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The T-type calcium channel antagonist, Z944, reduces spinal
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Background and Purpose: T-type voltage-gated calcium channels are an emerging

therapeutic target for neurological disorders including epilepsy and pain. Inhibition of

T-type channels reduces the excitability of peripheral nociceptive sensory neurons

and reverses pain hypersensitivity in male rodent pain models. However, administra-

tion of peripherally restricted T-type antagonists failed to show efficacy in multiple

clinical and preclinical pain trials, suggesting that inhibition of peripheral T-type

channels alone may be insufficient for pain relief.

Experimental Approach:We utilized the selective and CNS-penetrant T-type channel

antagonist, Z944, in electrophysiological, calcium imaging and behavioural paradigms

to determine its effect on lamina I neuron excitability and inflammatory pain

behaviours.

Key Results: Voltage-clamp recordings from lamina I spinal neurons of adult rats rev-

ealed that approximately 80% of neurons possess a low threshold T-type current,

which was blocked by Z944. Due to this highly prevalent T-type current, Z944

potently blocked action-potential evoked somatic and dendritic calcium transients in

lamina I neurons. Moreover, application of Z944 to spinal cord slices attenuated

action potential firing rates in over half of laminae I/II neurons. Finally, we found that

intraperitoneal injection of Z944 (1–10 mg�kg�1) dose-dependently reversed

mechanical allodynia in the complete Freund's adjuvant model of persistent inflam-

matory pain, with a similar magnitude and time course of analgesic effects between

male and female rats.

Conclusion and Implications: T-type calcium channels critically shape the excitability

of lamina I pain processing neurons and inhibition of these channels by the clinical

stage antagonist Z944 potently reverses pain hypersensitivity across sexes.
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1 | INTRODUCTION

T-type voltage-gated calcium channels are an important emerging

molecular target for the treatment of pain (Bourinet et al., 2014;

Todorovic & Jevtovic-Todorovic, 2011; Weiss & Zamponi, 2019).

Given their unique gating kinetics and low voltage activation near

resting membrane potentials, T-type channels regulate subthreshold

excitability as well as action potential firing patterns in both physio-

logical and pathological states (Cheong & Shin, 2013). For example,

T-type currents promote low threshold spikes and rebound burst

firing in subsets of thalamic neurons, which are implicated in both

slow wave sleep oscillations as well as in absence seizures (Cain

et al., 2018; Cain & Snutch, 2013; Cheong & Shin, 2013). Several anti-

epileptic drugs including ethosuximide are thought to act in part

through the inhibition of T-type channels (Weiss & Zamponi, 2019),

and interestingly, these same T-type targeting clinical compounds

have analgesic effects in rodents (Dogrul et al., 2003; Flatters &

Bennett, 2004). More broadly, selective knockdown or block of T-type

channels through genetic and pharmacological approaches reverses

pain hypersensitivity in rodent models of pain including bladder pain

(Tsubota et al., 2018), post-surgical pain (Joksimovic et al., 2019),

inflammatory pain (Watanabe et al., 2015), nerve injury-induced pain

(Bourinet et al., 2005; Feng et al., 2019) and chemotherapy-induced

and diabetic peripheral neuropathies (Jacus et al., 2012; Li

et al., 2017).

The involvement of T-type channels in mediating pain processing

has been extensively studied in the periphery. Of the three T-type

voltage-gated calcium channel subtypes, Cav3.1, Cav3.2 and Cav3.3,

the Cav3.2 isoform has been shown to be selectively upregulated

within dorsal root ganglion (DRG) peripheral sensory neurons in

rodent models of chronic pain (Fukami et al., 2017; García-Caballero

et al., 2014; Gomez et al., 2020; Li et al., 2017; Watanabe

et al., 2015). Interfering with the various pathological mechanisms that

upregulate Cav3.2 in DRG neurons reverses pain hypersensitivity

within these rodent models. In terms of subcellular localization,

Cav3.2 channels are now known to be functionally expressed through-

out DRG neurons, from nerve endings in skin hair follicles to the

presynaptic terminals of primary afferents (François et al., 2015; Jacus

et al., 2012). However, peripherally restricted T-type channel

antagonists such as ABT-639 have failed to show efficacy in multiple

clinical pain trials (Serra et al., 2015; Wallace et al., 2016) as well as in

some rodent studies (Picard et al., 2019). These findings raise the

possibility that T-type channels within the spinal cord could be an

important target for the treatment of pain.

The superficial dorsal horn of the spinal cord consists of lamina

I and lamina II, which together receive the bulk of nociceptive infor-

mation from the periphery and are highly involved in the processing

and relay of nociceptive information to the brain (Bourinet

et al., 2014; Todd, 2010). Although intrathecal spinal injections of

T-type antagonists reverse pain hypersensitivity in rodent pain

models (Feng et al., 2019; Picard et al., 2019; Wen et al., 2010), the

specific contributions of T-type channels to pain processing in the

superficial dorsal horn are poorly understood. T-type mediated

calcium currents have recently been found to be expressed in a

subset (approximately 45 to 60%) of lamina II neurons of both mice

and rats (Candelas et al., 2019; Wu et al., 2018). However, the

potential contributions of T-type channels in regulating excitability

within lamina I neuron subpopulations remain unexplored. This

represents a significant knowledge gap given that lamina I contains

the output projection neurons for the superficial dorsal horn

nociceptive network (Todd, 2010) and hyperexcitability of lamina I

neurons has been implicated in the development and maintenance

of pathological pain (Ikeda et al., 2003; Keller et al., 2007; Liu

et al., 2008).

The small organic compound, Z944, is a CNS-penetrant, high

affinity T-type calcium channel antagonist originally under clinical

development for the treatment of absence seizures (Tringham

et al., 2012). Z944 selectively blocks T-type channels at nanomolar

concentrations, with minimal effects on other voltage-gated calcium

channels, cardiovascular-related hERG channels and Nav1.5 channels

up to the low micromolar concentrations produced by systemic

administration (Tringham et al., 2012). Cryo-electron microscopy has

What is already known

• Administration of T-type calcium channel antagonists

reverses hypersensitivity in male rodent models of patho-

logical pain.

What does this study add

• T-type calcium channels are present in spinal lamina I

neurons, shaping cellular and dendritic excitability.

• The T-type blocker, Z944, reverses pain hypersensitivity

in both male and female rodents.

What is the clinical significance

• Our findings identify a novel central mechanism for

Z944's potent reversal of pain hypersensitivity.

