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Background and Purpose: Cannabinoids are a promising therapeutic avenue for chronic

pain. However, clinical trials often fail to report analgesic efficacy of cannabinoids. Inhibi-

tion of voltage gate calcium (Cav) channels is one mechanism through which cannabi-

noids may produce analgesia. We hypothesized that cannabinoids and cannabinoid

receptor agonists target different types of Cav channels through distinct mechanisms.

Experimental Approach: Electrophysiological recordings from tsA-201 cells expressing

either Cav3.2 or Cav2.2 were used to assess inhibition by HU-210 or cannabidiol (CBD)

in the absence and presence of the CB1 receptor. Homology modelling assessed poten-

tial interaction sites for CBD in both Cav2.2 and Cav3.2. Analgesic effects of CBD were

assessed in mouse models of inflammatory and neuropathic pain.

Key Results: HU-210 (1 μM) inhibited Cav2.2 function in the presence of CB1

receptor but had no effect on Cav3.2 regardless of co-expression of CB1 receptor. By

contrast, CBD (3 μM) produced no inhibition of Cav2.2 and instead inhibited Cav3.2

independently of CB1 receptors. Homology modelling supported these findings, indi-

cating that CBD binds to and occludes the pore of Cav3.2, but not Cav2.2. Intrathecal

CBD alleviated thermal and mechanical hypersensitivity in both male and female

mice, and this effect was absent in Cav3.2 null mice.

Conclusion and Implications: Our findings reveal differential modulation of Cav2.2

and Cav3.2 channels by CB1 receptors and CBD. This advances our understanding of

how different cannabinoids produce analgesia through action at different voltage-

gated calcium channels and could influence the development of novel cannabinoid-

based therapeutics for treatment of chronic pain.
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1 | INTRODUCTION

The potential utility of cannabinoids in treating chronic pain remains

unclear, with many clinical trials reporting limited efficacy (Fisher

et al., 2021; Vela et al., 2022; but see Whiting et al., 2015). Despite

this, many patients report that use of cannabinoids such as Δ9-

tetrahydrocannabinol (THC) or cannabidiol (CBD) reduces their pain

(Baron et al., 2018; Boehnke et al., 2016; Ware et al., 2005). Addi-

tional studies are therefore needed to understand to what extent and

the mechanisms underlying how cannabinoids produce analgesia.

Voltage-gated calcium channels (VGCCs; Cavs) are a promising

target for the treatment of chronic pain due to their role in regulating

neuronal excitability and facilitating synaptic vesicle release at primary

afferent synapses (Harding & Zamponi, 2022). First-order neurons

transmit nociceptive information from peripheral tissue into the dorsal

horn of the spinal cord, where neurotransmission onto dorsal horn

neurons is predominantly facilitated by two presynaptic VGCCs: Cav2.

2 (N-type) and to a lesser extent Cav3.2 (T-type) channels

(Zamponi, 2016).

Cannabinoids like THC inhibit vesicular release through activation

of the presynaptic CB1 receptor and subsequent G protein-mediated

inhibition of presynaptic calcium channels and activation of G protein-

coupled inwardly rectifying (GIRK; KIR) potassium channels. The reg-

ulation of Cav2.2 channels by G protein-coupled receptors is well

documented and typically involves the induction of a reluctant gating

state by binding of the G protein βγ dimer to the pore forming α1 sub-

unit of the channel (di Marzo et al., 2004; Mackie & Hille, 1992;

Tedford & Zamponi, 2006; Twitchell et al., 1997). However, less is

known as to whether and how cannabinoid receptors regulate Cav3.2

channels.

Conversely, CBD appears to exert its pharmacological action in a

non-canonical manner. Many studies have demonstrated that the

affinity of CBD as an agonist for CB1 receptors is very low (Mlost

et al., 2020; Pertwee, 2008) and that CBD may instead act as a non-

competitive allosteric modulator of CB1 receptors at low micromolar

concentrations (Laprairie et al., 2015). Other studies have indicated

that CBD acts as a modulator of fatty acid hydrolysis, or an agonist at

TRPV1 receptors, 5-HT1A receptors and Kv7 channels (Bisogno

et al., 2001; de Gregorio et al., 2019; Zhang et al., 2022). Additionally,

in vitro studies suggest that CBD can act as an antagonist of low

voltage-activated VGCCs including Cav3.2 (Ross et al., 2008).

Despite the mechanism of action being unclear, preclinical studies

consistently demonstrate that CBD produces analgesia, notably in

rodent models of arthritic and neuropathic pain (de Gregorio

et al., 2019; Finn et al., 2021; Philpott et al., 2017; Ward et al., 2014).

Moreover, administration of CBD appears to boost the efficacy of

administered opioids in the treatment of chronic pain (Boehnke

et al., 2016; Jesus et al., 2022).

Here, we show that CB1 receptors potently modulate N-type, but

not T-type calcium channels, whereas CBD inhibits the activity of the

latter but not the former calcium channel subtype. Furthermore, we

show that at the spinal level, CBD-mediated analgesia is dependent

on Cav3.2.

2 | METHODS

2.1 | Cell culture and transfections of tsA-201 cells

Human embryonic kidney tsA-201 cells (RRID:CVCL_2737) were

grown in Dulbecco's modified Eagle's medium (DMEM) containing

10% foetal bovine serum and 1% penicillin/streptomycin. Cells were

maintained at 37�C under a humidified atmosphere containing 5%

CO2. Cells were suspended by 0.25% trypsin with ethylenediamine-

tetraacetic acid (EDTA) and plated on glass coverslips placed within

10 cm culture dishes 6 h before transfection. Using the calcium

phosphate method, cells were transiently transfected with 0.5 μg of

GFP cDNA (Addgene # 6085-1) and 3 μg of each plasmid encoding

the following cDNAs: Human Cav3.2 α1 subunit (Dr. Terrance

Snutch, University of British Columbia, Vancouver, Canada) or rat

Cav2.2 α1 subunit (with the auxiliary rat β1b and rat α2δ1 subunits)

(Dr. Terrance Snutch, University of British Columbia, Vancouver,

Canada) with or without the human CB1 receptor (Dr. Ken Mackie,

Indiana University, Bloomington, USA). After 20 h, media was chan-

ged and cells were placed into a 30�C incubator. Cells were used

for experiments 72 h post-transfection. For co-immunoprecipitation

experiments, no GFP plasmid was included during transfection, cells

were maintained in 37�C throughout the entire 72-h incubation,

and a rat Cav2.2-GFP tagged α1 subunit was used for blotting

against GFP.

What is already known

• Cannabinoids like THC inhibit high voltage-activated cal-

cium channels like Cav2.2 through CB1 receptor

activation.

• In preclinical studies, CBD produces analgesia despite

having minimal activation of the CB1 receptor.

What does this study add

• Cannabinoid receptor activation does not produce inhibi-

tion of the low voltage-activated calcium channel Cav3.2.

• CBD directly inhibits Cav3.2, and analgesia obtained

through spinally administered CBD is Cav3.2 dependent.

What is the clinical significance

• Understanding the mechanisms by which cannabinoids

produce analgesia will better inform development of

novel analgesics.
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2.2 | Dorsal root ganglion (DRG) neuron isolation

DRGs from the spinal lumbar section level 4–6 of 5-week-old C57Bl/

6 male mice were harvested and cut into small pieces and incubated

with 4 mg�mL�1 collagenase (Gibco) and 40 μL�mL�1 papain

(Worthington) in culture medium (Dulbecco's modified Eagle's

medium, Gibco) supplemented with 10% heat-inactivated fetal bovine

serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37�C for

30 min, followed by 1 μg�mL�1 DNase (Sigma) for another 10 min.

