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Abstract

Background and Purpose T-type calcium channels, mainly the Cav3.2 subtype, are important contributors to the nociceptive

signaling pathway. We investigated their involvement in inflammation and related pain-like symptoms. Experimental Approach

The involvement of Cav3.2 and T-type channels was investigated using genetic and pharmacological inhibition to assess me-

chanical allodynia/hyperalgesia and edema development in two murine inflammatory pain models. The location of Cav3.2

involved in pain-like symptoms was studied in mice with Cav3.2 knocked out in C-low threshold mechanoreceptors (C-LTMR)

and the use of ABT-639, a peripherally restricted T-type channel inhibitor. The anti-edematous effect of Cav3.2 inhibition

was investigated in chimeric mice with immune cells deleted for Cav3.2. Lymphocytes and macrophages from either green

fluorescent protein-targeted Cav3.2 or KO mice were used to determine the expression of Cav3.2 protein and the functional

status of the cells. Key Results We showed the role of Cav3.2 channels in the development of pain-like symptoms and edema

in the two murine inflammatory pain models. For the first time, we provide evidence of the involvement of Cav3.2 channels

located on C-LTMRs in inflammatory pain at both peripheral and primary afferent terminals at the spinal level. We showed

that Cav3.2 channels located in T cells and macrophages contribute to the inflammatory process. Conclusion and Implications

This work highlights the crucial role of Cav3.2 channels in inflammation and related pain and suggests that targeting Cav3.2

channels with pharmacological agents could be an attractive and readily evaluable strategy in a clinical trial to relieve chronic

inflammatory pain in affected patients.
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. T-type calcium channels, mainly the Cav3.2 subtype, are important contributors to the nociceptive signaling
pathway. We investigated their involvement in inflammation and related pain-like symptoms.

Experimental Approach

The involvement of Cav3.2 and T-type channels was investigated using genetic and pharmacological inhibi-
tion to assess mechanical allodynia/hyperalgesia and edema development in two murine inflammatory pain
models. The location of Cav3.2 involved in pain-like symptoms was studied in mice with Cav3.2 knocked out
in C-low threshold mechanoreceptors (C-LTMR) and the use of ABT-639, a peripherally restricted T-type
channel inhibitor. The anti-edematous effect of Cav3.2 inhibition was investigated in chimeric mice with im-
mune cells deleted for Cav3.2. Lymphocytes and macrophages from either green fluorescent protein-targeted
Cav3.2 or KO mice were used to determine the expression of Cav3.2 protein and the functional status of the
cells.

Key Results

We showed the role of Cav3.2 channels in the development of pain-like symptoms and edema in the two
murine inflammatory pain models. For the first time, we provide evidence of the involvement of Cav3.2
channels located on C-LTMRs in inflammatory pain at both peripheral and primary afferent terminals at
the spinal level. We showed that Cav3.2 channels located in T cells and macrophages contribute to the
inflammatory process.

Conclusion and Implications

This work highlights the crucial role of Cav3.2 channels in inflammation and related pain and suggests that
targeting Cav3.2 channels with pharmacological agents could be an attractive and readily evaluable strategy
in a clinical trial to relieve chronic inflammatory pain in affected patients.

Keywords: inflammatory pain, rheumatoid arthritis (RA), T-type calcium channels.

INTRODUCTION

Pain is the most challenging symptom for patients suffering from chronic inflammatory diseases (Taylor et
al., 2010; Walsh and McWilliams, 2014). It is commonly encountered in osteoarthritis, rheumatoid arthritis,
psoriasis, contact dermatitis, interstitial cystitis, and host defense or inflammatory bowel disease(Pinho-
Ribeiro et al., 2017) and is a major challenge for clinicians(da Silva et al., 2010). Pain impairs patient
quality of life and therefore has a major impact on both their physical and mental well-being (Walsh and
McWilliams, 2014; Sturgeon et al., 2016). Pharmacological treatments (Smolen et al., 2017) to improve
rheumatoid arthritis (RA) or RA-related pain include paracetamol, opioids, nonsteroidal anti-inflammatory
drugs (NSAIDs) and biologic agents, such as anti-tumor necrosis factor (anti-TNF). However, treatments
are not consistently effective and/or are associated with strong adverse effects (Hojsted and Sjogren, 2007;
Graham et al., 2013; Ioannidis et al., 2013; Boyman et al., 2014; Roda et al., 2016), as evidenced by the
current opioid use crisis in North America. More importantly, pain can still be problematic despite optimal
control of the inflammatory disease (Taylor et al., 2010; Walsh and McWilliams, 2014; Smolen et al., 2016).
Thus, there is considerable interest in finding new strategies to develop effective analgesics to relieve chronic
inflammatory-related pain.

