 8–10); three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test (Fsurgery(1,66) = 372.0, p, 1� 10�15;
Fgenotype(1,66) = 0.04, p= 0.85; Ftreatment(1,66) = 0.15, p= 0.70; Fsurgery � genotype(1,66) = 0.26, p= 0.61; Fsurgery � treatment(1,66) = 0.004, p= 0.95; Fgenotype � treatment(1,66) = 0.17, p= 0.68 for
the values at the ipsilateral side at 0.07 g. Fsurgery(1,66) = 339.24, p, 1� 10�15; Fgenotype(1,66) = 0.29, p= 0.59; Ftreatment(1,66) = 0.19, p= 0.66; Fsurgery� genotype(1,66) = 0.29, p= 0.60;
Fsurgery� treatment(1,66) = 1.17, p= 0.28; Fgenotype � treatment(1,66) = 0.002, p= 0.96 for the values at the ipsilateral side at 0.4 g). G, H, The effect of isosakuranetin on paw withdrawal responses
to noxious cold (G) and innocuous cold (H) in cold plate test of ipsilateral of TRPM3-WT and TRPM3-KO mice on day 6 following CCI or sham surgery (n= 8–10); three-way ANOVA (surgery�
genotype� treatment) and Tukey’s post hoc test Fsurgery(1,66) = 581.58, p, 1� 10�15; Fgenotype(1,66) = 0.54, p= 0.47; Ftreatment(1,66) = 0.04, p= 0.84; Fsurgery � genotype(1,66) = 0.74, p= 0.39;
Fsurgery � treatment(1,66) = 0.16, p= 0.69; Fgenotype � treatment(1,66) = 0.76, p= 0.39 at the 0°C plate; Fsurgery(1,66) = 369.32, p, 1� 10�15; Fgenotype(1,66) = 0.57, p= 0.45; Ftreatment(1,66) = 0.11,
p= 0.74; Fsurgery � genotype(1,66) = 0.13, p= 0.72; Fsurgery � treatment(1,66) = 0.02, p= 0.88; Fgenotype � treatment(1,66) = 0.42, p= 0.52 at the 5°C plate). Data are expressed as the mean6 SEM
and scatter plots.
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paw withdrawal latency in either sham-operated or CCI-oper-
ated mice (Fig. 5B). On the contralateral side, animals that had
undergone CCI surgery displayed no increase in heat sensitivity
compared with sham-operated animals, and primidone in-
creased withdrawal latency both in CCI-operated and sham-
operated wild-type animals, but not TRPM3�/� animals (Fig.
5C). These data show that primidone reduces heat sensitivity in
both naive and neuropathic animals by inhibiting TRPM3.

Next, we tested the effect of primidone on mechanical sensi-
tivity using von Frey filaments (Fig. 5D–G). Both CCI-operated
wild-type and TRPM3�/� animals displayed increased with-
drawal frequency to both 0.07 g (Fig. 5D) and 0.4 g (Fig. 5F)

filaments compared with sham-operated animals. Intra-
peritoneal injection of primidone had no effect on paw with-
drawal frequency in sham-operated animals either in wild-type
or in TRPM3�/� mice at 0.07 g (Fig. 5D) and 0.4 g (Fig. 5F). Pri-
midone induced a small, statistically not significant decrease in
paw withdrawal frequency at 0.07 g both in wild-type mice
(p=0.17) and in TRPM3�/� CCI-operated mice (p=0.17; Fig.
5D). At 0.4 g, primidone induced a small, but statistically signifi-
cant decrease in wild-type mice, but not in TRPM3�/� mice (Fig.
4F). On the contralateral side, CCI surgery did not increase me-
chanical sensitivity, and primidone had no effect on mechanical
sensitivity (Fig. 5E,G).