After that, digested DRG tissue was washed three times with culture

medium and mechanically dissociated into single cells. DRG neurons

were plated on glass coverslips pretreated with Poly-D-Lysine (Sigma)

and Laminin (Sigma) and maintained at 37�C in a 5% CO2 incubator.

Electrophysiological recordings were performed within 24 h after

plating.

2.3 | Electrophysiology

For tsA-201 cells, whole-cell voltage-clamp recordings were per-

formed at room temperature (20–22�C) 72 h after transfection as pre-

viously described (Gandini et al., 2019). Currents were recorded in

pCLAMP9.2 using an Axopatch 200B amplifier and digitized via a

Digidata 1322A (Molecular Devices, San Jose, USA). The external

solution consisted of (in mM): 10 BaCl2, 125 CsCl, 1 MgCl2, 10 HEPES

and 10 glucose (pH 7.4 adjusted with CsOH). Patch pipettes (Sutter

Instrument Co., Novato, CA, 2–4 MΩ) were filled with an internal

solution containing (in mM): 130 CsCl, 2.5 MgCl2, 5 EGTA, 10 HEPES,

3 Na-ATP, and 0.5 Mg-GTP (pH 7.4 adjusted with CsOH). Junction

potential was calculated as less than 0.7 mV (Junction Potential Calcu-

lator, Clampex 11.2, Molecular Devices, San Jose, USA) and was thus

left uncorrected.

Current–voltage relationships of Cav3.2 were determined by

applying 200 ms pulses between �60 mV and +20 mV in 5 mV

increments from a holding potential of �110 mV. Current was

converted into current density by dividing the peak current at each

voltage by the cell capacitance. Obtained I-V curves were fitted using

the following Boltzmann equation: (I = ((Vmem � Vrev) � Gmax)/(1

+ exp(Vmem � Va)/dx)), where I is the peak current, Vmem is the

membrane potential, Vrev is the reversal potential, Gmax is the maxi-

mum conductance, Va is the half voltage for activation and dx is the

slope factor.

Steady-state inactivation curves of Cav3.2 were obtained by

applying 800 ms conditioning prepulses from �110 to �20 mV in 10

mV increments followed by a 100 ms test pulse to � 20 mV. Curves

were fitted with the equation: I/Imax = 1/(1 + exp(Vh � Vmem)/dx),

where Vh is the half inactivation potential.

Perfusion time courses were obtained by applying 200 ms

pulses to �20 mV from a holding potential of �110 mV every 20 s

for up to 15 min for Cav3.2 and pulses to +20 mV from a holding

potential of �100 mV for Cav2.2. Percent inhibition was calculated

between the last sweep before drug perfusion began and 400 s

into the recording.

To ascertain the dose dependence of CBD action on Cav3.2,

recordings were performed as described previously (Gadotti

et al., 2021). Briefly, the external solution contained (in mM):

40 TEACl, 65 CsCl, 20 BaCl2, 1 MgCl2, 10 HEPES and 10 glucose, pH

adjusted to 7.4. The internal solution contained (in mM): 140 CsCl, 2.5

CaCl2, 1 MgCl2, 5 EGTA, 10 HEPES, 2 Na-ATP, and 0.3 Na-GTP, pH

adjusted to 7.3. Patch clamp recordings were performed by an EPC

10 amplifier linked to a personal computer equipped with Pulse

(V8.65) software (HEKA Elektronik, Bellmore, USA). Junction potential

was calculated as 2.8 mV (Junction Potential Calculator, Clampex

11.2, Molecular Devices, San Jose, USA) and was thus left uncor-

rected. Inward current was elicited by 300 ms depolarization from a

holding potential of �110 mV to a test potential of �20 mV with an

interpulse interval of 20 s. Each cell was subjected to only one con-

centration of CBD and % inhibition was calculated over a 15 sweep

period, comparing the first sweep to an average of the last three

sweeps. The number of cells recorded for each concentration of CBD

was less than 5 due to the exploratory nature of this experiment and

therefore represents preliminary data.

All cells were recorded with series resistance compensation.

Recordings were performed with randomization, recording from equal

numbers of cells each day for each condition. In order to ensure ade-

quate randomization between groups (especially with respect to peak

current and cell capacitance), the experimenter could not be blinded

to condition during experiments. Data analysis was performed blinded

to condition where possible. For perfusion experiments, cells were

excluded from analysis if access resistance changed by more than

20% during recordings, or if cells were lost before perfusion could be

completed. Cells were excluded from I-V analysis if they were unsta-

ble or had peak current less than 15 pA�pF�1 or greater than

150 pA�pF�1. Cells that were excluded were not replaced, thus result-

ing in nonequal group sizes. Group sizes were determined based on

previous publications (Gadotti et al., 2021; Gandini et al., 2019).

For recordings of DRG neurons, recordings were performed as

described previously (Gadotti et al., 2021). Briefly, the external solution

contained the following (in mM): 40 TEACl, 65 CsCl, 20 BaCl2, 1 MgCl2,

10 HEPES and 10 glucose, pH adjusted to 7.4. The internal solution

contained the following (in mM): 140 CsCl, 2.5 CaCl2, 1 MgCl2,

5 EGTA, 10 HEPES, 2 Na-ATP and 0.3 Na-GTP, pH adjusted to 7.3.

Patch clamp recordings were performed by an EPC 10 amplifier linked

to a personal computer equipped with Pulse (V8.65) software (HEKA

Elektronik, Bellmore, USA). To isolate low voltage-activated voltage-

gated calcium channel current, the stimulation protocol was altered

slightly. For these experiments, DRG neurons were maintained at

�90 mV, with a 300 ms depolarization to a test potential of �30 mV.

All other conditions remained the same between these experiments.

2.4 | Co-immunoprecipitation assays and western
blots

All immunoblotting experiments comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018). In
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experiments with tsA-201 cells, cells were washed once with ice-cold

Hepes-based saline solution and then lysed in a modified RIPA buffer

(50-mM Tris, 150-mM NaCl, 0.25% Triton X-100, pH 7.5) containing

1� Complete protease inhibitor cocktail. Lysates were centrifuged at

13,000 rpm for 20 min at 4�C to remove cell debris and protein con-

centration was quantified from supernatants using the BioRad protein

assay dye. One milligram of lysates was incubated in RIPA buffer with

2 μg of either anti-CB1 receptor (Abcam, #23703) or anti-Cav3.2

(Novus Biologicals, #NBP1-22444) antibodies overnight at 4�C with

rotation, followed by immunoprecipitation for 1.5 h using protein A or

G Sepharose beads, respectively. Immunoprecipitates were washed

3� in RIPA buffer and eluted with 2� Laemmli sample buffer. Pro-

teins were resolved using SDS-PAGE, transferred to polyvinylidene

fluoride membranes (Immun-Blot polyvinylidene fluoride membranes

[PVDF], Bio-Rad, #1620177) and immunoblotted with one of the fol-

lowing primary antibodies: anti-CB1 receptor (Abcam, 23703, RRID:

AB_447623, 1:250), anti-Cav 3.2 (Novus Biologicals, #NBP1-22444,

RRID:AB_1659986, 1:250) or anti-GFP (Abcam, #ab1218, RRID:AB_

298911, 1:500) overnight at 4�C. Membranes were then incubated

with horseradish peroxidase-linked anti-mouse or anti-rabbit anti-

bodies and developed using SuperSignal West Dura substrate

(Thermo Scientific) and a C-DiGit blot scanner (LI-COR).

In experiments with tissue, whole brains (mBr) from C57Bl/6

and Cav3.2 null animals were removed and homogenized in ice

cold 0.32 M glucose solution. Proteins were obtained using a

buffer containing 50-mM Tris (pH 7.5), 150 mM NaCl, 1% Igepal,

10% (w/v) glycerol and 1� Complete protease inhibitor cocktail.