• Lack of sexual dimorphism in Z944's pain reversal is an

important step towards clinical translation.
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demonstrated a direct physical interaction between Z944 and the

central cavity of the T-type channel pore domain (Zhao et al., 2019).

Recent evidence has suggested that Z944 has analgesic potential in

both rodents and humans. In male rodents, systemic injection of Z944

alleviated behavioural measures of chronic neuropathic pain (Leblanc

et al., 2016), while in human phase Ia and Ib clinical studies, both oral

and systemic injection of Z944 were found to be well tolerated and

reduced pain sensitization as well as Visual Analog Scale pain ratings

in an experimental pain model (Lee, 2014). To explore both the

mechanism of action and the efficacy of Z944 as a potential novel

pain therapeutic, we tested the effects of Z944 on putative T-type

currents, activity-induced calcium transients and overall membrane

excitability in individual lamina I neurons and assessed the analgesic

effects of Z944 across doses in a CFA model of inflammatory pain in

both male and female adult rats.

2 | METHODS

2.1 | Study approval

These experiments were approved by the institutional Animal Care

Committees where experiments were performed (Hospital for Sick

Children, University of Toronto, University of British Columbia,

Carleton University, and the University of Ottawa Heart Institute;

Animal Use Protocol# 111497) and performed in accordance with

animal care regulation and policies of the Canadian Council on

Animal Care. All animals were housed and cared for in accordance

with the recommendations of the Canadian Council for

Animal Care.

2.2 | Animals

All experiments were performed on male or female rats supplied by

Charles River Laboratories. Sprague Dawley and Wistar rats were

selected for this study, as rat spinal tissue provides increased area in

comparison with mice, and Sprague Dawley rats have a calm

demeanour, making them well-suited for behavioural experiments.

Animals for electrophysiological and calcium imaging experiments

were completed using male juvenile Wistar rats (P11 to P21, Figure 3

only) or adult (P60–90) Sprague Dawley (SD) rats (325–400 g). All

animals were housed in individual high-efficiency particulate air-

filtered cages with corn cob bedding, crinkle paper, and a PVC tube

for environmental enrichment. Animals were housed with either one

or two littermate companions.

Sprague Dawley rats for behavioural experiments were delivered

at 3 months of age to account for the weight differences between

male and female animals and were housed at the testing facility for a

minimum of 5 days before beginning the study. Animal studies are

reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley et al., 2020).

2.3 | Spinal cord isolation

Spinal cords were isolated from juvenile male Wistar rats or adult male

SD rats as previously published (Hildebrand et al., 2014, 2011).

Briefly, animals were anaesthetized with intraperitoneal injection of

20% (w/v) urethane (3 g�kg�1) and killed by severing of the cervical

spinal cord and vertebrae. The lumbar region of the spinal cord was

dissected from the rat and placed in a protective sucrose dis-

section solution. Dissection solution contained (mM): 50 sucrose,

92 NaCl, 15 D-glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5

CaCl2, 7 MgSO4, 1 kynurenic acid, bubbled with 5% CO2/95% O2

(pH 7.3, 310 mOsm). Dorsal roots and dura were removed from the

lumbar cord, and L4–L6 were removed from the rest of the cord.

The L4–L6 piece was then glued against an agar block (4% agarose in

distilled water) and placed in a Leica VT 1000s or 1200s vibratome

(Leica, Germany) containing ice-cold sucrose dissection solution.

Parasagittal slices (300 μm thick) were obtained from the vibratome.

Slices were then incubated in dissection solution lacking kynurenic

acid at 34�C for 40 min and then cooled passively to room tempera-

ture (21 to 22�C for ≥ 30 min) before electrophysiological recording

and calcium imaging.

2.4 | Electrophysiology of spinal cord lamina I
neurons

For data in Figure 1, slices were placed under an upright Olympus

BX51WI microscope (Olympus Corporation, USA) with a 40� water

immersion objective. Lamina I neurons were identified based on loca-

tion relative to myelin tracts and substantia gelatinosa, and patched

into with recording pipettes of 6–8 MΩ, pulled by a Sutter P97 puller

(Sutter Instruments, USA). The internal voltage-clamp patch pipette

solution consisted of (mM) 105 D-gluconic acid, 105 CsOH, 17.5 CsCl,

10 EGTA, 10 HEPES, 2 Mg-ATP, 0.5 Na2-ATP (pH 7.3, 290 mOsm).

The external recording solution (artificial CSF) consisted of (mM) 125

NaCl, 20 D-glucose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2,

1 MgCl2, and 0.04 Alexa Fluor-488 or -594 (pH 7.3, 310 mOsm). Per-

fusion speed was 1 ml�min�1, and the solution was continually bub-

bled with 5% CO2/95% O2. The recording solution also contained 0.5

μM tetrodotoxin and 5 mM tetraethylammonium to block voltage-

gated sodium channels and voltage-gated potassium channels, respec-

tively. All recordings were performed at room temperature. Morphol-

ogy of lamina I neurons was determined after recording by using the

fine focus to move through the z-plane and identify the number of

primary dendrites. Neurons with two primary dendrites were classi-

fied as fusiform and similarly, neurons with three or four primary den-

drites were classified as pyramidal or multipolar, respectively

(Figure S1) (Lima & Coimbra, 1986).

Patch-clamp recordings were made using a Multiclamp 700B

amplifier (Molecular Devices, CA, USA) and a Digidata 1550B

Digitizer (Molecular Devices, CA, USA) connected to a desktop com-

puter with pClamp 10.7 software. Voltage-clamp recordings were

digitized at 10 KHz and low-pass filtered at 2 KHz. Recordings were
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included for analysis only if they maintained a leak current more