A B C

D E F

G IH

Figure 5. The effect of systemic primidone administration in naive mice and WT and TRPM3-KO mice with peripheral nerve injury-induced neuropathic pain. A, Paw withdrawal latencies to
thermal stimuli at different doses of primidone in naive mice (n= 11–23). Statistical significance was assessed by one-way ANOVA and Tukey’s post hoc test (Ftreatment(4,65) = 21.33,
p= 2.85� 10�11). Data are expressed as the mean6 SEM and scatter plots. B, C, The effect of primidone on paw withdrawal latencies to thermal stimuli in the Hargreaves test of ipsilateral
(B) and contralateral (C) side in TRPM3-WT and TRPM3-KO mice on day 6 post CCI or sham surgery (n= 11–17). The p values were calculated with three-way ANOVA (surgery� genotype�
treatment) and Tukey’s post hoc test (Fsurgery(1,108) = 61.08, p= 3.86� 10�12; Fgenotype(1,108) = 162.57, p, 1� 10�15; Ftreatment(1,108) = 10.16, p= 0.002; Fsurgery � genotype(1,108) = 21.15,
p= 1.0� 10�15; Fsurgery � treatment(1,108) = 0.16, p= 0.69; Fgenotype � treatment(1,108) = 11.59, p= 0.0009 for the values at the ipsilateral side; Fsurgery(1,109) = 0.47, p= 0.50; Fgenotype(1,109) =
36.50, p= 2.17� 10�8; Ftreatment(1,109) = 10.13, p= 0.002; Fsurgery � genotype(1,109) = 0.18, p= 0.67; Fsurgery � treatment(1,109) = 0.03, p= 0.85; Fgenotype � treatment(1,109) = 10.76, p= 0.001 for
the values at the contralateral side). D–G, The effect of primidone on paw withdrawal frequencies to mechanical stimulation in von Frey test at 0.07 g (D, ipsilateral; E, contralateral) and 0.4 g
(F, ipsilateral; G, contralateral) of TRPM3-WT and TRPM3-KO mice on day 6 after CCI or sham surgery (n= 11–16); three-way ANOVA (surgery� genotype� treatment) and Tukey’s post hoc
test Fsurgery(1,92) = 757.02, p, 1� 10�15; Fgenotype(1,92) = 0.005, p= 0.94; Ftreatment(1,92) = 2.09, p= 0.15; Fsurgery � genotype(1,92) = 2.67, p= 0.11; Fsurgery � treatment(1,92) = 4.96, p= 0.03;
Fgenotype � treatment(1,92) = 0.95, p= 0.33 for the values of ipsilateral side at 0.07 g; Fsurgery(1,100) = 538.51, p, 1� 10�15; Fgenotype(1,100) = 0.03, p= 0.85; Ftreatment(1,100) = 4.87, p= 0.03;
Fsurgery � genotype(1,100) = 0.03, p= 0.85; Fsurgery � treatment(1,100) = 3.39, p= 0.07; Fgenotype � treatment(1,100) = 1.17, p= 0.28 for the values at the ipsilateral side at 0.4 g. H, I, The effect of pri-
midone on paw withdrawal responses to noxious cold (H) and innocuous cold (I) in cold plate test at the ipsilateral side of TRPM3-WT and TRPM3-KO mice on day 6 post CCI or sham surgery
(n= 7–10). P values were calculated with three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test (Fsurgery(1,60) = 145.35, p, 1� 10�15; Fgenotype(1,60) = 0.007,
p= 0.93; Ftreatment(1,60) = 0.10, p= 0.76; Fsurgery� genotype(1,60) = 0.70, p= 0.41; Fsurgery� treatment(1,60) = 0.10, p= 0.76; Fgenotype � treatment(1, 60) = 0.13, p= 0.72 in noxious cold
testing; Fsurgery(1,60) = 340.86, p, 1� 10�15; Fgenotype(1,60) = 0.11, p= 0.74; Ftreatment(1, 60) = 0.01, p= 0.92; Fsurgery � genotype(1,60) = 0.89, p= 0.35; Fsurgery � treatment(1,60) = 0.03, p= 0.87;
Fgenotype � treatment(1,60) = 0.11, p= 0.74 in innocuous cold testing). Data are expressed as the mean6 SEM and scatter plots.
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Next, we tested the effect of primidone on cold sensitivity.
Mice were first placed on a 0°C cold plate, and the withdrawal la-
tency was measured. Figure 5H shows that both wild-type and
TRPM3�/� CCI-operated animals showed significantly shorter
withdrawal latency than sham-operated animals. Intraperitoneal
injection of 1mg/kg primidone did not have any effect on the
withdrawal latency in wild-type and TRPM3�/� mice. We also
tested the number of hindpaw lifts when mice were placed on
a 5°C cold plate. Figure 5I shows that both wild-type and
TRPM3�/� CCI-operated mice showed a substantial increase in
the number of hindpaw lifts compared with sham-operated ani-
mals. Primidone injection had no effect on the number of paw
lifts in wild-type and TRPM3�/� mice.

TRPM3 plays a role in spontaneous pain in nerve injury-
induced neuropathy
Next, we tested the effect of systemic TRPM3 inhibition on spon-
taneous pain in the CCI model using the two-chamber CPP assay
(Tappe-Theodor and Kuner, 2014). The half-life of unmodified
primidone is 10–12 h (Glazko, 1975), and the CPP assay requires
repeated injections of the drug (for details, see Materials and
Methods); therefore, we used intraperitoneal injection of the