Lysates were centrifuged at 13,000 rpm for 10 min at 4�C,

rehomogenized, centrifuged again, and the supernatant collected.

Protein concentration was quantified using the BCA assay. Two

milligrams of lysates were incubated with 3 μg of anti-CB1

receptor (Cayman, #211-032-171) or anti-Nurr1 (IgG0 control,

Santa Cruz, #N-20, RRID:AB_2153906) antibodies overnight at 4�C

with rotation, followed by immunoprecipitation for 2 h using a mix

of protein A and G Sepharose beads. Immunoprecipitates were

washed three times in lysis buffer and two times in PBS and

eluted with 2� Laemmli (containing 50 mM DTT and 0.5 M β-mer-

captoethanol) sample buffer. Proteins were resolved using

SDS-PAGE, transferred to nitrocellulose membranes (BioRad) and

immunoblotted using anti-Cav3.2 (Santa Cruz, #H-300). Membranes

were then incubated with horseradish peroxidase-linked anti-rabbit

antibody (Jackson Immunolab, #211-032-171, RRID:AB_2339149)

and developed using SuperSignal West Dura substrate (Thermo

Scientific) and a C-DiGit blot scanner (LI-COR).

2.5 | Animals

In vivo experiments were carried out following approval of an animal

protocol by the Institutional Animal Care and Use Committee at the

University of Calgary. Adult (8–12 weeks) male or female C57Bl/6J

mice purchased from Jackson Laboratories were used and adult male

(8–12 weeks) male Cav3.2 null mice were produced in house from

breeding pairs originally obtained from Jackson Laboratories (strain

#013770) (Chen et al., 2003). Mice were kept at a maximum of five

per cage (30 � 20 � 15 cm) in controlled temperature of 23 ± 1�C on

a 12 h light/dark cycles (lights on at 7:00 a.m.) and with free access to

food and water. Experiments were performed between 10 AM and

3 PM, and different cohorts of mice were used for each testing ses-

sion. In vitro experiments were carried out on male C57Bl/6J mice (5

weeks) produced in house from breeding pairs originally purchased

from Jackson Laboratories. For these experiments mice were eutha-

nized by an overdose of isoflurane followed by decapitation. Animal

studies are reported hereafter in compliance with the ARRIVE guide-

lines (Percie du Sert et al., 2020) and with the recommendations made

by the British Journal of Pharmacology (Lilley et al., 2020).

Injections via intrathecal (i.t.) route were performed in fully con-

scious mice according to routinely performed in our lab (Gadotti

et al., 2013, 2015). The dorsal fur of each mouse was shaved 24 h prior

to injection. Animals were manually restrained, the spinal column was

arched and a 30-gauge needle attached in a PE20 Polyethylene tube to

a 25 μL Hamilton microsyringe (Hamilton, Birmingham, UK) was

inserted into the subarachnoid space between the L4 and L5 vertebrae.

Positioning of the needle tip was confirmed by a characteristic tail-flick

response of animal when the needle is correctly positioned. Intrathecal

injections of 10 μL were delivered over a period of a minimum of 5 s.

2.6 | Pain models

The formalin test was performed as originally described (Hunskaar

et al., 1985) and as previously performed by our lab (Gadotti

et al., 2013, 2015). Mice were always allowed to acclimatize in the lab-

oratory for at least 60 min before experiments. They received a volume

of 20 μL of a formalin solution (2.5%) prepared in PBS injected intra-

plantarly (i.pl.) in the ventral surface of the right hindpaw. After formalin

injection, mice were immediately kept individually in observation cham-

bers and the time spent licking or biting the injected paw was recorded

and considered as nocifensive response. We scored the nociceptive

responses of each animal individually from 0 to 5 min (neurogenic

phase) and 15 to 30 min (inflammatory phase). CBD (2.5% DMSO in

PBS) or vehicle (2.5% DMSO in PBS) was administrated spinally (i.t.)

20 min prior to receiving formalin and its effect on both nociceptive

and inflammatory phases of the formalin test were analysed.

Complete Freund's Adjuvant (CFA) was used to induce thermal

hyperalgesia produced by peripheral inflammation. Twenty microliters

(20 μL) of CFA) were injected subcutaneously in the plantar surface of

the right hindpaw (intraplantar) (Ferreira et al., 2001). Sham groups

received 20 μL of PBS in the ipsilateral paw. Two days after CFA

injection, mice were treated with either CBD or vehicle delivered spi-

nally (i.t.) and their thermal withdrawal threshold was tested.

Chronic neuropathic pain was induced by a partial sciatic nerve

ligation injury (PSNL) where a single tight ligature around a third to a

half of the diameter of the sciatic nerve was performed. Mice were

anaesthetized with isoflurane (5% induction, 2.5% maintenance) and

monitored for respiration and spontaneous breathing throughout the
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surgery. Fur around the upper right leg was shaved, and the area was

then disinfected with 70% ethanol and skin was cut with a surgical

blade. Leg muscle was separated by blunt dissection to expose the sci-

atic nerve. The right sciatic nerve was then exposed proximal to the

sciatic nerve trifurcation. Sham-operated mice had nerves exposed

but no ligatures placed (Malmberg & Basbaum, 1998). Skin was re-

sutured with 4.0 vicryl sutures (3–4). Due to the short length of sur-

geries no heat support was provided during surgery, but a heating pad

was placed under half of the cage to aid recovery from anesthesia.

Mice were monitored for up to one hour post-surgery to ensure suc-

cessful recovery from anesthesia. Experiments were always per-

formed using two different cohorts of mice. Mice received CBD or

vehicle intrathecally 3 weeks after nerve injury and were tested for

mechanical hyperalgesia. Mice were randomly assigned to sham or

partial sciatic nerve ligation surgery cohorts and CBD or vehicle

cohorts, with the goal of creating equal group sizes where litter size

allowed. Group sizes were determined based on previous publications

(Gadotti et al., 2021). The experimenter could not be blinded to condi-

tion due to effect size. Mice were monitored once daily for 7 days to

ensure sutures were holding and mice recovered well from surgery.

All mice healed well and were included in behavioural experiments.

2.7 | Behaviour

Thermal hyperalgesia was analysed by measuring the latency to with-

drawal of right hind paws on a focused beam of radiant heat (IR = 30)

of a Plantar Test apparatus (UgoBasile, Varese, Italy). Animals were

placed individually in a small, enclosed testing arena

(20 cm � 18.5 cm � 13 cm, length � width � height) on top of a plas-

tic glass floor and they were allowed to acclimate for a period of at

least 90 min before testing. The radiant heat source was positioned

beneath the animal, so that the heat was directly under the plantar

surface of the ipsilateral hind paw. Each mouse was tested three times

for each timepoint: Prior to the treatments (Time 0) and 30, 60,

120 and 180 min after intrathecal treatment with CBD or vehicle. The

device has a cut-off time of 30 s to avoid tissue damage.

Mechanical hyperalgesia was measured using a digital plantar

aesthesiometer (DPA, Ugo Basile). Animals were placed individually in

a small, enclosed testing arena on top of a grid platform (digital plantar

aesthesiometer). The device was placed beneath the testing floors so

the filament could be moved and positioned accurately under the

plantar surface of the ipsilateral hind paw of each animal. Each paw

was tested three times per session (García-Caballero et al., 2014). Ani-

mals without thermal or mechanical pain phenotypes in response to

CFA, formalin, or PSN surgery were not used for experimentation. No

other animals were excluded from analysis.