Previous studies reported that activation of T-type voltage-gated calcium channels contributes to the no-
ciceptive signaling pathway and showed that these channels are involved in the pathophysiology of pain
(Perez-Reyes, 2003; Todorovic and Jevtovic-Todorovic, 2011; Bourinet et al., 2016; Snutch and Zamponi,
2018). T-type calcium channels play an important role in cell excitability and calcium signaling, contributing
to a wide variety of physiological functions or pathological situations. In the nervous system, these channels
are involved in spontaneous discharges, deep sleep, epilepsy and perception of pain (Perez-Reyes, 2003; Lee
et al., 2004; Choi et al., 2007). They belong to a family composed of Cav3.1, Cav3.2 and Cav3.3, of which the
Cav3.2 subtype is reported to have a major pronociceptive function (Bourinet et al., 2005; Choi et al., 2007;
Todorovic and Jevtovic-Todorovic, 2011; Jacus et al., 2012; Snutch and Zamponi, 2018). Several studies
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. using different chronic pain animal models showed that inhibition of Cav3.2 channels strongly reduced neu-
ropathic pain (For review, see Bourinet et al., 2016), inflammatory pain (Kerckhove et al., 2019) and visceral
pain (Francois et al., 2013; Scanzi et al., 2016). The role of Cav3.2 channels in somatic inflammatory chronic
pain has been poorly studied and published results are inconsistent: inhibition of Cav3.2 channels either
showed (Choi et al., 2007; Kerckhove et al., 2014) or failed to show (Berger et al., 2014; Garcia-Caballero et
al., 2014; Smith et al., 2017) an anti-hyperalgesic effect.

The aim of the present study was to clarify the involvement of T-type calcium channels, mainly the Cav3.2
member, in this inflammatory context. Using both genetic and pharmacological strategies in two murine
models of subacute and maintained articular inflammation, we confirmed the role of Cav3.2 channels in
inflammation and inflammatory-related pain. Our study supports the possibility of considering inhibition of
Cav3.2 channels as a new therapeutic perspective in the treatment of inflammation and related pain.

MATERIALS AND METHODS

Animals

All experiments were performed in accordance with the ethical guidelines set out by the International Associ-
ation for the Study of Pain and the relevant European legislation (Directive 2010/63/EU) and given approval
by the local ethics committee (CEMEA Auvergne; reference 6295). Eight-week-old male C57BL/6j mice were
purchased from Janvier Laboratories (Le Genest-Saint-Isle, France). Cav3.2 knock-out (Cav3.2 KO) male
mice, originally generated by Chen et al. (2003), and their wild type (WT) littermates were bred in the an-
imal facility of Clermont-Auvergne University. We also used Cav3.2-GFP-flox knock-in (Cav3.2GFP-flox KI)
mice, generated by Francois et al. (2015). A conditional Cav3.2 KO mouse in C-LTMRs was generated by
crossing the Cav3.2GFP-flox KI mice with Nav1.8cre KI mice (Stirling et al., 2005; Francois et al., 2015). The
resulting mice were designated Cav3.2Nav1.8 cKO, their control littermates (Cav3.2GFP-flox KI mice) were
also used. Chimeric mice were generated to determine the role in inflammation of Cav3.2 located in immune
versus neuronal cells. All animals were housed under standard laboratory conditions (12-hour light/dark
cycle, temperature of 21 to 22degC, 55% humidity under specific pathogen free conditions). Food and water
were availablead libitum . They were acclimatized for a week before testing.

Murine models of inflammatory pain and clinical evaluation

The carrageenan model was induced by an intraplantar subcutaneous injection of 20 μL of 3% λ-carrageenan
(Dalmann et al., 2015). The monoarthritic model was induced by injection of 5 μl of Complete Freund’s
Adjuvant (CFA) on either side of the left ankle joint of mice under brief anesthesia (2.5% isoflurane inhalation)
(Kerckhove et al., 2014).

To test mechanical allodynia and hyperalgesia, two calibrated von Frey filaments producing a force of 0.04
g and 1.4 g (Bioseb, France) were used, respectively, as described previously (Dalmann et al., 2015). The
number of paw withdrawal responses to five stimulations for a given filament force was counted and used as
a “pain” parameter (VF score).

The size of the paw edema was measured with a caliper. For the assessment of interleukine-6 (IL-6) content,
the paw edema was removed and incubated in RPMI (Roswell Park Memorial Institute medium, Sigma
Aldrich, Saint Louis, USA) supplemented with 10% antibiotic cocktail (penicillin, streptomycin, #P11-010,
PAA, Austria) at 37°C under a 5% CO2 atmosphere. After overnight incubation, IL-6 was quantified in the
supernatant by ELISA.