short-acting isosakuranetin (2 and 0.5mg/kg), the effect of which
dissipates in 60–75min (Straub et al., 2013; Jia et al., 2017).
Figure 6, A and B, shows that wild-type CCI-operated, but not
sham-operated animals, showed a significant preference for the
chamber associated with 2mg/kg isosakuranetin administration.
TRPM3�/� mice also showed a preference for the chamber asso-
ciated with isosakuranetin, but the extent of this preference (CPP
index) was significantly lower compared with wild-type animals
(Fig. 6B). When mice were injected with 0.5mg/kg isosakurane-
tin, wild-type mice, but not TRPM3�/� mice, showed a prefer-
ence for the chamber paired with the administration of the drug
(Fig. 6C,D). The level of preference evoked by 0.5mg/kg isosa-
kuranetin was smaller than that induced by 2mg/kg. These data
suggest that isosakuranetin reduces spontaneous pain in mice
that had undergone CCI surgery, and the effect involves both
TRPM3-dependent and TRPM3-independent mechanisms at
2mg/kg, but fully dependent on TRPM3 at 0.5mg/kg.

Next, we tested levels of c-Fos and pERK, indicators of neural
activity, in DRGs and spinal dorsal horn in CCI-operated and
sham-operated animals 6 d after the operation. Figure 7 shows
that the number of c-Fos- and pERK-positive cells increased in
the L3–L5 DRGs of CCI-operated animals compared with sham-
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Figure 6. Systemic administration of isosakuranetin alleviates spontaneous pain in WT and TRPM3-KO mice following CCI surgery in the CPP test. CPP experiments were performed as
described in the Materials and Methods section. A, Time spent in the chamber paired with vehicle or isosakuranetin (2mg/kg) in TRPM3-WT and TRPM3-KO mice in the sham-operated and
CCI-operated groups (n= 10–12). The p values were calculated using three-way ANOVA (condition � genotype � treatment) and Tukey’s post hoc test (Fcondition(3,156) =
0.02, p= 0.99; Fgenotype(1,156) = 0.02, p= 0.89; Ftreatment(1,156) = 58.73, p= 1.80� 10�12; Fcondition � genotype(3,156) = 0.02, p= 0.99; Fcondition � treatment(3,156) = 49.28, p, 1� 10�15;
Fgenotype � treatment(1,156) = 10.22, p= 0.002. B, CPP score was calculated as described in the Materials and Methods section for TRPM3-WT and TRPM3-KO mice in the sham-operated and CCI-
operated groups (n= 10–12). The p values were calculated using two-way ANOVA (genotype � surgery) and Tukey’s post hoc test (Fgenotype(1,39) = 5.00, p= 0.03; Fsurgery(1,39) = 65.33,
p= 7.35� 10�10; Fgenotype � surgery(1.39) = 2.54, p= 0.12). Data are expressed as the mean6 SEM and scatter plots. C, D, similar measurements in mice injected with 0.5 mg/kg isosakurane-
tin. C, Time spent in corresponding chamber paired with vehicle or isosakuranetin (0.5 mg/kg) in TRPM3-WT and TRPM3-KO mice in the sham-operated and CCI-operated groups (n=
8–10). The p values were calculated using three-way ANOVA (condition � genotype � treatment) and Tukey’s post hoc test (Fcondition(3,128) = 0.09, p= 0.97; Fgenotype(1,128) = 0.03, p= 0.87;
Ftreatment(1,128) = 14.31, p= 0.0002; Fcondition � genotype(3,128) = 0.05, p=0.99; Fcondition � treatment(3,128) = 5.62, p=0.001; Fgenotype � treatment(1,128) = 2.00, p=0.16; Fcondition�genotype� treatment(3,128) =
6.57, p=0.0004). D, CPP score was calculated as described in the Materials and Methods section for TRPM3-WT and TRPM3-KO mice in the sham-operated and CCI-operated groups (n=8–10). The
p values were calculated using two-way ANOVA (genotype � surgery) and Tukey’s post hoc test (Fgenotype(1,32) = 4.25, p=0.047; Fsurgery(1,32) = 6.03, p=0.02; Fgenotype� surgery(1,32) = 2.85, p=0.10).
Data are expressed as the mean6 SEM and scatter plots.
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operated wild-type animals. In TRPM3�/� DRGs, c-Fos and
pERK also showed an increase, but it was smaller than those in
wild-type animals (Fig. 7B,C). These data indicate that TRPM3
plays a role in the increased neuronal activity in DRG neurons
after CCI operation.

In the dorsal horn of the spinal cord, c-Fos and pERK levels also
increased both in wild-type and TRPM3�/� mice 6d after the CCI
operation (Fig. 8A–D), but the increase in TRPM3�/� mice was
smaller both for c-Fos (Fig. 8C) and for pERK (Fig. 8D).
Intraperitoneal injection of 2mg/kg isosakuranetin or 1mg/kg pri-
midone reduced the increase in c-Fos (Fig. 8C) and pERK (Fig. 8D)
in wild-type animals. In TRPM3�/� mice, isosakuranetin, but not
primidone, induced a significant decrease in the number of c-Fos-
positive (Fig. 8C) and pERK-positive (Fig. 8D) cells. These data
indicate that TRPM3 plays a role in the increased neuronal activity
in the dorsal horn in CCI-operated mice.