2.8 | Materials

CBD was obtained from Cayman Chemicals (Ann Arbor, Michigan,

USA) (#90080, ≥98% purity) and dissolved in 100% DMSO to form

stock aliquots at 3 mM. HU-210 was obtained from Toronto Research

Chemicals (Toronto, Canada) (#H673500) and dissolved in 100%

DMSO to form stock aliquots at 10 mM. Final concentrations in exter-

nal solution ensured less than 0.1% DMSO, which served as perfusion

control. Complete Freund's Adjuvant (CFA) was obtained from Sigma

Aldrich, (#5881). Formalin was obtained from Merck Millipore

(Burlington, Massachusetts, USA) (#R04586). Unless otherwise stated,

all other chemicals were obtained from Millipore-Sigma. Details of

other materials and suppliers were provided in the specific sections.

2.9 | Molecular docking

The starting model of Cav3.2 was made in ColabFold (Mirdita

et al., 2022) based on the structure of the human Cav3.1 α 1G subunit

(Zhao et al., 2019). The structures of the human N-type voltage gated

calcium channel Cav2.2-α2δ1-β1 complex were obtained from the RCSB

Protein Data Bank (PDB ID: 7VFW) (Dong et al., 2021). The protein

was prepared using Accelrys Discovery Studio 19.1 (Accelrys, San

Diego, CA, USA). The reported binding area between co-ligand and the

protein was considered the most affirmative region for the ligand

binding docking simulation. Next, the reported compound blocker 1 was

removed and the protein was regarded as ligand free (Dong

et al., 2021). Water molecules were also removed from the protein

structure for docking simulation. Polar hydrogen atoms were added into

the protein using an automated docking tool, AutoDock 4.2.6 (Goodsell

et al., 1996; Jones et al., 1997). The docking studies for the CBD and

co-crystalline ligand were performed without modifying the default

parameters. The 2D structure of CBD was drawn with MarvinSketch

(ChemAxon, Budapest, Hungary) and converted into 3D pdb format

using Chem3D Pro software (v12.0, Cambridge Soft Inc., Cambridge,

MA, USA). Energy minimization of each ligand were carried out using

molecular mechanics 2 (MM2) force field. The docking analysis was

conducted using Autodock Vina (Trott & Olson, 2009). A grid box size

of 60 � 60 � 60 points with spacing of 1.0 Å between the gird points

was executed to cover almost the entire favourable protein binding site.

The X, Y, Z centres were for Cav2.2 (167.047186, 169.790978 and

154.958226) and Cav3.2 (�3.606705, 1.964202 and �2.723603). The

docking protocol for rigid and flexible ligand docking comprised 20

independent genetic algorithms. In docking studies, the selected ligand

CBD was examined for qualified binding poses. The binding aspect of

Cav2.2 and Cav3.2 residues and their corresponding binding affinity

score are regarded as the best molecular interaction. All structure

figures were prepared in Discovery Studio Visualizer and PyMol. All

docking simulations were performed using Intel® Core™ i7-4510 CPU

@ 32.00 GHz with Windows 10 and a 64-bit operating system with the

molecular docking simulation environment.

2.10 | Data analysis

The data and statistical analyses comply with the recommendations of

the British Journal of Pharmacology on experimental design and
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analysis in pharmacology (Curtis et al., 2022). Data were normalized in

the following experiments: Steady-state inactivation curves, perfusion

time courses and % inhibition. Steady-state inactivation curves were

normalized within each cell to the peak current obtained with a pre-

pulse matching resting membrane potential. This is necessary as peak

current can vary widely between cells and could obscure the actual

half-inactivation voltage. Time courses and % inhibition were normal-

ized within each cell to the current at time 0. This is necessary as peak

current can vary widely between cells and could artificially skew drug

effects to that observed in cells with larger current. By normalizing to

initial current, we give each cell equal weight to properly observe

average drug effects on current. These normalized data were

expressed and plotted as % of initial current or peak current to reflect

this within cell normalization. Each stated n value represents the num-

ber of independent values and statistical analysis was performed on

these independent values.

All data were analysed using Prism 9.4.1 (Graphpad Software, San

Diego, USA). All averaged data are plotted as mean ± SEM. Statistical

analysis was performed only on groups with an n of at least 5 and as

follows. First, each data set was analysed for outliers (ROUT, Q = 1%)

and tested for normality (Shapiro–Wilk test, P > 0.05 = passed). No

data met the threshold to be excluded as an outlier and therefore all

data were included for analysis. Data comparing a group before and

after drug administration were analysed by paired t test if data were

normal, or Wilcoxon signed rank test if they failed the Shapiro–Wilk

test. Comparisons between two sets of data were performed by Stu-

dent's t test if data were normal, or Mann–Whitney test if they failed

the Shapiro–Wilk test. Comparisons between multiple sets of data

with one variable were performed by one-way ANOVA if data were

normal, or by Kruskall–Wallis test if they failed the Shapiro–Wilk test.

Comparisons between multiple sets of data with two variables were

performed by two-way ANOVA with no matching. All post hoc com-

parisons were performed by Holm–Sidak comparison, only if tested

ANOVA variables achieved statistical significance (P < 0.05). Statistical

significance was defined as follows: *P < 0.05.

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,

Christopoulos, et al., 2021; Alexander, Mathie, et al., 2021).

3 | RESULTS

3.1 | Expression of the CB1 receptor with Cav3.2
does not change baseline channel properties

We began by transfecting either human Cav3.2 channel alone or

with human CB1 receptor in a transformed human kidney cell line

expressing an SV40 temperature-sensitive T antigen (tsA-201 cells),

followed by investigation of channel function through whole cell

patch clamp recordings (Figure 1a). The current–voltage relation

showed no shift in the voltage dependence of activation or peak

voltage and no difference in peak current density between cells

transfected with Cav3.2 only or both Cav3.2 and CB1 receptor

(Figure 1b,c). Furthermore, steady-state inactivation curves were

recorded with prepulses between �110 and �20 mV demonstrating

no difference in the voltage-dependence of inactivation between

conditions (Figure 1d,e). Therefore, expression of CB1 receptor does

not alter baseline properties or expression of Cav3.2.

3.2 | The synthetic cannabinoid HU-210 inhibits
Cav2.2, but not Cav3.2 through a CB1 receptor
dependent mechanism

Since CB1 receptor activation inhibits Cav2.2 (Mackie & Hille, 1992;

Twitchell et al., 1997), we next determined whether application of

the synthetic CB1 receptor agonist HU-210 may also modulate the

activity of Cav3.2. In a positive control experiment recording from

cells transfected with both Cav2.2 and CB1 receptor, perfusion of

the synthetic cannabinoid HU-210 (1 μM) produced a significant

inhibition of current over time (Figure 2a). Conversely, perfusion of

HU-210 produced no inhibition of inward current through Cav3.2

(Figure 2b). Maximum inhibition of Cav2.2 appeared to occur

approximately 300 s after HU-210 perfusion. No inhibition was

observed during DMSO control perfusion or when HU-210 was per-

fused in cells transfected with only Cav2.2 (Figure 2c). By contrast,

in cells transfected with Cav3.2 and CB1 receptor, no reduction in

current was observed in DMSO controls or HU-210. Furthermore,

no inhibition of Cav3.2 was observed with perfusion of the receptor

agonist (Figure 2d,g). Quantification of the effects on Cav2.2

revealed a significant 30.2 ± 4.8% inhibition of inward current

through Cav2.2 during perfusion of HU-210 (Figure 2e). Consistent

with voltage-dependent Gβγ modulation by Gi/o-coupled receptors

like CB1 receptor, a brief depolarizing pulse relieved inward current

from inhibition (Figure 2f). Together, these results are consistent

with Cav2.2, but not Cav3.2, being inhibited by activation of CB1

receptors and subsequent G protein interaction and modulation of

channel function.