Bone-marrow derived macrophages and lymphocytes T CD4+ cells

Bone-marrow derived macrophages (BMDM) and CD4+ T cells were prepared from WT and Cav3.2GFP-flox

KI mice and used to investigate the expression of Cav3.2 channels by immunohistochemistry labelling.
BMDM from WT and Cav3.2 KO mice was used to investigate the impact of Cav3.2 deletion on LPS-induced
morphological modification, IL-6 secretion and intracellular calcium by immunofluorescent labelling, ELISA,
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. and calcium imaging. CD4+ T cells from WT and Cav3.2 KO mice were used to assess the proliferation
capacities after CD3/CD28 activation by flow cytometry.

Drugs

λ-carrageenan was purchased from Sigma-Aldrich, France. CFA consisted ofMycobacterium butyricum (Difco
Laboratories, Detroit, USA) dissolved in paraffin oil and saline (0.9% NaCl). The solution was autoclaved for
20 min at 120°C. TTA-A2 (Alomone labs, Jerusalem, Israel) was dissolved in DMSO/Tween80/saline (1:1:8)
and orally administered at 1 mg/kg (10 ml/kg). ABT-639 was purchased from CliniSciences (Nanterre,
France), dissolved in DMSO/saline (1:9) and injected either intraperitoneally (10, 30, 100 mg/kg, 10 ml/kg)
or subcutaneously in the hind paw (2.5 μg in 20 μl) or intrathecally (10 μg in 5 μl).

Experimental protocol

The design, analysis and reporting of the research were carried out according to the ARRIVE guidelines
(Percie du Sert et al., 2020). The animals were randomly divided into 6-10 mice per group. Randomized
treatments were administered according to the method of equal blocks to assess simultaneously the effect of
the different treatments and to avoid unverifiable and time-variable environmental influences. All experiments
were performed in a quiet room by the same blinded experimenter.

Statistical analysis

The data and statistical analysis comply with recommendations for experimental design and analysis in phar-
macology (Curtis et al., 2015, 2018). Statistical analysis was performed with Prism 7 software (GraphPad
Prism, La Jolla, USA). All data are expressed as the mean ± standard error of the mean (SEM). We used a
two-way (time and pharmacological treatment or time and genotype) analysis of variance (ANOVA) followed
by the Bonferroni post-hoc test for multiple comparisons. For other analyses, we used a Mann-Whitney test.
Data were considered statistically significant when p was < 0.05.

Additional materials and methods

Reagents and more detailed methods for murine models of inflammatory pain and clinical evaluation, ge-
neration of chimeric mice, immunohistochemistry, flow cytometry analysis and ELISA are described in the
Supplementary Materials and Methods .

RESULTS

Involvement of T-type channels in the development of inflammation and related mechanical
hypersensitivity: pharmacological evidence

First, we investigated the effect of inhibiting T-type channels inhibition with TTA-A2 a pharmacological
blocker with a great selectivity for T-type channels on inflammation and related pain in two murine models
of inflammation: the carrageenan and CFA models. In the carrageenan model, vehicle treated mice had
significantly increased responses to the von Frey test, thereby demonstrating the presence of a mechanical
allodynia (Figure 1A left ), hyperalgesia (Figure 1B left ) and edema (Figure 1C left ). TTA-A2 (1
mg/kg, p.o. ) quickly and strongly suppressed nociceptive behavior for a period of 1-2 hours (Figures 1A
left and 1B left ) and reduced edema size (Figure 1C left ). Similarly, in the CFA model seven day after
the model induction, acute treatment with TTA-A2 (1 mg/kg, p.o. ), resulted in a transient analgesic effect
similar to that observed in the carrageenan model (Figures 1A middle and 1B middle ). However, no
effect on edema size was observed (Figure 1C middle ). In contrast, chronic TTA-A2 administration (1
mg/kg, p.o. ) for one week after CFA model induction (day 7 to 14) resulted in a progressive analgesic effect
reaching significance after 5 days (from day 11 to 14 post CFA). Moreover the analgesic effect was long
lasting, as indicated by the daily pain threshold measured 6 hours after the TTA treatment, a time point
exceeding the duration of TTA acute effect (Figures 1A right and 1B right ). Unlike to the acute TTA-
A2 treatment, chronic treatment significantly reduced edema size, with the same kinetics as that obtained
for the analgesic effect (Figure 1C right ). Moreover, IL-6 levels in edemas at D14 were lower in TTA-A2
treated mice than in the VEH control (VEH: 4209.65 ± 166.58 pg/ml vs TTA-A2: 1719.20 ± 133.2 pg/ml,
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. p = 0.0019, Mann Whitney test). Taken together, these pharmacological data provide supporting evidence
toward an involvement of T-type channels in inflammation and related pain.