positive than �50 pA at �60 mV and if access resistance began

below 25 MΩ and did not change by more than 30% during the

recording period. The IV-curve protocol started at �60 mV, with a

500-ms step hyperpolarization to �100 mV, followed immediately

by incremental steps from �100 mV, increasing by 10 mV (up to

F IGURE 1 Z944 selectively reduces inward current through low voltage-activated calcium channels in spinal cord lamina I neurons. (a) Top:
Voltage-clamp protocol used to measure calcium currents in lamina I neurons. Neurons were hyperpolarized to �100 mV for 500 ms, before a
500-ms step current injection beginning at �100 mV and increasing by 10 pA each sweep. Bottom: Analysis of calcium currents revealed two
populations of lamina I neurons; those with a low voltage-activated (LVA) component (27/34, light blue), and those lacking an LVA component
(7/34, light grey circles). Peak current with steps to �60, �50 and �40 mV was compared between neurons with and without an LVA component
using unpaired Mann–Whitney t-tests (�60 mV: P <.05, �50 mV: P <.05 �40 mV: P = .05). (b) Current traces in example neurons with an LVA
component (light blue) and without an LVA component (light grey) for a voltage step from �100 mV to �50 mV. Scale bar y axis = 20 pA, x
axis = 100 ms. (c) Distribution of morphologies in a subset of recorded neurons. Where possible, neurons were classified into three main
morphologies. (d) In a subset of neurons with an LVA component, IV-curves were plotted for baseline recordings and after vehicle (n = 8 neurons,
left, green) or Z944 (n = 10 neurons, 2 μM, right, blue) administration. (e) Left: Quantification of percent peak current reduction at �50 mV for
vehicle (green) and Z944 (blue) administration (Student's unpaired t-test, P < .05, n = 10 neurons for both conditions). Right: Quantification of
percent peak current reduction at 0 mV for vehicle (green) and Z944 (blue) administration (Student's unpaired t-test, n = 10 neurons for vehicle
and 8 neurons for Z944). (f) Sample current traces induced by depolarization from �100 mV to �50 mV. Left: Before (black) and after vehicle
(green) administration. Right: Before (black) and after Z944 administration. Scale bar y axis = 20 pA, x axis = 150 ms. (g) Time course of peak
current at �50 mV, normalized to first 3 min before administration of either vehicle (green, n = 6 neurons), or Z944 (blue, n = 6 neurons). All
error bars represent ±SEM. *P < .05
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�40 mV). For time course experiments, steps began from �70 mV

and were repeated continuously at a rate of once per min. For

these experiments, drug wash-in experiments were randomized such

that Z944 and DMSO vehicle trials were completed in alternating

order where possible. Blinded analysis was not possible given that

only the experimenter had the expertise required for this specific

analysis. Statistical analysis in Figure 1a,e was performed on groups

of unequal size, due to differing population sizes from an unbiased

sampling of all neurons in lamina I and due to exclusion of two neu-

rons from analysis in the DMSO vehicle group due to significant

changes in input resistance, respectively. Statistical analysis was not

performed on the data in Figure 1c due to group sizes of n < 5 but

was included as evidence that all morphological classes can either

possess or lack a T-type component.

For data within Figure 3, slices were placed under an Axioskop

2 FS plus microscope under infrared-differential interference contrast

optics (Zeiss, Germany). All other parameters were the same as

Figure 1, except the internal current-clamp patch pipette solution con-

sisted of (mM) 140 K-gluconate, 4 NaCl, 0.5 MgCl2, 10 HEPES,

4 Mg-ATP, 0.5 Na2-ATP, 1 EGTA (pH 7.3, 290 mOsm). The junction

potential for current-clamp was calculated as 14.6 mV

(i.e., �50 mV = �64.6 mV) (Junction potential calculator, Clampex)

and has been corrected in all experimental data. Recordings were

included for analysis only if they maintained a resting membrane

potential below �50 mV and if first action potentials reached a mini-

mum of +5 mV. Bridge balance and pipette capacitance compensation

were performed in all neurons and corrected prior to each recording.

In all experiments, neurons were held between �60 and �70 mV (typ-

ically 0 to �20 pA holding current injection). VI-curves were run from

a holding potential of �60 to �70 mV, and incremental step current

injections were performed from �40 pA, with 10 pA steps (1200 ms

duration). Drug wash-in experiments were randomized such that Z944

and DMSO vehicle trials were completed in alternating order where

possible. Statistical analysis in Figure 3e was performed on groups of

unequal size, due to variability in the number of neurons that met the

criteria for recordings and analysis. Statistical analysis was not per-

formed on Figure 3b due to group sizes of n < 5 but was included as a

representative expansion of data presented in Figure 3c.

For pharmacology experiments, Z944 was first dissolved in

DMSO and then added to the external recording solution, such that

final DMSO concentration was always below 0.1%. Washout experi-

ments are problematic in spinal slice recording assays, with the poten-

tial for hydrophobic compounds to stick to myelin and cell

membranes as well as to change excitability measures over the longer

time durations required for washout. Moreover, we have previously

found that the Z944-mediated inhibition of T-type currents in reticu-

lar nucleus neurons of thalamic slices was largely non-reversible after

30 min of washout (Tringham et al., 2012). Here, we therefore tested

for net effects of Z944 in superficial dorsal horn neuron recordings by

comparing with cells that were treated with vehicle for the same

durations and under the same experimental conditions. For vehicle

experiments, DMSO without Z944 was added. For all electrophysiol-

ogy experiments, perfusion of Z944 or vehicle was 10–15 min.

2.5 | Simultaneous electrophysiology and
two-photon calcium imaging of lamina I neurons

Spinal cord lamina I neurons were recorded from in current-clamp

configuration, with simultaneous two-photon calcium imaging as pre-

viously described (Harding et al., 2020). Briefly, slices were placed

under a Zeiss 710 NLO system equipped with an AxioExaminer Z1

(Zeiss, Germany), and neurons were visualized under infrared-

differential interference contrast optics. Patch-clamp recordings were

made with recording pipettes of 7–10 MΩ, pulled by a Sutter P97

puller (Sutter Instruments, Navato, CA, USA). The external recording

solution (artificial CSF) and perfusion speed was as above. The internal

current-clamp patch pipette solution consisted of (mM) 112 K-

gluconate, 8 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na2-ATP, 10 phosphocre-

atine, 0.3 EGTA, 0.04 Alexa Fluor-594, 0.11 Oregon Green Bapta-1

(pH 7.3, 290 mOsm). Neurons were allowed to dialyze for 20–30 min

before imaging to allow the fluorescent dye concentration to

equilibrate. All recordings were performed between 24�C and 28�C.

Current-clamp recordings were performed as above. Bridge balance

and pipette capacitance compensation were performed in all neurons.

In all experiments, neurons were held between �70 and �80 mV

(typically 0 to �20 pA holding current injection). Single action poten-

tials were evoked with a 5 ms current injection of between 150 and

400 pA. Each recording was 15 s in duration, with the experimental

current injection at 2 s into recording. A minimum of 15 s was given

between the end of one recording and the beginning of the next to

allow the neuron to return to baseline.