Many G protein-coupled receptors form physical signalling com-

plexes with Cav2 calcium channels (Altier & Zamponi, 2008; Beedle &

Zamponi, 2004; Turner et al., 2011). To determine if this is also true

for CB1 receptors, we performed co-immunoprecipitation assays of

Cav2.2 and CB1 receptors, using a variant of Cav2.2 fused to GFP.

tsA-201 cells were transfected with both Cav2.2-GFP and the CB1

receptor, and the CB1 receptor was immunoprecipitated from cell

lysate. Blotting against GFP revealed a band in the 250 kDa range,

indicative of a protein complex formed by Cav2.2 and the CB1 recep-

tor (Figure 3a). Surprisingly, we also found co-immunoprecipitation of

Cav3.2 and the CB1 receptor, suggesting that they can also form a

protein complex (Figure 3b). To confirm this result in native tissue, we
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next isolated brain tissue from wild-type and Cav3.2 null mice. Immu-

noprecipitation of CB1 receptors was performed, followed by blotting

against Cav3.2. In tissue from wild-type mice, we found a band in the

250-kDa range, whereas in tissue from Cav3.2 null mice, no such band

was observed (Figure 3c). These data indicate that there are CB1

receptor-Cav3.2 complexes in the mouse brain.

Since we found no evidence for CB1 receptors altering the

baseline properties of Cav3.2, or evidence that activation of CB1

receptors produces inhibition of Cav3.2, we hypothesized that per-

haps CB1 receptors and Cav3.2 may form a complex to regulate

reverse trafficking of Cav3.2 upon CB1 receptor activation. Indeed,

previous studies have found that the CB1 receptor internalizes after

extended exposure to receptor agonists (Hsieh et al., 1999; Jin

et al., 1999). However, incubation of cells expressing Cav3.2 and

CB1 receptors with either a DMSO control or HU-210 for 30 min

prior to recording did not affect peak current density (Figure 3d).

Together with the observation that Cav3.2 current densities were

unaffected by the presence of the receptor (Figure 1c), these data

indicate that although Cav3.2 and CB1 receptors form a complex,

this does not appear to result in altered forward or reverse traffick-

ing of the channel.

3.3 | The phytocannabinoid CBD triggers
inhibition of Cav3.2, but not Cav2.2 through a CB1

receptor-independent mechanism

Next, we sought to define potential interactions between the phyto-

cannabinoid CBD and voltage-gated calcium channels. It has previ-

ously been reported that CBD directly inhibits Cav3.2 (Ross

et al., 2008). To confirm these findings, Cav3.2 was first expressed in

tsA-201 cells and various concentrations of CBD were applied to cre-

ate an exploratory CBD dose–response curve (Figure 4a). Fitting the

data revealed an IC50 of 4.06 μM. We therefore chose to further

F IGURE 1 Expression of CB1 receptors (CB1R) with Cav3.2 does not change baseline channel properties. (a) Sample whole cell current
traces for Cav3.2 (black) versus CB1 receptor and Cav3.2 (blue) expressing cells. Cells were held at �110 mV, with depolarizing pulses from
�80 to +20 mV increasing by 5 mV steps with each sweep. (b) Average current–voltage (I-V) relation from cells expressing either Cav3.2
(black, n = 25 cells) or both Cav3.2 and CB1 receptor (blue, n = 30 cells). No difference was observed between the two groups (two-way RM
ANOVA, voltage P < 0.05, channel expression P > 0.05). (c) Comparison of peak current density (Mann–Whitney test, P > 0.05, n = 25 cells
for Cav3.2, n = 28 cells for CB1 receptor and Cav3.2). (d) Average steady-state inactivation from cells expressing either Cav3.2 (black, n = 11
cells) or both CB1 receptor and Cav3.2 (blue, n = 9 cells) revealing no differences between groups (two-way RM ANOVA, voltage P < 0.05,
channel expression P > 0.05. (e) Comparison of half inactivation voltage (Student’s unpaired t test, P > 0.05, n = 9 cells for Cav3.2, n = 11
cells for CB1 receptor and Cav3.2).
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investigate the potential interactions of CBD when the CB1 receptor

was co-expressed with perfusions of 3 μM CBD to allow for dynamic

range for either increased or decreased inhibition. Perfusion of 3 μM

CBD produced similar degrees of Cav3.2 inhibition regardless of

expression of CB1 receptors (Figures 4b and S1). Conversely, in cells

expressing Cav2.2 and CB1 receptors, no inhibition of Cav2.2 was

observed during perfusion of CBD (Figure 4c). This is consistent with

previous reports that micromolar concentrations of CBD are not suffi-

cient to activate CB1 receptors and also indicates that CBD does not

directly inhibit Cav2.2.

Further characterization of the effect of CBD perfusion on IV-

curves revealed that CBD produces a significant inhibition of Cav3.2

inward current with no shift in activation or peak voltage

(Figure 4d,e). Comparison of steady-state inhibition showed that CBD

F IGURE 2 The synthetic cannabinoid HU-210 produces inhibition of Cav2.2, but not Cav3.2 through a CB1 receptor (CB1R)-dependent
mechanism. (a,b) Sample traces of calcium channel whole cell current recordings illustrating HU-210 perfusion time courses in tsA-201 cells
expressing Cav2.2 and CB1 receptor (a) or Cav3.2 and CB1 receptor (b), with depolarization pulses to +20 mV (a) or �20 mV (b) every 20 s.
(c) Average perfusion time courses for DMSO (black) and HU-210 (purple, 1 μM) plotted as % change in inward current amplitude as compared to
baseline in cells expressing Cav2.2 and CB1 receptor, or Cav2.2 only (light purple, 1 μM HU-210). (d) Average perfusion time courses of DMSO
(black, n = 9 cells) and HU-210 (purple, 1 μM, n = 10 cells) plotted as % change in inward current amplitude as compared to baseline in cells
expressing Cav3.2 and CB1 receptor, or Cav3.2 only (light purple, 5 μM HU-210, n = 6 cells). (e) Quantification of % inhibition of inward current at
steady state (t = 400 s), showing significant inhibition only in cells treated with HU-210 and expressing both Cav2.2 and CB1 receptor (one-way
ANOVA, * P < 0.05), followed by post hoc Holm–Sidak comparisons between HU-210 (n = 9 cells) and DMSO (n = 9 cells), (P < 0.05) and HU-
210 and HU-210 without CB1 receptor (n = 6 cells), (P < 0.05). (f) Sample trace of a cell before (black) and after (purple) perfusion of HU-210,
showing voltage-dependent relief from inhibition in the presence of HU-210 consistent with typical Gβγ modulation. (g) Quantification of %
change in inward current of cells expressing both Cav3.2 and CB1 receptor before and during perfusion of 1 μM HU-210 (Student’s paired t test,
P > 0.05, n = 9 cells).
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perfusion produces a significant leftward shift in half inactivation volt-

age (Figures 4f,g and S1), which was not affected by the presence of

CB1 receptors. Additionally, comparison of percent inhibition at peak

current density and the shift in half inactivation voltage between cells

expressing Cav3.2 and those expressing Cav3.2 and CB1 receptors

revealed no significant difference (Figure 4h,i).

Finally, we performed voltage-clamp recordings of acutely

dissociated DRG neurons from wild-type mice. To isolate low

voltage-activated calcium currents consistent with T-type calcium

channels, cells were maintained at �90 mV, with voltage steps to

�30 mV. Perfusion of 3 μM CBD inhibited this inward current by an

average of 45.6 ± 4.0% (Figure 4j,k). Together, our data indicate that

CBD produces direct inhibition of Cav3.2 at micromolar concentrations

and that this direct inhibition mechanism is not conserved in Cav2.2.