Involvement of Cav3.2 channels in the development of inflammation and related mechanical
hypersensitivity: genetic evidence

Taking into consideration that no pharmacological tool is exclusively specific to Cav3.2 channels, we inves-
tigated the contribution of these channels in inflammation and related allodynia/hyperalgesia using mice
constitutively deleted of the CACNA1H gene (Cav3.2 KO). In the carrageenan model, Cav3.2 KO mice did
not develop allodynia (Figure 2A left ) nor hyperalgesia (Figure 2B left ) compared to their control
wild-type (WT) littermates. Edema development was observed in both WT and Cav3.2 KO mice but to a
significantly lesser extent in the latter (Figure 2C left ). In addition, the pro-inflammatory cytokine IL-6
level in the edema was significantly lower in Cav3.2 KO mice (Figure 2D left ). In the CFA model, similar
results were obtained: a lack of mechanical nociceptive behavior in Cav3.2 KO mice (Figures 2A right and
2B right ) and a significant decrease in both edema size (Figure 2C right ) and IL-6 level in the edema
(Figure 2D right ) compared to those in WT animals. Thus, these findings underscore the importance of
Cav3.2 subtype channels in inflammation and related allodynia/hyperalgesia.

Functional location of Cav3.2 channels involved in inflammatory pain-like symptoms

Next, we gained further insights into the role of Cav3.2 channels in inflammatory pain by investigating the
impact of their inhibition at different locations. We assessed the effect of the deletion of Cav3.2 channels
located in a population of primary sensory neurons in mice, named C-LTMRs. These fibers express both
the sodium channel Nav1.8 and the calcium channel Cav3.2 (François et al., 2015) and have been shown
to contribute to inflammatory pathological pain (Seal et al., 2009; Delfini et al., 2013; François et al.,
2015; Reynders et al., 2015; Urien et al., 2017; Bohic et al., 2020). We therefore used a genetic mouse
model in which the expression of Cav3.2 channels is conditionally knocked out in C-LTMRs, by crossing
Cav3.2GFP-flox KI with Nav1.8cre KI mice as previously described (François et al., 2015). In this mouse model
(Cav3.2Nav1.8 cKO), a significant decrease in allodynia and hyperalgesia in the von Frey test was observed
after carrageenan (Figure 3A ) or CFA (Figures 3B ) injections compared to control Cav3.2GFP-flox

KI littermates. These results evidenced that the Cav3.2 channels located on C-LTMRs are required for the
development of inflammatory allodynia/hyperalgesia. This involvement of C-LTMRs-located Cav3.2 channels
could arise from their projection in the spinal cord (pre-synaptic Cav3.2 channels) or their origin in peripheral
tissue (Cav3.2 channels on primary afferent fibers). Therefore, the contribution of both locations was studied.
First, peripheral Cav3.2 channels involvement was evaluated using an intraperitoneal injection of ABT-639
(10, 30 and 100 mg/kg), a peripherally restricted T-type calcium channels inhibitor. After such treatment,
we observed a robust analgesic effect on allodynia and hyperalgesia at the two highest doses tested (30 and
100 mg/kg) in both carrageenan (Figure 4A ) and CFA (Figure 4B ) models. This result was confirmed
by performing an intraplantar injection of ABT-639 (2.5 μg / mouse in 20 μl) in the CFA model (Figure 4C
). Second, an intrathecal injection of ABT-639 (10 μg / mouse in 5 μl) was performed in the CFA model to
determine the contribution of Cav3.2 channels in primary afferent spinal terminals to allodynia/hyperalgesia.
The injection partially reduced the responses to the von Frey test (Figure 4D ). Thus, both pharmacological
and genetic tools identified the involvement in inflammatory pain of Cav3.2 located in primary afferent
neurons at both the peripheral and spinal terminals.

Involvement of immune cells in the anti-inflammatory action of Cav3.2 channels inhibition

We then studied the mechanisms underlying the involvement of Cav3.2 channels in edema development. One
possible explanation for the decreased edema observed in mice after Cav3.2 channel inhibition was a reduction
of the neurogenic inflammation process (Xanthos and Sandkühler, 2014). Indeed, inhibition of Cav3.2 located
in C-LTMRs could reduce the release of peripheral pro-inflammatory neuropeptides in response to antidromic
nerve stimulation. To test this hypothesis, we assessed edema development in Cav3.2Nav1.8 cKO mice.
No significant difference was observed in edema volume between Cav3.2Nav1.8cKO mice and their control
Cav3.2GFP-flox KI littermates after carrageenan injection (Figure 5A ) thereby excluding the hypothesis

6
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. of the neuronal nature of the anti-edematous effect of Cav3.2 channel inhibition at least originating from
C-LTMR afferents. The other explanation was based on the involvement of Cav3.2 channels expressed
in immune cells in edema formation. To test this, we designed chimeric mice with genetic deletion of
Cav3.2 only in hematopoietic cells (progenitor of immune cells) or only in non-hematopoietic cells (Figure
5B ). The absence of Cav3.2 channels specifically in the immune system (WT recipient mice transplanted
with KO immune cells) reduced edema development, as in constitutive Cav3.2 KO mice (KO recipient mice
transplanted with KO immune cells) (Figure 5C ). In contrast, edemas were restored in Cav3.2 KO recipient
mice receiving WT hematopoietic cells (Figure 5C ). Consistently, the absence of Cav3.2 channels only in
hematopoietic cells significantly reduced the production of IL-6, as in constitutive Cav3.2 KO mice (Figure
5D ). Our results showed that Cav3.2 channels expressed in immune cells are strongly involved in edema
development and IL-6 production.