Two-photon dual excitation of OGB-1 (110 μM in recording

pipette) and AF-594 (40 μM in recording pipette) was achieved

using a Coherent Chameleon Ultra Ti:Sapphire laser tuned to 800 nm

(Coherent, USA). OGB-1 and AF-594 fluorescence were split

based on emission spectra using NDD filter cubes (500–550 nm,

565–610 nm; Carl Zeiss Microscopy, Germany) and sent into NDD

detectors (Carl Zeiss Microscopy, Germany). Two-photon images were

obtained using a 20� water-immersion objective lens (Carl Zeiss

Microscopy, Germany) and the Zen 2009 acquisition program (Carl

Zeiss Microscopy, Germany). Laser power was kept between 0.3%

and 0.7%, and gain was restrained to 650–850 for all calcium imaging

experiments. Fluorescence data were acquired using line scan acquisi-

tion (1024 pixels � 1 pixel line scan, 2� averaging) at a rate of 133 Hz

and saved as LSM files from Zen 2009 (Carl Zeiss Microscopy,

Germany). Calcium imaging data were analysed as previously

described, utilizing a custom-made, semi-automated MATLAB toolbox

(Mathworks, USA) for analysis, entitled CIAT (Calcium Imaging Analy-

sis Toolbox) (Harding et al., 2020). Use of the semi-automated analysis

toolbox, Calcium Imaging Analysis Toolbox, which automatically calcu-

lates peak response from averaged calcium imaging trials, was

designed to remove experimental bias. For data in Figure 2, drug

wash-in experiments were randomized such that Z944 and DMSO

vehicle trials were completed in alternating order where possible.

Statistical analysis within this figure was performed on groups with an

n > 5, of unequal size due to one neuron being removed for

photobleaching.
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2.6 | Freund's adjuvant model of inflammatory
pain and behaviour testing

Animals were housed in pairs, had free access to food and water, and

were randomly assigned to their respective experimental groups.

Group sizes for behavioural experiments (Figure 4) were set to

10 animals per group based on previous study design (Dedek

et al., 2019) and a priori sample size calculation for repeated measures

ANOVA for within-group differences using G*Power 3.1.9.7

(Heinrich-Heine-Universität Düsseldorf) based on the following

parameters:- a moderate effect size of 0.20, α = 0.05, power = 0.99,

number of groups = 4 (Figure 4a,c) and 5 (Figure 4e),

13 measurements, correlation among repeated measures = 0.5, and

nonsphericity correction ε = 1. These parameters yielded a total sam-

ple size of 36 for Figure 4a,c and 35 for Figure 4e. Total sample size

was rounded up to 10 animals per group to ensure equal group sam-

ples and to ensure adequate power if an animal needed to be removed

from the study. Two animals were withdrawn from the study and killed

early because they injured each other in a fight. Animal husbandry was

performed exclusively by the tester for the entire duration of the ani-

mals' stay at the housing facility. Cohorts of male and female animals

were run separately; however, in some instances, male and female

animals were housed in the same room concurrently. In cases when

the housing room had both male and female rats, husbandry for female

F IGURE 2 Activity-induced calcium transients in lamina I neurons are reduced by Z944. (a) Flattened projection of a two-photon z-stack of a
lamina I neuron filled with Alexa Fluor-594 via a patch pipette. White arrows represent line scan trajectory during calcium imaging. Scale bar
represents 20 μm. (b) Left: Single action potentials induced by current injection (5 ms, 200 pA) from a membrane potential of �70 mV induce
calcium transients in the somata and dendrites of lamina I neurons (black). Right: Recordings remain stable after vehicle administration (green,
right). Traces are an average of eight neurons for both somatic and dendritic compartments. (c) Wash-in of Z944 (2 μM) greatly reduces calcium
transients in both the somata and dendrites (dark blue) and decreases action potential afterdepolarization (insets). Traces are an average of seven
neurons for both somatic and dendritic compartments. For b and c, action potential traces are representative examples from a single neuron,
calcium transients are average responses, ±SEM. For b and c, electrophysiology scale bar y axis = 30 mV, x axis = 2 s. Inset scale bar y
axis = 30 mV, x axis = 100 ms. Calcium imaging scale bar y axis = ΔG/R 0.04, x axis = 2 s. (d) Quantification of the percent remaining peak
calcium transient, as displayed in b and c after the administration of Z944 or vehicle. Comparisons performed with Student's unpaired t-tests
(P = .05 for soma, P <.05 for dendrite, n = 8 neurons for vehicle and 7 neurons for Z944 for both compartments). (e) Quantification of the
percent remaining action potential area under the curve after administration of Z944 or vehicle (P = .05, Student's unpaired t-test, n = 7 neurons
for Z944 and vehicle conditions). *P < .05 for all t-tests. All error bars represent SEM
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animals was performed before any male cages were opened. Cohorts

were run in groups of eight to 10 animals. Lab coats and gloves

were changed between cohorts. The housing room was used exclu-

sively for this study and was open to only the experimenter (female)

and animal care staff (who did not open cages or handle the animals).

Complete Freund's adjuvant (CFA, Sigma) was used to model

inflammatory pain. Rats were given a 0.3-ml plantar injection of either

phosphate-buffered saline (PBS: saline) or CFA (a 50% by volume mix-

ture of CFA and PBS) under isoflurane anaesthesia. Blinding was not

performed for CFA injections, as the tester also performed injections

and all animal husbandry, and the effects of CFA injection are obvious

while handling the animals and performing testing. Animals were left

to acclimate to their behaviour testing chambers for 45 min before

testing each morning. Tests were performed at approximately the

same time each day, across cohorts, for the duration of the study.

Behaviour testing for pain hypersensitivity was performed using von

Frey filaments to measure mechanical paw withdrawal threshold.

Withdrawal threshold was measured in the injected paw using the

simplified up-down method, as described by Bonin et al. (2014).

Measurements were taken at baseline (pre-injection) and then at

24, 48 and 72 h post-CFA or PBS injection. We report paw with-

drawal threshold in grams, as labelled on each von Frey filament. As

per simplified up-down method, an adjustment factor is used to

determine the paw withdrawal threshold for each trial. We used an

adjustment factor of ±0.5 (difference, in grams, between filaments).

2.7 | Intraperitoneal injection (i.p.)

Seventy-two hours following subplantar injection of CFA and follow-

ing Day 3 behaviour testing (see above), male and female adult

Sprague–Dawley rats were given an i.p. injection of 1, 3 or 10 mg�kg�1

Z944 or vehicle dissolved in 0.5% (weight/volume) of carboxymethyl-

cellulose (Sigma Aldrich, USA). Z944 is highly bioavailable and CNS-

penetrant, with pharmacokinetic studies demonstrating that oral and

systemic administration produces low micromolar concentrations of

Z944 in rodent plasma (unpublished observations and Casillas-

Espinosa et al., 2019). Moreover, i.p. injection of 10 mg�kg�1 Z944

reduced brain epileptiform activity in adult rats (Tringham

et al., 2012), demonstrating CNS penetrance and actions on central

excitability at the dose and route of administration of Z944 used here.