Both intraplantar and intrathecal injection of primidone
reduce heat sensitivity
Our data with systemic injection of TRPM3 inhibitors so far
show that TRPM3 is important for sensing heat, potentially im-
portant for mechanical stimuli, but not important for cold stim-
uli. Next, we tested whether local inhibition of TRPM3 is
sufficient for reducing heat sensitivity. To this end, we injected
2.3 nmol (0.5mg) primidone in the hindpaw, which is one-forti-
eth of the dose (1mg/kg) injected intraperitoneally for a 20 g
mouse. At this low dose, primidone increased the latency of
withdrawal to radiant heat in naive wild-type mice in the injected
paw (Fig. 9A), but not in the contralateral paw (Fig. 9B), indicat-
ing that the effect was local, and not systemic.

Next, we tested the effect of intraplantar injection of the same
low dose of primidone in the CCI model. Figure 9C shows that
primidone increased the latency of withdrawal from radiant heat

A

B C

Figure 7. TRPM3 deficiency impairs pronociceptive signal transduction following CCI surgery in L3-L5 DRGs. A, Sections of c-Fos (left) and pERK (right) immunostaining in DRGs of TRPM3-
WT and TRPM3-KO mice on day 6 after CCI or sham surgery. Scale bars, 50mm. B, The numbers of c-Fos-positive cells in the sections were counted (n= 11–12 sections from three independent
preparations). The p values were calculated with two-way ANOVA (genotype � surgery) with Tukey’s post hoc test (Fgenotype(1,41) = 4.77, p= 0.035; Fsurgery(1,41) = 90.40, p= 6.31� 10�12;
Fgenotype � surgery(1,41) = 3.15, p= 0.08). C, The numbers of pERK-positive cells in the sections were counted (n= 12 sections from three independent preparations). The p values were calculated
with two-way ANOVA (genotype � surgery) with Tukey’s post hoc test (Fgenotype(1,44) = 4.97, p= 0.03, Fsurgery(1,44) = 65.14, p= 3.19� 10�10; Fgenotype � surgery(1,44) = 4.49, p= 0.04) Data
are expressed as the mean6 SEM and scatter plots.
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both in CCI- and sham-operated wild-type animals, and it had
no effect in TRPM3�/� mice. In the contralateral paw, primi-
done had no effect (Fig. 9D). Local injection of primidone had
no effect on withdrawal from mechanical stimuli in the von Frey
assay (0.07 and 0.4 g) in CCI- or sham-operated wild-type and
TRPM3�/� mice (Fig. 9E–H).

TRP channels are not only expressed in the peripheral nerve
endings, but also in the cell bodies and the central termini of
DRG neurons (Kim et al., 2014). TRPM3 was also detected in the
spinal cord with RT-PCR (Lee et al., 2003). Here we performed

fluorescence in situ hybridization (RNAscope) and confirmed
the expression of TRPM3 in the spinal dorsal horn. Figure 10A–
E shows experiments with probes for TRPM3, the neuronal
marker NeuN (RbFox3), and the glial marker glial fibrillary
acidic protein (GFAP) in the spinal dorsal horn. Consistent with
earlier data (Cao et al., 2015a; Guo et al., 2017), the proportion of
GFAP-positive cells increased after CCI (Fig. 10E). TRPM3 was
expressed in 74.3% of NeuN-positive cells in the CCI-operated
side and 77.9% of NeuN-positive cells on the sham-operated
side. TRPM3 was expressed in 34.3% of GFAP-positive cells on

A B

C D

Figure 8. The effect of isosakuranetin and primidone on pronociceptive signal transduction protein levels in dorsal spinal cord on day 6 following CCI or sham surgery. A, B, Sections of c-Fos
(left, A) and pERK (right, B) in L3–L5 dorsal spinal cord of TRPM3-WT and TRPM3-KO mice injected intraperitoneally with vehicle, 2 mg/kg isosakuranetin, or 1 mg/kg primidone. Scale bars,
50mm. C, D, The number of c-Fos-positive cells (C) and pERK-positive cells (D) in the sections were counted (n= 7–11 sections from three independent preparations). The p values were calcu-
lated with three-way ANOVA (surgery � genotype � treatment) with Tukey’s post hoc test (Fsurgery(1,77) = 359.66, p, 1� 10�15; Fgenotype(1,77) = 9.68, p= 0.003; Ftreatment(2,77) = 11.27,
p= 5.09� 10�5; Fsurgery � genotype(1,77) = 10.22, p= 0.002; Fsurgery � treatment(2,77) = 8.24, p= 0.0006; Fgenotype � treatment(2, 77) = 1.03, p= 0.36 for c-Fos expression; Fsurgery(1,90) = 369.90,
p, 1� 10�15; Fgenotype(1,90) = 6.98, p= 0.01; Ftreatment(2,90) = 12.77, p= 1.32� 10�5; Fsurgery � genotype(1,90) = 5.28, p= 0.02; Fsurgery � treatment(2,90) = 5.54, p= 0.005; Fgenotype � treatment

(2, 90) = 1.29, p= 0.28 for pERK expression). Data are expressed as the mean6 SEM and scatter plots.