To identify the nature of the immune cells involved in Cav3.2-dependent edema development, Cav3.2 channel
expression was investigated in macrophages and T cells. We used Cav3.2GFP-flox KI mice to detect Cav3.2
channel protein. Thus, bone marrow derived macrophages (BMDM) and CD4 positive T cells (CD4+ T
cells) were obtained from the femurs and spleen, respectively, of Cav3.2GFP-flox KI mice or control WT mice
and were labelled with an anti-eGFP antibody. Immunocytochemistry revealed the expression of Cav3.2
channels in both BMDM and lymphocyte CD4+ T cells (Figure 5E ).

Inflammation is modulated by Cav3.2 expressed in macrophages and lymphocytes T CD4+

The presence of Cav3.2 channels in BMDM and CD4+ T cells led us to investigate the impact of these
channels on the activation of both types of cells. To demonstrate the role of Cav3.2 channels in BMDM,
in vitro studies were performed on BMDM culture of Cav3.2 KO and WT mice. The analysis of BMDM
morphology, performed by phalloidin-immunofluorescence labelling of actin, revealed swollen morphology in
WT BMDM in presence of LPS (cells area without LPS = 283 +- 15 μm²; with LPS = 643 ± 22 μm²). Cav3.2
KO BMDM had the same basal morphology as WT BMDM but no morphological change was observed after
stimulation by LPS (cell area without LPS = 307 ± 12 μm²; with LPS = 260 ± 10 μm²; Figures 6A and
6B left panel ). In addition, Cav3.2 KO BMDM produced a smaller amount of IL-6 than WT BMDM
in presence of LPS (Figure 6B right panel ). A reduction of TNF-α production was also observed in
LPS-stimulated Cav3.2 KO BMDM (WT: 1,400.56 ± 193.08 pg/ml vs KO Cav3.2: 462.22 ± 196.79 pg/ml, p
= 0.0045, Mann Whitney test) as compared with levels of unstimulated BMDM (WT: 65.67 ± 21.19 pg/ml
vs KO Cav3.2: 19.86 ± 19.39 pg/ml). As calcium is a major factor in macrophage activation (Zhou et al.,
2006), we thought it would be of interest to investigate variations of intracellular calcium concentration after
LPS stimulation. The results showed that 30.2 ± 5.6% of WT BMDM cells and only 6.7 ± 2.1% of Cav3.2
KO BMDM cells induced elevation of intracellular calcium in response to LPS stimulation (Figure 6C ).

An assessment of the immune cell phenotype was performed by using flow cytometry analysis of total spleen
cells from WT and Cav3.2 KO mice. The expression of CD86, which is required for T cells activation, was used
to measure the activation status of antigen-presenting cells (APC) (Hellman and Eriksson, 2007). Median
fluorescence intensity in macrophages, CD11b+dendritic cells and inflammatory monocytes was significantly
lower in spleen cells from Cav3.2 KO mice than in those of the WT mice (Figure 6D ) whereas the
absolute number of these APC were unchanged (data not shown). These results indicate, at the basal level,
a defect in APC activation that could alter T-cells activation and thus the immune response. Moreover, we
analyzed the proliferation capacities of WT and Cav3.2 KO CD4+ T cells activated ex vivo by CD3/CD28.
T-cell proliferation, assessed at day 4, was significantly lower in Cav3.2 KO mice than in WT mice (54.6%
as compared with 91.3% divided cells, respectively;Figure 6E ). These findings led to conclude that the
absence of Cav3.2 channels in T cells impaired or delayed their proliferation, which could partly account for
the reduced edema size observed in the Cav3.2 KO mice.

DISCUSSION

Using in vivo and ex vivo methods, coupled with genetic and pharmacological strategies, this work highlights
the involvement of Cav3.2 T-type channels in the development and maintenance of edema and inflammatory
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. hypersensitivity, with a requirement of Cav3.2 channels being required in T CD4+ cells, macrophages and
the primary afferent fibers C-LTMRs. From a clinical point of view, these results suggest that T-type calcium
channels could be an interesting target for the treatment of inflammatory pain.