Z944 was dissolved in DMSO to create a stock solution (100 mg�ml�1

for animals receiving 10 mg�kg�1, 30 mg�ml�1 for animals receiving

3 mg�kg�1, and 10 mg�ml�1 for animals receiving 1 mg�kg�1) that was

then suspended in the carboxymethylcellulose solution (1-part Z944

stock: 9-part carboxymethylcellulose solution). Vehicle-treated

animals received DMSO without Z944 in 0.5% (weight/volume) of

carboxymethylcellulose solution. All solutions were prepared the day

of injection, and the experimenter was blinded to the treatment by a

lab-mate. All animals were allowed 20 min in their home cage

between Day 3 testing and the administration of the i.p. injection. This

allowed animals to eat or drink before being placed back in testing

chambers for the time course. Animals received injections 1–1.5 min

apart, with the exact time noted by the experimenter to ensure

accurate readings during the time course. Intraperitoneal injection

was performed by the experimenter alone using a surgical drape to

restrain the animal. After i.p. injection, animals were placed in the

behaviour testing chambers and allowed to acclimate for 20 min.

During the time course, measurements of paw withdrawal threshold

were taken every 15 min, starting 20 min after i.p. injection. The time

of the test was measured from the third stimulus administration (five

stimuli were presented in each trial, and the third, the middle stimulus,

occurred at the given time interval). We found that i.p. injection of

Z944 (1 to 10 mg�kg�1) did not induce any behavioural signs of

sedation or motor deficits. Moreover, a previous in-depth analysis of

potential non-specific in vivo effects of Z944 demonstrated that

i.p. injection of Z944 at a dose above that used in the present study

(30 mg�kg�1) did not induce any significant sedation or motor abnor-

malities (Tringham et al., 2012).

The technique for measuring paw withdrawal threshold differed

during the time course. Simplified up-down method normally involves

two trials of five stimuli that are then averaged to give paw

withdrawal threshold. For the time course, only one trial was

performed every 15 min to ensure that the animals were not over-

stimulated. A pilot study was used to determine an effective interval

for the time course. One unsuccessful pilot was run using a testing

interval of 10 min. This pilot was deemed unsuccessful because

animals were displaying freezing behaviour: not reflexively withdraw-

ing their paw at weights normally far-above expected withdrawal

threshold. We concluded that allowing animals more time to recover

between trails was necessary and thus increased the testing interval

by 50%. This decision, in turn, allowed more accurate timing of testing

at each animal's given testing time. Animals were sacrificed immedi-

ately after the conclusion of the time course.

2.8 | Materials

Unless otherwise indicated, all compounds were obtained from

Sigma Aldrich (USA). Z944 (N-[[1-[2-(tert-butylamino)-2-oxoethyl]

piperidin-4-yl]methyl]-3-chloro-5-fluorobenzamid) was synthesized

as previously described (Tringham et al., 2012).

2.9 | Data and analysis

This manuscript complies with BJP's recommendations and require-

ments on experimental design and analysis (Curtis et al., 2018). Data

in some figures of this manuscript have been normalized to reduce

variability. In Figure 1e, data are plotted as % peak current reduction

within each neuron (post/pre) to allow direct comparison of Z944

effects as compared with a DMSO control. In Figure 1g, data are

plotted as normalized % current, representing the percent change in

average current for each neuron within the first 3 min of recording

(post/pre). In Figure 2d,e, data are plotted as % peak calcium transient

remaining and % AUC remaining (post/pre) to account for rundown
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effects in the DMSO control, allowing for better comparison of the

true effect of Z944. For all experiments in all figures, no analysis was

performed to determine presence of outliers, and therefore, all data

points were included for analysis.

For all statistical analysis, P < .05 was used as the threshold for

statistical significance, and in all experiments, the declared group size

is the number of independent values, and statistical analysis was per-

formed upon these values. Statistical analysis was only performed

when group size was at least n = 5, which reflects the number of

independent, non-technical replicate values. Sample sizes for experi-

ments in Figures 1–3 were determined based off of previous studies

(Harding et al., 2020; Hildebrand et al., 2014), and data in these

figures were analysed with Sigmaplot 12.0 (Systat Software, USA).

Prior to running Student's paired t-tests, the normality of the data was

tested (Shapiro–Wilk test) and if the data failed this test of normality

(P < .05), a Wilcoxon signed-rank test was performed in lieu of a Stu-

dent's paired t-test. t-tests comparing the means from different

neurons or animals were performed as unpaired t-tests. If the data

failed a test of normality (Shapiro–Wilk test), then a Mann–Whitney

rank sum test was performed instead. All two-way ANOVA post hoc

comparisons were performed using the Holm–Sidak method. The post

hoc tests were conducted only if F in ANOVA achieved statistical

significance (P < .05) and showed no significant variance in homoge-

neity. Statistical analysis involved sample sizes of at least 5 per group

(n = 5), where n = number of independant values.

Within Figure 4, comparisons of means were performed using

unpaired Mann–Whitney t-tests, due to failure of Shapiro–Wilk nor-

mality test (Sigmaplot 12.0, Systat Software, USA). One-way

repeated-measures ANOVAs were performed using SPSS (IBM SPSS

Statistics 25.0, see Tables S1 and S3). Before running each ANOVA,

we examined Mauchly's test of sphericity, which indicated that the

assumption of sphericity was violated in each case (see Tables S1 and

S3). In each case, the Greenhouse–Geisser epsilon adjustment of

degrees of freedom was deemed the most appropriate adjustment,

F IGURE 3 Z944 reduces excitability in a subset of laminae I/II spinal cord neurons. (a) Representative membrane potential trace of a lamina
I/II neuron in response to step current injection (1200 ms) beginning from �40 pA and increasing by 10 pA each step. (b) Top: Administration of
Z944 (10 μM) inhibited action potential firing in a subset of laminae I/II neurons, while having no effect on action potential firing for the
remaining laminae I/II neurons (bottom). Action potentials were counted during each step current injection in a subset of neurons, revealing a
population of neurons with reduced firing after the administration of Z944 (baseline = light blue, Z944 = dark blue; n = 3 neurons) and a