2468 • J. Neurosci., March 17, 2021 • 41(11):2457–2474 Su et al. · TRPM3 Plays Roles in Heat and Spontaneous Pain



the CCI-operated side, and in 37.8% of GFAP-positive cells on
the sham-operated side. These data indicate that TRPM3 is
expressed in a large fraction of neurons and in a smaller portion
of glial cells in the spinal dorsal horn. Our data are consistent
with recent single-cell RNA sequencing studies showing clear

expression of TRPM3 in dorsal horn neurons (Häring et al.,
2018; Sathyamurthy et al., 2018), as well as in spinal cord astro-
cytes (Sathyamurthy et al., 2018). In DRGs, the TRPM3 probe
showed clear colocalization with the neuronal marker NeuN
(data not shown). We also detected some colocalization of

A B

C D
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Figure 9. The effect of intraplantar primidone administration in naive mice and WT and TRPM3-KO mice with peripheral nerve injury-induced neuropathic pain. A, B, The effect of primidone
on paw withdrawal latency to thermal stimuli in the Hargreaves test of the ipsilateral (A) and contralateral (B) paws in naive mice (n= 7–8). Statistical significance was calculated with one-
way ANOVA with Tukey’s post hoc test (Ftreatment(2,19) = 8.00, p= 0.003). Data are expressed as the mean6 SEM and scatter plots. C, D, The effect of primidone on paw withdrawal latency to
thermal stimuli in the Hargreaves test in ipsilateral (C) and contralateral (D) side of TRPM3-WT and TRPM3-KO mice on day 6 after CCI or sham surgery (n= 7–12). Statistical significance was
calculated with three-way ANOVA (surgery � genotype � treatment) and Tukey’s post hoc test (Fsurgery(1,70) = 67.64, p= 7.05� 10�12; Fgenotype(1,70) = 113.01, p, 1� 10�15; Ftreatment
(1,70) = 11.63, p= 0.001; Fsurgery � genotype(1,70) = 24.08, p= 5.80� 10�5; Fsurgery � treatment(1,70) = 0.07, p= 0.79; Fgenotype � treatment(1, 70) = 13.19, p= 0.0005 for the values at the ipsilateral
side). E–H, The effect of primidone on paw withdrawal frequency to mechanical stimulation in the von Frey test at 0.07 g (E, ipsilateral; F, contralateral) and 0.4 g (G, ipsilateral; H, contralat-
eral) of TRPM3-WT and TRPM3-KO mice on day 6 after CCI or sham surgery (n= 7–10). Statistical significance was calculated with three-way ANOVA (surgery� genotype� treatment) with
Tukey’s post hoc test (Fsurgery(1,62) = 438.77, p, 1� 10�15; Fgenotype(1,62) = 0.03, p= 0.86; Ftreatment(1,62) = 3.60, p= 0.06; Fsurgery � genotype(1,62) = 6.41, p= 0.01; Fsurgery � treatment(1,62) =
0.04, p= 0.84; Fgenotype � treatment(1, 62) = 0.0004, p= 0.98 for the values at the ipsilateral side at 0.07 g; Fsurgery(1,61) = 361.27, p, 1� 10�15; Fgenotype(1,61) = 1.44, p= 0.23; Ftreatment(1,61)
= 0.08, p= 0.78; Fsurgery � genotype(1,61) = 9.63, p= 0.99; Fsurgery � treatment(1,61) = 0.74, p= 0.39; Fgenotype � treatment(1,61) = 1.10, p= 0.30 for the values of ipsilateral side at 0.4 g). Data are
expressed as the mean6 SEM and scatter plots.
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TRPM3 with the glial marker GFAP, but because of the small
size of glial satellite cells and their close attachment to the cell
bodies of DRG neurons, these data were difficult to quantify
(data not shown). These data are consistent with the well known
functional expression of TRPM3 in DRG neurons, and with
our earlier Ca21 imaging experiments showing that in iso-
lated cells from dorsal root ganglia, a fraction of non-neu-
ronal cells also responded to the TRPM3 agonist PregS
(Badheka et al., 2017).