We first demonstrated that inhibition of T-type calcium channel by TTA-A2, ABT-639 and Cav3.2 channels
deletion (Cav3.2 KO mice), reduced mechanical allodynia and hyperalgesia in the carrageenan and CFA
models. These results are consistent with those of previous studies using the same models (François et al.,
2015; Kerckhove et al., 2019) and in other inflammatory contexts (Choi et al., 2007; Kerckhove et al., 2014).
Interestingly, repeated administration of TTA-A2 accounts for a maintained antihyperalgesic/anti-allodynic
action. In parallel, we reported for the first time the involvement of Cav3.2 channels in the inflammation
process. We observed an anti-inflammatory effect after genetic and pharmacological inhibition of Cav3.2
channels, suggesting a pathophysiological role of these channels not only in pain but also in the inflammatory
process. These results are consistent with others showing a contribution of Cav3.2 to the development of
bladder inflammation in cyclophosphamide-induced cystitis (Matsunami et al., 2012). In the CFA model,
acute administration of TTA-A2 failed to reduce edema size, suggesting that the dose or duration of treatment
was not sufficient in a setting of chronic inflammation. In contrast, their repeated administration significantly
reduced edema volume throughout the experiment. The genetic and pharmacological inhibition of Cav3.2
channels systematically induced an almost complete reduction of allodynia/hyperalgesia but only partially
inhibited edema volume. These results confirm the well documented dissociation between pain and edema
(Lee and Jeong, 2002) and suggest a greater involvement of Cav3.2 channels in the pain process than in
inflammation which is regulated by numerous various mechanisms.

Given the marked effect of the inhibition of Cav3.2 channels on inflammatory pain, determination of their
functional location to modulate this pathophysiological process is of prime interest. C-LTMRs are specialized
subpopulations of cutaneous afferents that modulate mechanical and chemical pain hypersensitivity and
consist of two third Cav3.2 channels containing primary afferent neurons lumbar DRG in mice (François et
al., 2015). We used Cav3.2Nav1.8 cKO mice to delete Cav3.2 channels solely in C-LTMRs. Strikingly, this
specific tool uncovers that pain-like symptoms were absent in Cav3.2Nav1.8 cKO mice submitted to the two
inflammatory model studied, corroborating previous finding on formalin pain (François et al., 2015). The
same observation was also reported in neuropathic (François et al., 2015) and visceral (Picard et al., 2019)
pain murine models further supporting that Cav3.2 channels in C-LTMR are essential to build up nociceptive
symptoms. In the present study, the reduction of pain-like inflammatory symptoms after treatment with
systemic, intrathecal or intraplantar administration of ABT-639 indicated that Cav3.2 expressed at multiple
subcellular levels from the peripheral to the central terminal are involved in the antihyperalgesic action
induced by Cav3.2 inhibition. The study of Jarviset al . (2014) also evidenced the analgesic effect of ABT-
639 in different murine models of neuropathic pain. However, a clinical trial with ABT-639 in patients with
diabetic neuropathy failed to demonstrate any efficacy of the antagonist, whose tolerability was nevertheless
good; the low doses used were considered as a possible explanation of this negative result (Ziegler et al., 2015).
Clinical evaluations of local intradermal injection of TTA-A2 in a muscle pain model in healthy volunteers
and patients (three patients with chronic pain) showed a decrease in mechanical and cold allodynia with no
adverse effect (Samour et al., 2015).

In some conditions, inflammation can be controlled by neuronal mediators in a process called neurogenic
inflammation (Xanthos and Sandkühler, 2014). To determine the involvement of Cav3.2 channels in this
process, two strategies were used. With regard to neuronal Cav3.2 channels, we observed no change in edema
size in Cav3.2Nav1.8 cKO mice, which strongly suggests that Cav3.2 channels expressed on C-LTMRs are not
involved in subacute or maintained inflammation. Experiments using chimeric mice enabled us to demonstrate
for the first time that the absence of Cav3.2 channels in hematopoietic cells was sufficient to reduce edema
development and pro-inflammatory mediator release. Interestingly, this reduction was close to that observed
in constitutive Cav3.2 KO mice, suggesting that Cav3.2 channels expressed by hematopoietic cells were
involved in the control of inflammation. Accordingly, transplantation of hematopoietic cells expressing Cav3.2
channels into constitutive Cav3.2 KO animals completely restored edema development and pro-inflammatory
mediator release. Thus, these in vivo experiments provide evidence that inflammation induced by carrageenan
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. and CFA involved Cav3.2 channels expressed in hematopoietic cells. We then explored more specifically the
potential contribution of BMDM and CD4+ T cells, two actors that play a crucial role in the inflammatory
diseases (Weyand and Goronzy, 2021). Using immunocytochemistry, we demonstrated, for the first time, that
these cells expressed Cav3.2 channel protein consistent with a previous demonstration of low level of Cav3.2
transcript expression in murine CD4+ T cells (Jarvis et al., 2014). Genetic deletion of Cav3.2 channels in
BMDM showed no morphological signs of activation and lower production of pro-inflammatory mediators
(IL-6 and TNF-α) in response to LPS stimulation. This result accounts for the fact that Cav3.2 channels are
involved in exocytose not only in excitable cells but also in non-excitable cell (Carbone et al., 2006). This
could be related to a reduced calcium recruitment in LPS-stimulated BMDM after Cav3.2 deletion, which lead
to a reduced level of pro-inflammatory mediators. A relationship between the calcium signaling pathway and
the production of pro-inflammatory mediators has already been established in LPS-stimulated rat peritoneal
macrophages (Zhou et al., 2006). Cav3.2 channel deletion was also associated with a lower activation status in
spleen APC suggesting an impaired ability of these cells to promote T cell activation. Moreover, Cav3.2 gene
invalidation strongly affected T-cell proliferation upon CD3/CD28 stimulation, suggesting the involvement
of Cav3.2 channels in early events of lymphocyte activation. In conclusion, Cav3.2 gene deletion strongly
impairs the function of APC and CD4+T cells, a process that could explain the involvement of Cav3.2 in
edema and inflammatory process observed in our models.