Furthermore, our data support previous studies finding no activation of

CB1 receptors by micromolar concentrations of CBD (Mlost et al., 2020;

Pertwee, 2008) and no evidence for CB1 receptor activation increasing

or decreasing the efficacy of inhibition of Cav3.2 by CBD.

3.4 | Molecular docking explains the differential
CBD inhibition of Cav3.2 and Cav2.2 channels

To understand why CBD produces direct inhibition of Cav3.2 but not

Cav2.2, we turned to molecular docking studies to predict possible

binding positions of CBD in each channel. We began by creating

models of Cav3.2 and Cav2.2 α1 subunits for use in Autodock. The

structure for Cav2.2 was derived from the Cryo-

electron microscopy structure as previously published (Gao

et al., 2021). Cryo-electron microscopy structures exist for Cav3.1 and

Cav3.3, but not yet for Cav3.2 (He et al., 2022; Zhao et al., 2019). We

thus used Colabfold to create a Cav3.2 homology model based on the

structure of Cav3.1 (Figure S2).

Molecular docking of CBD with this Cav3.2 structure revealed

that CBD straddles the pore of Cav3.2 thereby occluding the perme-

ation pathway (Figure 5a). Notably, 3D and 2D modelling of CBD with

Cav3.2 revealed several interactions including a hydrogen bond with

Gly365, π-alkyl interactions with Ala992, Ile369, Phe372, Phe241,

Val996, Trp990 and Tyr366; an π-sigma interaction with Phe241; and

alkyl interactions with Val996 and Ile369 with in the Cav3.2 channel

(Figure S2). The CBD aromatic rings and its alkyl chain are positioned

into the central cavity and stabilized by forming π-alkyl interactions

with hydrophobic residues. Additionally, the CBD aromatic A-ring

occupies the DII-DIII fenestration by hydrophobic residues. Therefore,

our results indicate that the Cav3.2 channel is blocked by CBD with

strong hydrophobic interactions by interacting with polar and hydro-

phobic residues.

Next, molecular docking of CBD with the cryo-EM structure of

Cav2.2 was performed, showing a markedly different positioning that

does not appear to block the channel pore (Figure 5b). Unlike with

F IGURE 3 Both Cav2.2 and Cav3.2
co-immunoprecipitate with CB1 receptors
(CB1R). (a) Protein from tsA-201 cells
expressing GFP-tagged Cav2.2 and CB1

receptors was immunoprecipitated using
a CB1 receptor antibody followed by
western blot analysis with a GFP
antibody. (b) Protein from tsA-201 cells
expressing Cav3.2 and CB1 receptors was

immunoprecipitated using a CB1 receptor
antibody followed by western blot
analysis with a Cav3.2 antibody. (c) Brain
tissue from wild-type (mBr) and Cav3.2
null (mBr Cav3.2) mice were homogenized
and immunoprecipitated using a CB1

receptor antibody followed by western
blot analysis with a Cav3.2 antibody.
(d) HU-201 does not internalize Cav3.2
channels. Cells expressing Cav3.2 and CB1

receptors were incubated in either DMSO
(black, n = 11 cells) or HU-210 (purple,
0.1 μM, n = 11 cells) for 30 min prior to
recording peak current density. Mann–
Whitney test, P > 0.05.
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F IGURE 4 Cannabidiol (CBD) inhibits Cav3.2, but not Cav2.2 through a CB1 receptor (CB1R)-independent mechanism. (a) Dose–response
curve of % inhibition of inward current in tsA-201 cells expressing Cav3.2, n = 4 cells at each concentration. Inset sample trace of inward
current before (black) and after (green) perfusion of 3 μM CBD. (b) Time course for perfusion of 3 μM CBD in cells expressing Cav3.2
(black, n = 12 cells) or Cav3.2 and CB1 receptors (green, n = 13 cells). (c) Time course for perfusion of 3 μM CBD in cells expressing
Cav2.2 and CB1 receptors (green, n = 5 cells). (d) IV-curves of cells expressing Cav3.2 before (black) and after perfusion of 3 μM CBD
(grey, n = 9 cells). (e) IV-curves of cells expressing Cav3.2 and CB1 receptors before (green) and after perfusion of 3 μM CBD (light green,
n = 8 cells). (f) Steady-state inactivation of cells expressing Cav3.2 before (black) and after perfusion of 3 μM CBD (grey, n = 9 cells). (g)
Steady-state inactivation of cells expressing Cav3.2 before (green) and after perfusion of 3 μM CBD (light green, n = 9 cells). (h)
Comparison of % inhibition of peak current density after perfusion of 3 μM CBD between cells expressing Cav3.2 only (grey, n = 9 cells)
or Cav3.2 and CB1 receptors (light green, n = 8 cells, Student’s unpaired t test, P> 0.05). (i) Comparison of the magnitude of the shift in
half inactivation voltage after perfusion of 3 μM CBD between cells expressing Cav3.2 only (grey, n = 9 cells) or Cav3.2 and CB1 receptors
(light green, n = 8 cells, Student’s unpaired t test, P >0.05). (j) Sample trace of inward current before (black) and after (green) perfusion of
3 μM CBD in acutely isolated DRG neurons. (k) Quantification of % inhibition by CBD of inward current in response to voltage steps to
�30 mV in DRG neurons (n = 6 neurons).
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Cav3.2, binding of CBD to Cav2.2 produces hydrogen bonds with

Leu1352 and Leu1356, alkyl interactions with Leu1352, Leu1356 and

Met1293; π-alkyl interactions with Phe1693, Phe1359, Val1689,

Leu1356 and Trp1353 and an π-sigma interaction with Tyr1685

(Figure S2). Notably, CBD does not bind with DII-DIII domains, W-

helix sites, or any other hydrophobic residues like W768, S764-A783,

Y1289 and F1411 that are critical to the inhibition produced by other

antagonists like ziconotide (ω-conotoxin MVIIA), PD173212 and

Cav2.2 blocker 1 (Dong et al., 2021; Gao et al., 2021). Thus, CBD may

cause less pore occlusion and no stabilization of the inactivated

Cav2.2 channel. Together, these data support our electrophysiological

findings that CBD produces direct inhibition of Cav3.2, but not

Cav2.2.

3.5 | Spinal administration of CBD produces
analgesia through a Cav3.2-dependent mechanism

To further characterize the potential analgesic effects of CBD at the

spinal level, intrathecal (i.t.) administration of CBD was performed in

several mouse pain models (Figure 6a). First, formalin was injected

into one hindpaw of male mice to induce acute inflammatory pain

(Hunskaar et al., 1985). Next, either vehicle or different doses of CBD

were administered i.t. to investigate the potential threshold for which

an analgesic effect could be observed. Formalin produced nocifensive

responses in both the first and second phases as observed in vehicle-

treated mice (Figure 6b). While 3 μg CBD did not produce significant

reductions in nocifensive responses, we found that 10 μg CBD signifi-

cantly reduced the duration of nocifensive responses in both phases.

We therefore tested 10 μg CBD in both inflammatory and neuro-

pathic models of chronic pain.

Complete Freund's Adjuvant (CFA) was injected into one hindpaw

of male mice as a model of inflammatory pain (Ferreira et al., 2001).

Whereas control mice injected with PBS displayed stable thermal paw

withdrawal latencies over a 180-min time course, mice injected with

CFA that were given vehicle displayed significantly lower thermal

latencies (Figure 6c). Conversely, mice injected with CFA that were

given i.t. CBD (10 μg) showed a significant amelioration of thermal

hypersensitivity at both 30 and 60 min after CBD injection.