To test whether TRPM3 channels in the central termini of the
DRGs or in the dorsal horn are involved in mediating the effect
of systemic primidone, we injected 0.5mg of primidone intrathe-
cally. Figure 11A shows that intrathecal primidone increased the
latency of withdrawal from radiant heat in both CCI- and sham-
operated wild-type animals, but not in TRPM3�/� mice on
the side of CCI operation. On the contralateral side, CCI-

operated animals showed similar thermal responses to
sham-operated mice, and primidone increased withdrawal
latency in both groups in wild-type, but not in TRPM3�/�

mice (Fig. 11B). Similar to local hindpaw injection, intrathecal pri-
midone had no effect on mechanical responses in the von Frey
assay (Fig. 11C–F).

Finally, we tested the effect of intrathecal injection of the
TRPM3 agonist CIM0216 on heat sensitivity and c-Fos and
pERK level. Figure 12, A and B, shows that intrathecal injection
of CIM0216 (25 nmol) reduced the latency of paw withdrawal
from radiant heat both in the left and the right hindpaw in wild-
type mice, but not in TRPM3�/� mice. Figure 12C–E shows that
intrathecal injection of CIM0216 increased the number of c-Fos-
and pERK-positive cells in the dorsal horn. The increase in c-Fos
and pERK was significantly smaller in TRPM3�/� mice, but it
did not completely disappear, indicating that CIM0216 increased

A B C

D E

Figure 10. TRPM3 is expressed both in the DRG and in the dorsal horn. Multiplex fluorescence in situ hybridization experiments using the RNAScope system were performed as described in
the Materials and Methods section. A–C, Confocal images taken with a 40� objective of a representative dorsal horn section from the side of CCI operation at different individual fluorescence
channels for the neuronal marker NeuN (A, white), the glial marker GFAP (B, red) and for TRPM3 (C, green). D, Merged image for the three channels plus the nuclear stain DAPI, insets on the
right side show enlarged parts of the slide. E, Quantification of the proportion of TRPM3-positive cells among NeuN-positive cells (neurons) and GFAP-positive cells (glia), n= 6 different spinal
cord preparations. The colocalization was assessed by the CellProfiler software. Data are shown as the mean6 SEM, for n= 6 different dorsal horn preparations, two to three sections each,
the data from different sections from the same preparation were averaged and taken as one data point.
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neural activity both in a TRPM3-dependent and TRPM3-inde-
pendent manner. Overall, these data further support the role of
TRPM3 located in the central termini of DRG neurons or in the
dorsal horn in modulating heat sensitivity.

Discussion
TRPM3 is a heat-activated ion channel expressed in DRG neu-
rons. While the role of this channel is well established in noxious
heat sensation (Vriens et al., 2011; Vandewauw et al., 2018), its
role in cold and mechanosensation has been controversial. Here
we used a combination of genetic and pharmacological tools and
show that TRPM3 plays a role in noxious heat sensation, but not
in cold and mechanical hyperalgesia after peripheral nerve
injury. Our data also uncover a role of TRPM3 in spontaneous
pain in nerve injury-induced neuropathy, as well as a role of

TRPM3 located in the spinal cord, or in the central processes, or
in cell bodies of DRG neurons in modulating heat sensitivity.

The low temperature threshold of TRPM3 (Vriens et al.,
2011; Zhao et al., 2020) makes this channel an ideal candidate for
mediating spontaneous pain, but this possibility has not been
addressed previously. Here we show that systemic injection of the
TRPM3 inhibitor isosakuranetin increased the preference for the
drug-paired chamber in the CPP assay, and this effect was
reduced, or eliminated in TRPM3�/� mice depending on the dose
of isosakuranetin. We also show that the levels of c-Fos and pERK,
early markers of neuronal activity, increased in the spinal cord
and DRGs of CCI-operated animals compared with sham-oper-
ated mice, and this increase was smaller in TRPM3�/� mice and
was reduced by systemic injection of TRPM3 inhibitors. Overall,
these data indicate that TRPM3 plays a role in spontaneous neural
activity and pain in peripheral nerve injury-induced neuropathy.