population insensitive to Z944 administration (baseline = light grey, Z944 = dark grey; n = 3 neurons). (c, d) The effects of Z944 on excitability
were evaluated for depolarizing current injection steps that elicited 10- to 20-Hz AP firing for each individual laminae I/II neuron (typically
�40 pA). Administration of Z944 (10 μM) significantly inhibited action potential firing in a subset of laminae I/II neurons (top, 7/13 neurons)
(P <.05, Student's paired t-test), while having no effect on action potential firing for the remaining laminae I/II neurons (bottom, 6/13 neurons)
(P> .058, Student's paired t-test). For a and c, electrophysiology scale bar y axis = 20 mV, x axis = 400 ms. (e) The input resistance and resting
membrane potential of Z944-sensitive laminae I/II neurons were not significantly different than Z944-insensitive neurons (P > .05 , Student's
unpaired t-tests, n = 7 neurons for Z944-sensitive group and 6 neurons for Z944-insensitive group. All error bars represent mean ± SEM. *P < .05
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since in each case, it was below 0.75 (Tables S1 and S3) and was thus

used to determine the P value. Bonferroni's significant difference test

followed ANOVAs when F in ANOVA achieved statistical significance

(P < .05) and showed no significant variance in homogeneity

(Tables S2 and S4). *P < .05 for all figures.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

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

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Z944 reduces inward current through low
voltage-activated calcium channels in a subset of
lamina I neurons

To determine if T-type channels are present in lamina I spinal dor-

sal horn neurons, we first recorded calcium channel currents from

visually identified lamina I neurons within parasagittal spinal cord

slices of adult male rats. The voltage threshold for activation of

calcium currents was identified for each recorded neuron by

analysing IV-curves. Of 34 recorded neurons, 27 exhibited a rapidly

inactivating inward current beginning at �60 mV, consistent with

the presence of low voltage-activated T-type calcium channels

(Figure 1a,b) (Weiss & Zamponi, 2019). In seven of 34 neurons,

only a slower inactivating inward current was detected at

depolarizations beginning at �40 mV, consistent with the biophysi-

cal properties of high voltage-activated calcium channels. As such,

we defined this neuronal subpopulation as one with no measurable

low voltage-activated T-type component.

Distinct subpopulations of lamina I neurons can be delineated by

morphology (Lima & Coimbra, 1986). We therefore classified the mor-

phology of Alexa Fluor-filled neurons after recording (Figure S1) and

compared the distribution of morphologies for lamina I neurons that

did and did not contain the low voltage-activated T-type component.

Of the neurons with a low voltage-activated component where mor-

phology could be definitively determined, 9/17 were fusiform, 6/17

were multipolar, and 2/17 were pyramidal (Figure 1c). Of those with-

out a low voltage-activated component, 2/6 were fusiform, 1/6 was

multipolar, and 3/6 were pyramidal. Although there was a bias

towards fusiform neurons containing a low voltage-activated compo-

nent, and pyramidal neurons not containing a low voltage-activated

component, group sizes were too small to perform statistical analysis

(Figure 1c). However, from these exploratory results, we can conclude

that low voltage-activated currents are found in a large subset of

lamina I neurons and are not restricted to specific morphological

subtypes.

We next sought to determine whether Z944 application affects

the low voltage-activated component of calcium currents present in

�80% of lamina I neurons. While perfusion of artificial CSF with

DMSO vehicle did not affect low voltage-activated currents at �60

and �50 mV, administering 2 μM Z944 reduced these low voltage-

activated currents at both potentials (Figure 1d,e). In a subset of

neurons, we analysed the time course of low voltage-activated cur-

rent block by Z944 using repeated test pulses to �50 mV (Figure 1f,

g). We found that within the first minute of Z944 administration, peak

current dropped by 20% and reached a plateau inhibition of 40–50%

within 5 min. Overall, Z944 treatment resulted in a significant reduc-

tion in calcium currents elicited at �50 mV as compared with DMSO

control-treated neurons (n = 10 neurons for both conditions). No sig-

nificant effect of Z944 compared with control treatment was

observed for high voltage-activated calcium currents elicited at 0 mV

(n = 10 neurons for vehicle and 8 neurons for Z944) (Figure 1e),

indicating specificity to T-type channels. Altogether, the presence of

rapidly inactivating low voltage-activated calcium currents and their

selective inhibition by Z944 strongly supports the conclusion that

T-type currents are present in �80% of lamina I neurons of adult rats,

encompassing all three main morphologically-defined neuron

subpopulations.

3.2 | Activity-induced calcium transients in spinal
cord lamina I neurons are reduced by Z944

Activity-dependent intracellular calcium signalling in lamina I neu-

rons has been demonstrated to lead to hyperexcitability and patho-

logical pain (Ikeda et al., 2003; Wei et al., 2006). We have recently

shown that single action potentials drive increases in intracellular

calcium concentration at both the soma and dendrites of lamina I

neurons, through a mechanism dependent upon voltage-gated

calcium channels (Harding et al., 2020). Given our identification

here of T-type currents in the majority of lamina I neurons, we

next used a combination of current-clamp recordings and simulta-

neous two-photon calcium imaging to test whether Z944 can

attenuate activity-induced calcium responses in these critical noci-

ceptive spinal neurons.

Lamina I neurons were filled with the calcium-sensitive fluo-

rophore Oregon Green Bapta-1, and the structural fluorophore Alexa

Fluor-594 via the patch pipette and single action potential-induced

calcium responses were measured in the soma and primary dendrites,

as previously described (Figure 2a) (Harding et al., 2020). We found

that, on average, perfusion of 2 μM Z944 significantly decreased

action potential-induced calcium responses in both the soma and den-

drites, as compared with the DMSO vehicle control (n = 8 neurons

for vehicle and 7 neurons for Z944; Figure 2b–d). Interestingly, we

also found that perfusion of Z944 significantly decreased the area

under the curve for action potential waveforms, as compared with the

DMSO vehicle control (n = 7 neurons for Z944 and vehicle condi-

tions; Figure 2d). This decrease in area under the curve corresponded

to a visible reduction in the action potential afterdepolarization
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following Z944 treatment (Figure 2c). Our findings that Z944 signifi-

cantly reduced action potential-evoked calcium responses by over

50% in both the soma and dendrites of lamina I neurons indicates that

T-type calcium channels are the predominant mediators of this action

potential-evoked calcium signal.