Our study has certain limitations. First, although the spinal and peripheral location of Cav3.2 channels was
shown to be involved in inflammatory pain, a supraspinal contribution cannot be ruled out. Indeed, Cav3.2
channels are expressed in the brain (Bernal Sierra et al., 2017) and intracerebroventricular injection of TTA-
A2 induced antinociception in the formalin test in mice (Kerckhove et al., 2014). However, the fact that
ablation of Cav3.2 channels in C-LTMRs totally suppressed pain-like symptoms in our inflammatory models
detracts from this hypothesis. In addition, we cannot definitively conclude that the reduced activation and
proliferation of macrophages and CD4+ T cells that were proposed to explain the anti-edematous effect of
Cav3.2 inhibition are the only processes involved. It is possible that a default in the fetal development of
the hematopoietic lineage in Cav3.2 KO mice or in the recruitment or infiltration process in WT mice also
contributes to the observed phenotype. However, after analysis, we observed no significant alteration in the
number of the major populations of immune cells in Cav3.2 KO mice. Furthermore, other subpopulations
of cells involved in inflammation such as monocytes and osteoblasts could account for the action of Cav3.2
channels inhibition. Elucidation of the mechanistic basis of these different questions will require additional
experimental approaches, possibly including tissue-specific manipulation of the expression of Cav3.2 channels.

In a clinical perspective, together with reports from the literature, our study supports the need of a more
thorough clinical evaluation of T-type channels blockers in the treatment of chronic pain, in order to draw
firm conclusions on their potential efficacy, especially in patients with inflammatory pain. The findings of
our study would permit a rapid translation in patients by performing a clinical study in patients suffering
from inflammatory pain.

LEGENDS OF FIGURES

Figure 1 Pharmacological evidence of functional involvement of T-type channels in the devel-
opment and maintenance of inflammation and related pain

The effect of acute TTA-A2 (1 mg/kg, per os ) or vehicle (VEH) treatment was assessed in mice 4h after an
intraplantar injection of carrageenan (right ) or 7 days after an intra-articular administration of Complete
Freund’s Adjuvant (CFA, middle ). In the CFA model, the effect of repeated (3 times a day from day
7 to day 14) administrations of TTA-A2 (1 mg/kg, per os ) or VEH was also investigated (left ). In all
conditions, mechanical allodynia (A ), mechanical hyperalgesia (B ) and paw edema (C ) were assessed.
Statistical differences were assessed by two-way ANOVA (Time, Treatments) followed by Bonferroni post-hoc
test [significant differences between VEH and TTA-A2 group are indicated by asterisks (*p < 0.05; **p <
0.01; ***p < 0.001)]. Data represent mean ± SEM.

Figure 2 Genetic evidence for the functional involvement of Cav3.2 channels in the development
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. of inflammation and related pain

Cav3.2 knock out mice (Cav3.2 KO) and their wild type littermates (WT) received an intraplantar adminis-
tration of carrageenan (right ) or an intraarticular injection of CFA (left ). Mechanical allodynia (A ) and
hyperalgesia (B ) were assessed by the von Frey test using 0.04 g and 1.4 g filaments, respectively. Edema
size (C ) was measured with a caliper. IL-6 levels in edema (D ) was analyzed by ELISA in supernatant
from culture of edema. Statistical differences were assessed by two-way ANOVA (Time, Genotype) followed
by Bonferroni post-hoc test [significant differences between WT and Cav3.2 KO group are indicated by as-
terisks (*p < 0.05; **p< 0.01; ***p < 0.001)]. Statistical differences for IL-6 levels in edema were assessed
by Mann-Whitney test [significant differences between WT and Cav3.2 KO group are indicated by asterisks
(*p < 0.05; ***p < 0.001)]. Data represent mean ± SEM.