Given that there are sex differences in both acute and chronic

pain (Dedek et al., 2022; Rosen et al., 2017; Sorge et al., 2015), we

next sought to determine if CBD can also produce analgesia in

female mice. Using the same paradigm of CFA and i.t. CBD, we

investigated a single time point 45 min after CBD administration for

potential analgesic effects (Figure 6d). Female mice displayed signifi-

cantly lowered thermal withdrawal latency when injected with CFA

as compared to PBS. 45 min after CBD administration, CFA-injected

mice treated with CBD had greater withdrawal latencies, which

were no longer significantly different than mice treated with PBS

instead of CFA. Together, these data indicate that i.t. CBD is effec-

tive in treating inflammatory pain in both male and female mice at

doses as low as 10 μg.

In additional experiments, we investigated whether this dose of

i.t. CBD also alleviates mechanical hypersensitivity induced by

F IGURE 5 Molecular docking of
cannabidiol (CBD) into Cav3.2 and Cav2.2
channels supports block of the Cav3.2 but
not the Cav2.2 pore. (a) Top-sectional
view of a homology model of Cav3.2 with
CBD (red). (b) Top-sectional view of the
cryo-EM structure of Cav2.2 with CBD
(red). Voltage-sensing domains (VSDs)
coloured in purple (I), green (II), orange

(III), and yellow (IV), with the C-terminal
domain in indigo.
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neuropathic pain. In male mice with the partial sciatic nerve ligation

(PSNL) model of neuropathic pain, we found that mechanical with-

drawal threshold was significantly lower than that of sham operated

mice (Figure 7a,b). Mice treated with CBD displayed a greater

mechanical withdrawal threshold as compared to vehicle-treated

mice, which was not significantly different than sham mice. Therefore,

i.t. CBD also produces significant analgesia in neuropathic models of

chronic pain.

Finally, we investigated whether the antinociceptive effect of spi-

nal CBD administration was through Cav3.2 inhibition. Cav3.2 null

mice have compensatory mechanisms that allow them to develop

chronic inflammatory pain in the CFA model (Bourinet et al., 2005;

García-Caballero et al., 2014), thus making these mice a convenient

model to probe the role of Cav3.2 channels in the analgesic effects of

CBD. Male wild-type and Cav3.2 null mice were injected with CFA

into one hindpaw (Figure 7c). Baseline measurements of thermal with-

drawal latency were consistent with thermal hypersensitivity in

both wild-type and Cav3.2 null mice. Mice were then injected with

a saturating dose of i.t. CBD (100 μg) to produce maximal analgesia

and thermal withdrawal latencies were measured again 45 min after

administration. We found that while wild-type mice displayed ther-

mal thresholds consistent with reversal of thermal hypersensitivity,

Cav3.2 null mice treated with CBD showed no significant analgesic

effect. Therefore, when spinally administered, CBD produces

analgesia that relies predominantly on the presence of Cav3.2

channels.

F IGURE 6 Spinal administration of cannabidiol (CBD) produces analgesia in formalin and CFA inflammatory pain models. (a) Schematic

depicting the utilized behavioural paradigm. (b) Dose–response comparisons of the effect of CBD (3 and 10 μg, i.t.) versus vehicle (2.5% DMSO in
PBS) on nocifensive response times during first and second phases of the formalin test. Analysed by one-way ANOVAs with post hoc Holm–
Sidak comparisons (P < 0.05 for first phase, P < 0.05 for second phase, n = 5 male mice for all tests). (c) Time course of the effect of CBD (green,
10 μg, i.t., n = 7 male mice) versus vehicle (white, n = 6 male mice) on thermal hypersensitivity induced by Complete Freund's Adjuvant (CFA)
injection, revealing a maximal effect between 30–60 min after i.t. injection. Analysed by two-way ANOVA, CBD treatment P < 0.05, time P> 0.05.
PBS-treated mice shown in black (n = 6 male mice), with comparison to CFA-treated mice, as analysed by two-way ANOVA, CFA treatment
P < 0.05, time P > 0.05. Holm–Sidak post hoc comparisons between vehicle and CBD-treated mice shown as *, for PBS- and CBD-treated mice as
#. (d) Effect of CBD (green, 10 μg, i.t., n = 7 female mice) on CFA-treated female mice as compared to vehicle (black circles, n = 7 female mice) or
PBS-treated mice (black triangles, n = 7 mice). Analysed by two-way ANOVA, condition P > 0.05, before versus after treatment P < 0.05,
interaction P < 0.05, followed by Holm–Sidak post hoc comparisons.
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4 | DISCUSSION

In this study, we investigated the action of CB1 receptors on repre-

sentative members of the Cav2 and Cav3 calcium channel families that

are known to be involved in afferent pain signalling. G protein-

mediated inhibition of Cav2.2 by CB1 receptor activation has been

well documented (de Waard et al., 2005; Demuth & Molleman, 2006;

Mackie & Hille, 1992; Twitchell et al., 1997). Many types of GPCRs

mediate voltage-dependent modulation of Cav2.2 channels by direct

interaction of Gβγ to the N-terminus region and domain I-II linker

region of the pore forming Cav2 α1 subunit (Agler et al., 2005; de

Waard et al., 2005). This produces inhibition that is effectively

reversed with a strong depolarizing prepulse and as we show here,

this is also true for CB1 receptors. In contrast, members of the Cav3

calcium channel family do not typically undergo this type of mem-

brane delimited voltage-dependent modulation and our data are con-

sistent with this notion. The only direct G protein modulation of

Cav3.2 calcium channels has been reported specifically for Gβ2γ2

dimers (DePuy et al., 2006; Wolfe et al., 2003), with an effect on open

probability but a lack of voltage dependence. We did not observe CB1

receptor-mediated modulation of Cav3.2, suggesting that this receptor

does not couple effectively to Gβ2γ2. We note that G protein-

coupled receptors modulate Cav3.2 channel activity via other types of

signalling pathways. This includes signalling via the corticotropin-

releasing factor receptor 1 (CEF1 receptor) (Tao et al., 2008),

dopamine D1 receptors (Hu et al., 2009) and neurokinin NK1

receptor) (Rangel et al., 2010). However, these GPCRs are coupled to

stimulatory Gα proteins, whereas CB1 receptor is coupled to inhibi-

tory Gαi/o proteins, which could explain why no modulation was

observed in our experiments.

We also observed that CB1 receptors co-immunoprecipitated

with both calcium channel isoforms. The existence of such signal-

ling complexes with Cav2.2 can serve to optimize receptor-

mediated modulation of the channel channels and may allow for

receptor-mediated channel trafficking to and from the cell surface.

This has been reported for several types of GPCRs that associate

with Cav2.2, such as nociceptin opioid peptide receptor

(NOP/ORL1) and D1 and D2 receptors (Altier et al., 2006;

Beedle & Zamponi, 2004; Kisilevsky et al., 2008; Kisilevsky &

Zamponi, 2008). Given that Cav2.2 channels can be co-internalized

with various types of GPCRs, and that the CB1 receptor internal-

izes upon prolonged agonist stimulation (Hsieh et al., 1999; Jin

et al., 1999), it will be interesting to explore in further studies

whether the CB1 receptor can regulate Cav2.2 channel trafficking.

We could not find any evidence that co-expression of CB1 recep-

tors changes Cav3.2 expression or function either basally, or in the

presence of HU-210. The significance of the association between

CB1 receptors and Cav3.2 needs to be explored further, but this

binding interaction could be responsible for specific subcellular tar-

geting of this complex in neurons.