A B

C D
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Figure 11. The effect of intrathecal primidone administration on nociceptive behaviors following CCI surgery in WT and TRPM3-KO mice. A, B, The effect of intrathecal injection of primidone
on paw withdrawal latency to thermal stimuli in the Hargreaves test on the ipsilateral (A) and contralateral (B) side in TRPM3-WT and TRPM3-KO mice on day 6 after CCI or sham surgery (n=
7–12). Statistical significance was calculated with three-way ANOVA (surgery � genotype � treatment) with Tukey’s post hoc test, Fsurgery(1,60) = 40.73, p= 2.80� 10�8; Fgenotype(1,60) =
167.69, p, 1� 10�15; Ftreatment(1,60) = 18.60, p= 6.08� 10�5; Fsurgery � genotype(1,60) = 12.24, p= 0.0009; Fsurgery � treatment(1,60) = 1.55, p= 0.22; Fgenotype � treatment(1, 60) = 11.51,
p= 0.001 for the values at the ipsilateral side; Fsurgery(1,60) = 1.11, p= 0.30; Fgenotype(1,60) = 91.89, p= 1.03� 10�13; Ftreatment(1,60) = 11.57, p= 0.001; Fsurgery � genotype(1,60) = 0.07, p= 0.79;
Fsurgery � treatment(1,60) = 0.0001, p= 0.99; Fgenotype � treatment(1, 60) = 9.39, p= 0.003 for the values at the contralateral side. C–F, The effect of intrathecal primidone on paw withdrawal fre-
quency to mechanical stimulation in the von Frey test at 0.07 g (C, ipsilateral; D, contralateral) and 0.4 g (E, ipsilateral; F, contralateral) of TRPM3-WT and TRPM3-KO mice on day 6 after CCI
or sham surgery (n= 7–12). Statistical significance was calculated with three-way ANOVA (surgery � genotype � treatment) with Tukey’s post hoc test (Fsurgery(1,59) = 308.47, p, 1�
10�15; Fgenotype(1,59) = 0.13, p= 0.72; Ftreatment(1,59) = 0.02, p= 0.88; Fsurgery � genotype(1,59) = 2.63, p= 0.11; Fsurgery � treatment(1,59) = 0.03, p= 0.86; Fgenotype � treatment(1, 59) = 0.21, p= 0.65
for the values of ipsilateral side at 0.07 g; Fsurgery(1,60) = 635.61, p, 1� 10�15; Fgenotype(1,60) = 0.02, p= 0.88; Ftreatment(1,60) = 0.70, p= 0.41; Fsurgery � genotype(1,60) = 0.0009, p= 0.98;
Fsurgery � treatment(1,60) = 0.15, p= 0.70; Fgenotype � treatment(1,60) = 1.50, p= 0.22 for the values of ipsilateral side at 0.4 g). Data are expressed as the mean6 SEM and scatter plots.
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Thermal and mechanical stimuli are sensed by peripheral
processes of the DRG neurons. Consistent with this, we found
that not only systemic injection, but also intraplantar injection
of primidone inhibited thermal hyperalgesia after CCI. TRP

channels, however, are also known to be present in the central
processes of DRG neurons (Kim et al., 2014), and TRPM3 RNA
has been detected in the spinal cord with RT-PCR (Lee et al.,
2003), and single-cell RNA sequencing studies showed
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Figure 12. The effect of intrathecal administration of the TRPM3 agonist CIM0216 on nociceptive behavioral responses and pronociceptive signal transduction protein expressions in dorsal
spinal cord. A, B, The effect of CIM0126 on paw withdrawal latency to thermal stimuli in the Hargreaves test of left and right sides (n= 10–19). Statistical significance was calculated with
two-way ANOVA (genotype � treatment) with Tukey’s post hoc test (Fgenotype(1,85) = 95.80, p= 1� 10�15; Ftreatment(2,85) = 5.62, p= 0.005; Fgenotype � treatment(2,85) = 1.75, p= 0.18 for the
values of left side; Fgenotype(1,83) = 83.02, p= 3.90� 10�14; Ftreatment(2,83) = 6.09, p= 0.003; Fgenotype � treatment(2,83) = 0.21, p= 0.81 for the values of right side). C, Sections of c-Fos (left)
and pERK (right) in L3–L5 dorsal spinal cord of TRPM3-WT and TRPM3-KO mice at 30min after CIM0216 or vehicle injection. Scale bars, 50mm. D, E, The numbers of c-Fos-positive cells (D) and pERK-
positive cells (E) in the sections were counted (n=8–15 sections from three independent preparations). Statistical significance was calculated with two-way ANOVA (genotype� treatment) followed by
Tukey’s multiple comparisons test (Fgenotype(1,44) = 18.27, p=0.0001; Ftreatment(1,44) = 202.31, p, 1� 10�15; Fgenotype�treatment(1,44) = 21.21, p=4.0� 10�5 for c-Fos expression; Fgenotype(1,31) = 4.79,
p=0.036, Ftreatment(1,31) = 162.50, p=7.30� 10�14; Fgenotype � treatment(1,31) = 4.79, p=0.036 for pERK expression). Data are expressed as the mean6 SEM and scatter plots.
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expression of TRPM3 in dorsal horn neurons (Häring et al.,
2018; Sathyamurthy et al., 2018), as well as in spinal cord astro-
cytes (Sathyamurthy et al., 2018). Our in situ hybridization data
confirmed these earlier observations. To address the role of
TRPM3 located in the spinal cord, or in the central termini of
DRG neurons, we injected primidone intrathecally. We find that
intrathecal injection of primidone reduced heat sensitivity both
in naive and CCI-operated wild-type animals, but not in
TRPM3�/� mice. Furthermore, intrathecal injection of the
TRPM3 agonist CIM0216 decreased the latency of withdrawal of
the hindpaw from radiant heat in wild-type mice but not in
TRPM3�/� mice. Intrathecal injection of fluorescein was shown
to label not only the spinal cord, but also proximal portions of
the DRGs (Abram et al., 2006). Thus, the cell bodies of the DRG
neurons, or the T-junction of the nociceptive fibers, which were
shown recently to play important roles in nociceptive signal
processing (Du et al., 2017), are also potential sites of action for
the TRPM3 antagonist. These data indicate that TRPM3 located
in the dorsal horn, or in the central termini, or cell bodies of
DRGs modulate heat sensitivity. Determining the exact site of
action of the TRPM3 agonist after intrathecal injection will
require future studies using tissue-specific TRPM3 knock-out
mice.