Figure 3 Contribution of peripheral-located Cav3.2 channels in inflammatory pain

Mechanical allodynia (left ) and mechanical hyperalgesia (right ) were assessed in Cav3.2Nav1.8 cKO mice
and their control littermates (Cav3.2GFP-floxKI) receiving either an intraplantar injection of carrageenan
(A ) or intraarticular CFA (B ). Mice were submitted to the von Frey test to assess mechanical allodynia
(left ) and hyperalgesia (right ). Statistical differences were assessed by two-way ANOVA (Time, Genotype
or Treatments) followed by Bonferroni post-hoc test [significant differences between Cav3.2Nav1.8 cKO and
Cav3.2GFP-flox KI group are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001)]. Data represent
mean ± SEM.

Figure 4 Contribution of both peripheral- and spinal-located Cav3.2 channels in inflammatory
pain

The effect of a systemic administration of ABT-639 (10, 30 or 100 mg/kg, i.p., C, D ) or intraplantar injection
of ABT-639 (2.5 μl in 20 μl, E ) or an intrathecal injection of ABT-639 (10 μg in 5 μl,F ) or their respective
vehicles (VEH) were evaluated in the carrageenan (A , C ) and CFA (D-F ) models. In all conditions,
mice were submitted to the von Frey test to assess mechanical allodynia (left ) and hyperalgesia (right
). Statistical differences were assessed by two-way ANOVA (Time, Genotype or Treatments) followed by
Bonferroni post-hoc test [significant differences between VEH and ABT-639 group are indicated by asterisks
(*p < 0.05; **p < 0.01; ***p< 0.001)]. Data represent mean ± SEM.

Figure 5 Anti-inflammatory effect of Cav3.2 channels inhibition is mediated by immune cells

Edema development after carrageenan injection in Cav3.2Nav1.8 cKO and Cav3.2GFP-flox KI mice (A ). (B )
Representation of chimeric mice generation. WT and Cav3.2 KO mice (recipients) are irradiated. In irradiated
mice, bone marrow cells retrieved from un-irradiated WT or Cav3.2 KO mice (donors) were transplanted by
intravenous injection. Four experimental groups were obtained: WT mice transplanted with bone marrow
cells from Cav3.2 KO; Cav3.2 KO mice transferred with bone marrow cells from WT donors; WT mice
transferred with bone marrow cells from WT donors; and Cav3.2 KO mice transferred with bone marrow
cells from KO donors. Edema development (C ) and IL-6 production (D ) in chimeric mice 4 hours after
injection of carrageenan, 8 weeks after the bone marrow transplantation. (E ) BMDM and CD4+ T cells,
obtained from WT and Cav3.2GFP-flox KI mice stained with antibody anti-eGFP or isotype control revealing
the expression of Cav3.2 in these cells.B was analyzed by one-way ANOVA followed by Bonferroni post-
hoc test: no significant differences were found. For other graphs a one-way ANOVA followed by Bonferroni
post-hoc test were performed (*p < 0.05; **p< 0.01; ***p < 0.001). Data represent mean ± SEM.

Figure 6 Cav3.2 channels are involved in the activation/proliferation of macrophages and T
CD4+lymphocytes

Immunohistochemistry of BMDM (actin [phalloidin toxin]= red) and nucleus (DAPI= blue)) from WT
and Cav3.2 KO mice (A ). BMDM area (B, left ) and IL-6 production in supernatant (B, right ). (C )
Representative recording of LPS-induced calcium signals in single WT and Cav3.2 KO BMDM (left ) and
percentage of BMDM responding to LPS (right ) (515 cells analyzed for WT and 446 for Cav3.2 KO BMDM
from 4 different mice/group).

10



P
os

te
d

on
A

u
th

or
ea

14
N

ov
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

68
94

97
.7

36
88

95
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Flow cytometry analysis of the activation status (CD86 median fluorescence intensity) in macrophages (D,
left ), dendritic cells (DC CD11b+, D, middle ) and inflammatory monocytes (D, right ) from spleen of
WT and Cav3.2 KO mice. (E ) Proliferation capacity of WT and Cav3.2 KO T cells stained with CFSE
under CD3/CD28 stimulation for 4 days. Representative flow cytometry data showing CFSE peaks displayed
by CD4+ T cells (E, left ). Quantification of T CD4+ cells after proliferation (E, middle and right ). B
left and right and E middle were analyzed by one-way ANOVA followed by Bonferroni post-hoc test (*p
< 0.05; ***p< 0.001). Other graphs were analyzed by Mann-Whitney test (**p < 0.01; ***p < 0.001). Data
represent mean ± SEM.
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