3.3 | Z944 reduces excitability in a subset of
superficial dorsal horn spinal cord neurons

Given our findings that Z944 decreases activity-induced calcium

responses and reduces action potential afterdepolarizations, we next

sought to determine whether administration of Z944 affects the

overall excitability of superficial dorsal horn nociceptive neurons.

We therefore tested the effects of Z944 on trains of actions poten-

tials in a combined population of laminae I and II superficial dorsal

horn neurons, with stepwise test current injections increasing by

+10 pA increments and the number of evoked action potentials cal-

culated for each depolarizing current step (Figure 3a,b). For each

neuron, we identified a depolarizing test current injection step (+10

to +50 pA) that evoked action potential firing in the 10- to 20-Hz

frequency range, which corresponds to physiological firing rates

induced by nociceptive input (Keller et al., 2007) (Figure 3c).

Administration of vehicle DMSO control for 10 to 15 min did not

significantly alter the frequency of action potential firing at these

test current injection steps (baseline 15.5 ± 1.6 Hz, DMSO 17.0

± 2.0 Hz, n = 5 neurons, data not shown).

We next administered Z944 for 10 to 15 min at a concentra-

tion (10 μM) that completely abolishes T-type currents in thalamic

slices (Tringham et al., 2012) and measured the effects of Z944 on

10 to 20 Hz action potential firing (Tringham et al., 2012). We

found that superficial dorsal horn neurons could be separated into

those that responded to 10 μM Z944 with a significant decrease

in action potential firing frequency (48.7 ± 10.6% reduction, 7/13

neurons) and those that showed no response to this elevated con-

centration of Z944 (�5.1 ± 4.3% reduction, 6/13 neurons)

(Figure 3c,d). In a subset of recorded neurons, we investigated the

full relationship between current injected and number of action

potentials evoked and found that the Z944-mediated decrease in

action potential number for Z944-sensitive neurons (3 of 6 neurons)

was observed at all current injection amplitudes but was most

pronounced with larger current injections of +50 and +60 pA

(Figure 3b). Importantly, the differential effects of Z944 between

superficial dorsal horn neuron subpopulations were not due to

differences in passive membrane properties, as both resting mem-

brane potential and input resistance were not significantly different

between Z944-sensitive and Z944-insensitive neurons (Figure 3e).

Our finding that administration of Z944 significantly reduces the

firing frequency of over half of superficial dorsal horn neurons

strongly suggests that postsynaptic T-type channels shape the

excitability of these nociceptive spinal neurons and could therefore

be an important target for reducing nociceptive input that ascends

to the brain.

3.4 | Intraperitoneal injection (i.p.) of Z944
reverses CFA-mediated tactile allodynia in a
dose-dependent manner

Having demonstrated that Z944 decreases superficial dorsal horn

neuron excitability through inhibition of postsynaptic T-type channels,

we next sought to determine whether Z944 can produce analgesia in

a rodent complete Freund's adjuvant (CFA) model of inflammatory

pain. The CFA model of inflammatory pain includes a spinal sensitiza-

tion component that mediates prolonged pain hypersensitivity (Ren

et al., 1992). Intraplantar injection of CFA induced a robust decrease

in mechanical paw withdrawal threshold compared with baseline mea-

sures (Day 0), corresponding to tactile allodynia, which was not

observed in saline control-injected rats (Figure 4a). Three days after

CFA injection, Z944 or a DMSO vehicle control were i.p.-injected, and

paw withdrawal threshold was measured every 15 min for 140 min

post injection. The initial tested dose of Z944 (10 mg�kg�1) has previ-

ously been shown to cross the blood brain barrier and attenuate

absence seizure activity in the brain (Tringham et al., 2012). We found

that i.p. injection of Z944 significantly reversed the CFA-mediated

decrease in paw withdrawal threshold compared with vehicle injec-

tions from 50 to 125 min post-injection (Figure 4a). In males,

i.p. injection of Z944 (10 mg�kg�1) resulted in 86 ± 12% anti-allodynia,

while injection of a DMSO vehicle produced 3 ± 1% anti-allodynia

(n = 10 animals for Z944 and 9 animals for DMSO, Figure 4b), as mea-

sured at the peak effect (80 min post i.p. injection).

A major barrier to translation of potential pain therapeutics for

use in humans is that the majority of preclinical investigations have

typically been performed exclusively in male rodents (Mogil, 2012). As

spinal mechanisms of chronic pain differ between males and females

(Sorge et al., 2015) and the effects of T-type antagonists on pain sen-

sitivity have not been compared between sexes, we next tested if

inhibition of T-type channels with Z944 would reverse mechanical

allodynia in CFA-injected female rats. In females, i.p. injection of

10 mg�kg�1 Z944 resulted in 105 ± 15% anti-allodynia, while injection

of a DMSO vehicle produced 6 ± 3% anti-allodynia (n = 10 animals,

Figure 4c,d). Both the time course and magnitude of anti-allodynia

produced by Z944 was similar between male and female CFA-injected

rats (Figure 4a–d). Importantly, i.p. injection of Z944 had no effect on

paw withdrawal threshold in control male (n = 10 animals, Figure 4a)

and female (n = 10 animals, Figure 4c) rats injected with intraplantar

saline. This demonstrates that Z944 did not alter baseline mechanical

sensitivity and thus did not alter withdrawal responses through non-

specific locomotor or sedative effects, but rather selectively reversed

CFA-mediated mechanical allodynia in both sexes.

Finally, we sought to determine whether lower doses of i.p.-

injected Z944 (1 mg�kg�1, 3 mg�kg�1would reverse mechanical

allodynia and whether Z944 exhibits a sigmoidal dose-dependent anal-

gesic relationship typical of many clinically available analgesics (Kuo

et al., 2015). Overall, we found that all doses (1, 3 and 10 mg�kg�1) of

Z944 produced anti-allodynia in male rats (38.6 ± 3% for 1 mg�kg�1,

59 ± 7% for 3 mg�kg�1, n = 10 animals for both groups), but anti-

allodynia was greatest for 10 mg�kg�1 Z944, indicating that this was
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the most efficacious dose examined (Figure 4e). We found that anti-

allodynia could be fit to a sigmoidal curve and obtained an IC50 of

1.76 ± 0.14 mg�kg-1 for the anti-allodynic effects of Z944 (Figure 4f).

Taken together, our results suggest that Z944 potently reverses tactile

allodynia produced by persistent inflammation in a dose-dependent

manner, across both sexes.