TRPM3 is expressed in the brain, and its overactive mutations
cause intellectual disability and epilepsy in humans (Dyment et
al., 2019; Van Hoeymissen et al., 2020; Zhao et al., 2020).
Primidone crosses the blood–brain barrier (Nagaki et al., 1999),
while specific data for isosakuranetin are not available, several
very similar flavonoid molecules, such as liquiritigenin and nar-
ingenin (also TRPM3 inhibitors) have been shown to cross the
blood–brain barrier (Youdim et al., 2003; Li et al., 2015a). We
found that local primidone injection either in the paw, or intra-
thecally exerted a similar effect to that of systemic injection,
which argues against a substantial role of TRPM3 in the brain in
the analgesic effects of TRPM3 antagonists.

It was shown that systemic injection of the isosakuranetin
(1.5–6mg/kg) reduced not only heat hypersensitivity, but also
mechanical and cold hyperalgesia in the CCI model of neuro-
pathic pain in rats (Jia et al., 2017). Liquiritigenin, another flava-
none inhibitor of TRPM3, also reduced heat, mechanical, and
cold hypersensitivity in rats in the CCI model (Chen et al., 2014).
Here we reproduce these data with isosakuranetin in the mouse
CCI model and show that the effect of isosakuranetin on heat
sensitivity disappears in TRPM3�/� mice, which is consistent
with the well established role of this channel as a noxious heat
sensor (Vriens and Voets, 2018). We also find that 2mg/kg isosa-
kuranetin reduced cold and mechanical hypersensitivity in CCI
mice, but this effect persisted in the TRPM3�/� mice, indicating
that this flavanone compound alleviated cold and mechanical
hypersensitivity independent of its effect on TRPM3. Consistent
with this, a lower dose (0.5mg/kg) still showed inhibition of heat
sensitivity, but it did not reduce mechanical and cold sensitivity.

In the CPP assay, CCI mice showed preference for the isosa-
kuranetin-paired chamber, and in TRPM3�/� mice this effect
was reduced at 2mg/kg and not observed at 0.5mg/kg isosakura-
netin. This indicates that isosakuranetin alleviates spontaneous
pain via a combination of TRPM3-dependent and TRPM3-inde-
pendent pathways, depending on its dose.

Systemic injection of primidone had no effect on cold sensi-
tivity in CCI mice, indicating that TRPM3 does not play a role in
cold sensation. Systemic injection of primidone showed a some-
what mixed effect on mechanical sensitivity. It showed a small
but statistically significant reduction in withdrawal frequency in

the von Frey assay to 0.4 g filaments in wild-type mice, but not
in TRPM3�/� mice. In response to 0.07 g, however, it showed a
small, statistically nonsignificant decrease in both wild-type and
TRPM3�/� mice. Unlike heat responses, mechanical responses
were not different between wild-type and TRPM3�/� mice at
baseline or after CCI surgery. Furthermore, unlike for heat
responses, neither intraplantar nor intrathecal injection of primi-
done had a significant effect on mechanical sensitivity. In aggre-
gate, these data show that TRPM3 does not play a major role in
mechanical hypersensitivity after nerve injury.

Both TRPM3 inhibitors consistently reduced heat sensitivity
in CCI mice, but paw withdrawal latencies were still lower than
in TRPM3�/� mice for both drugs, regardless of the dose, or the
route of application. In sham-operated animals, on the other
hand, both drugs brought the paw withdrawal latencies to levels
similar to that observed in TRPM3�/� mice. The reason for this
discrepancy is unclear. One possibility is that in response to
nerve injury TRPM3 channels undergo post-translational modi-
fication or a change in splicing that renders them less sensitive to
inhibitors. Another possibility is that acute inhibition of the
channel has a different effect than chronic absence caused by
genetic deletion. Differentiating between these possibilities will
require future experiments.

Overall, our data indicate that TRPM3 plays a role in sponta-
neous pain and thermal hyperalgesia in neuropathic pain. Our
data also uncover a role of TRPM3 located in the spinal cord, the
central processes, or cell bodies of DRG neurons in modulating
heat sensitivity.
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