F IGURE 7 Spinal administration of
cannabidiol (CBD) produces analgesia
through a Cav3.2-dependent mechanism.
(a) Schematic depicting the utilized
behavioural paradigm of partial sciatic
nerve ligation (PSNL) and intrathecal (i.t.)
CBD administration. (b) Effect of CBD
(green, 10 μg, i.t., n = 9 mice) on
mechanical withdrawal threshold in male

mice with PSNL as compared to vehicle
(black circles, n = 9 mice) or sham
surgery mice (black triangles, n = 9 mice).
Analysed by two-way ANOVA, condition
P < 0.05, before versus after treatment
P < 0.05, followed by Holm–Sidak post
hoc comparisons. (c) Effect of CBD
(100 μg, i.t.) on CFA-induced thermal
hypersensitivity as measured via a
Hargreave's apparatus in male wild-type
(n = 7 mice) and Cav3.2 null mice (n = 7
mice). Analysed by two-way ANOVA,
CBD treatment P < 0.05, wild-type versus
Cav3.2 null P < 0.05, interaction P < 0.05,
followed by Holm–Sidak post hoc
comparisons.
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Consistent with previous studies (Pertwee, 2008), we found that

micromolar concentrations of CBD did not produce sufficient activa-

tion of CB1 receptors to inhibit Cav2.2, nor did we observe direct inhi-

bition of this channel. Instead, we found that CBD directly inhibited

Cav3.2 in a CB1 receptor-independent manner. These findings are

consistent with those reported by Ross and colleagues, who also

found a CBD induced hyperpolarizing shift in the half-inactivation

potential of Cav3.2 (Ross et al., 2008). Within our experimental condi-

tions, we observed an IC50 of 4.06 μM, which is slightly lower than

that reported by Ross et al. However, this could be explained by dif-

ferences in external and internal recording solutions, differences in

charge carrier, or by differences in cell lines that were used. Impor-

tantly, we found that higher concentrations of CBD (>10 μM) pro-

duced near complete inhibition of Cav3.2. Together, these results

indicate that CBD has a moderate affinity towards Cav3.2, but that its

interaction can fully occlude channel function at sufficiently high con-

centrations. Dose dependence becomes especially important in con-

sidering potential clinical implications. In clinical studies utilizing CBD,

doses up to 50 mg�kg�1 daily may be administered (Millar et al., 2019;

Sholler et al., 2020), which suggests that inhibition of Cav3.2 by CBD

could be a viable mechanism through which analgesia is achieved.

While CBD is considered to generally have a good safety profile, it

should be noted that doses exceeding 200 mg�kg�1 have shown side

effects in preclinical animal models, including effects on foetal devel-

opment and spermatogenesis (Huestis et al., 2019; Iffland &

Grotenhermen, 2017).

Despite the differential effect of CBD on Cav2.2 and Cav3.2,

our molecular modelling indicates that both channel isoforms can

interact with CBD, at least in silico, with high binding energy. The

molecular docking was performed using a homology model of

Cav3.2 that we created de novo. We note that a recent report by

Rangel-Galvan and colleagues also showed a Cav3.2 homology

model that was used for docking of cannabinoid-derived small

organic blockers of Cav3.2 (Rangel-Galván et al., 2022) and displayed

similar structural arrangement of the voltage-sensing domain but did

show some differences in the pore domains. However, consistent

with our findings with CBD, the synthetic cannabinoid derivatives

examined by these authors docked most effectively within the pore

region of Cav3.2. The interactions with the S6 segment are consis-

tent with a stabilization of the inactivated state as observed in our

electrophysiological analysis. Our molecular docking analysis also

reveals that CBD can dock near the pore of Cav2.2 but does so

without fully occluding the permeation pathway, thus explaining

why Cav2.2 channels are not blocked by this compound. Further-

more, this type of analysis may offer useful in silico approaches

towards identification of new chemical compounds that can block

the Cav3.2 channel.

Several other cannabinoids and terpenes can also directly inhibit

Cav3.2, including anandamide (Chemin et al., 2001), THC (Ross

et al., 2008), a myriad of phytocannabinoids found in cannabis

(Mirlohi et al., 2022), endogenous lipoamines (Barbara et al., 2009)

and terpenes such as α-bisabolol and camphene (Gadotti et al., 2021).

Additionally, studies have found that synthetic cannabinoids are

capable of inhibiting Cav3.2 (Kevin et al., 2022), including HU-210 at

higher concentrations (Chemin et al., 2001) However, in our experi-

mental paradigm, concentrations up to 5 μM HU-210 did not affect

Cav3.2 current, allowing us to assess CB1 receptor activation indepen-

dently of direct Cav3.2 inhibition.

The wide variety of cannabinoids that can inhibit Cav3.2 and

other Cav3 channels suggests a conserved mechanism for binding that

could be utilized for development of novel inhibitors for these chan-

nels. Indeed, using cannabinoid receptor agonists as lead compounds

for development of new mixed CB1 receptor agonists/Cav3 inhibitors

has produced several promising compounds (Berger et al., 2014;

Bladen et al., 2015; Gadotti et al., 2013; Kevin et al., 2022; You

et al., 2011). Of particular interest is that many of these compounds

can produce analgesia in vivo, representing potential novel

therapeutics.

We found evidence that when administered intrathecally, the

analgesic effect of CBD is prevented in Cav3.2 null mice. This pro-

vides the first evidence that CBD may produce analgesia through

inhibition of Cav3.2 present at either nociceptive presynaptic termi-

nals or in spinal interneurons within the dorsal horn (Candelas

et al., 2019; François et al., 2015; Harding et al., 2021). The target-

ing of Cav3.2 as a potential pain treatment has a great deal of pre-

clinical evidence in rodent models, and preliminary phase 1 and 1b

trials in humans suggest that it is a viable target (Lee, 2014). We

note that this experiment was specifically designed to assess

the activity of CBD at the spinal level, with intrathecal delivery

bypassing metabolic stages and blood brain barrier permeation.

Thus, when administered orally or through inhalation, it is possible

that the analgesic effects of CBD could be altered due to metabo-

lism of CBD (Huestis, 2005; Lucas et al, 2018). Additionally, given

that CBD can modulate several other channels, it is likely that

there are multiple other supraspinal or peripheral mechanisms

through which CBD could produce analgesia. Supporting this,

several potential mechanisms for analgesia derived by CBD

administration have been demonstrated. For example, in a model

of osteoarthritis, peripherally administered CBD produced analgesia,

which was occluded by systemic CB2 or TRPV1 receptor antago-

nists (Philpott et al., 2017). Several studies now also implicate anal-

gesia and anxiolytic effects by CBD administration through action

at 5-HT1A receptors within the brain (de Gregorio et al., 2019;

King et al., 2017; Ward et al., 2014).

In our experiments, intrathecal doses as low as 10 μg CBD were

sufficient to produce analgesic effects in mouse models of both

inflammatory and neuropathic pain. In examining the time course of

analgesic efficacy, we found that CBD increased thermal withdrawal

latency at both 30 and 60 min after injection such that CFA-treated

mice no longer had statistically significant differences in withdrawal

latency as compared to PBS-injected mice. Importantly, we found that

CBD-induced analgesia was observed in both male and female mice,

suggesting that the mechanism underlying analgesia was not sexually

divergent. While several other potential analgesic targets show differ-

ential effects in males and females (Dedek et al., 2022; Sorge

et al., 2015), inhibition of Cav3 channels by the selective antagonist
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Z944 produces analgesia in both male and female rodents with inflam-

matory pain (Harding et al., 2021) Together, our results further impli-

cate targeting of spinal Cav3.2 channels as a viable target for

treatment of chronic pain.

5 | CONCLUSION

Our data demonstrate that cannabinoid-mediated inhibition of high

voltage-activated calcium channels like Cav2.2 occurs through CB1

receptor-dependent mechanisms, whereas low voltage-activated cal-

cium channels like Cav3.2 can only be inhibited directly by certain can-

nabinoids such as CBD. Furthermore, the lack of analgesic effect in

Cav3.2 null mice implicates Cav3.2 as a potential target for CBD-

mediated analgesia at the spinal level.
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