F IGURE 4 Intraperitoneal injection of Z944 reverses CFA-mediated tactile allodynia in both sexes, in a dose-dependent manner. (a) Paw
withdrawal threshold, in grams, of adult male SD rats before (Day 0) and 1, 2, and 3 days following a hindpaw injection of either saline or CFA.
Timepoints 20–140 min are following an i.p. injection of either 10 mg�kg�1 Z944 or vehicle 3 days post-CFA injection (n = 9 animals for saline/
vehicle and CFA/vehicle; n = 10 for saline/ mg�kg�1 Z944 and CFA/10 mg�kg�1 Z944). The effect of Z944 on CFA-induced tactile allodynia (dark
blue) was determined with a one-way repeated measures ANOVA (P<.05), with Bonferroni post hoc comparisons to the Day 3 post-CFA injection
baseline paw withdrawal threshold. (b) Percent anti-allodynia resulting from injection of either vehicle or 10 mg�kg�1 Z944 in CFA injected male
SD rats (p = 4.9 � 10�6, Mann–Whitney unpaired t-test, n = 9 animals for vehicle and 10 animals for Z944). Measures taken 80 min post-i.p.
injection. (c) Paw withdrawal threshold, in grams, of adult female SD rats before (Day 0) and 1, 2, and 3 days following hindpaw injection of either
saline or CFA. Timepoints 20–140 min are following i.p. injection of either 10 mg�kg�1 Z944 or vehicle 3 days post-CFA injection (n = 10 animals
for all groups). The effect of Z944 on CFA-induced tactile allodynia (dark pink) was determined with a one-way repeated measures ANOVA
(P< .05), with Bonferroni post hoc comparisons to the Day 3 post-CFA injection paw withdrawal threshold. (d) Percent anti-allodynia resulting
from injection of either vehicle or 10 mg�kg�1 Z944 in CFA injected female SD rats (p = 3.6 � 10�6, Mann–Whitney unpaired t-test, n = 10
animals for vehicle, 10 animals for Z944). Measures taken 80 min post-i.p. injection. (e) Paw withdrawal threshold, in grams, of adult male SD rats
before (Day 0) and 1, 2, and 3 days following a hindpaw injection of either saline or CFA. Timepoints 20–140 min are following i.p. injection of
either 1, 3, or 10 mg�kg�1 Z944 or vehicle 3 days post-CFA injection (n = 10 animals for all groups). (f) Percent anti-allodynia resulting from
injection of either vehicle (0 mg�kg�1 Z944) or 1, 3 or 10 mg�kg�1 Z944 in CFA injected male SD rats. Measures taken 80 min post-i.p. injection.
All error bars represent mean ± SEM. *P < .05 for all post hoc comparisons
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4 | DISCUSSION

T-type calcium channels play a critical role in regulating neuronal

excitability, but their role in lamina I pain processing neurons remains

unclear. Furthermore, the role of T-type channels in mediating

inflammatory pain across sexes has yet to be explored. Here, we

used a combination of electrophysiology, calcium imaging and an

in vivo CFA-induced inflammatory pain model in male and female

rats to investigate the contributions of T-type calcium channels to

pain signalling within lamina I neurons, including assessment of the

effects of a selective T-type antagonist under clinical development,

Z944, on lamina I neuronal excitability and CFA-mediated pain

hypersensitivity.

4.1 | T-type channels are present in a large
majority of lamina I neurons

We first sought to define the presence of T-type channels in

lamina I neurons of adult rats. Voltage-clamp recordings of

visually identified lamina I neurons demonstrated a fast inactivating

inward current beginning at �60 mV in over 80% of neurons,

indicating the presence of low voltage-activated currents most

likely mediated by some combination of the three isoforms of T-

type channels (Cav3.1, 3.2, and 3.3) (Weiss & Zamponi, 2019).

Although we saw a bias towards neurons with T-type channels

being of the fusiform morphology, our preliminary results could

not determine if there is a significant morphological difference

in neurons with and without T-type channels, which could be used

to infer population-type differences. Future studies could investi-

gate this further by looking at the differential expression and func-

tion of T-type channel isoforms in genetically defined populations

of lamina I neurons (Häring et al., 2018; Sathyamurthy

et al., 2018).

In pharmacological experiments, we found that Z944 administra-

tion blocked over 50% of inward current at �60 and �50 mV within

5 min of perfusion, with no effect on inward current at 0 mV, dem-

onstrating specificity to low voltage-activated T-type currents. These

experiments provide compelling evidence for functional T-type chan-

nels in the majority of lamina I neurons. With a greater percentage of

lamina I neurons (80%) containing T-type currents compared with

lamina II (45 to 60%) (Candelas et al., 2019; Wu et al., 2018), these

calcium channel variants may have a more prominent role in regulat-

ing the excitability of this critical subpopulation of nociceptive super-

ficial dorsal horn neurons. Given that the Cav3.2 isoform of T-type

channel regulates peripheral pain processing (Bourinet et al., 2014;

Todorovic & Jevtovic-Todorovic, 2011; Weiss & Zamponi, 2019), is

preferentially expressed in the superficial dorsal horn of the spinal

cord (Li et al., 2017), and has recently been shown to control the

excitability of lamina II spinal neurons (Candelas et al., 2019), it will

also be important to investigate whether specific inhibition of post-

synaptic Cav3.2 channels in the spinal cord mediates robust

analgesia.

4.2 | Inhibition of T-type channels in lamina I
neurons reduces action potential-induced calcium
transients

Having demonstrated the presence of T-type channels in lamina I neu-

rons, we next investigated how these channels contribute to neuronal

excitability. Performing simultaneous two-photon calcium imaging while

driving action potential firing in lamina I neurons showed that T-type

channels contribute to over 50% of the action potential-evoked calcium

response in both the soma and dendrites. In these experiments, since

we were in current-clamp configuration we could not determine which

neurons had a low voltage-activated component and therefore included

all neurons for analysis, regardless of effect size. However, there was a

high degree of variability in the percent peak remaining after the addi-

tion of Z944, ranging from 4% to 78% within the soma, and 13% to

67% within the dendrites. This heterogeneity in Z944 effect size raises

the possibility that one or more neurons within this population may not

have a substantial T-type component, after accounting for rundown

present within the DMSO control. It is therefore likely that the true

T-type contribution to action potential-evoked calcium responses is

even larger in lamina I neurons containing T-type channels.

Our results indicate that T-type calcium channels are the

predominant mediators of action potential-evoked calcium signals

that, as we have previously demonstrated, represent actively

backpropagating action potentials (Harding et al., 2020). Actively

backpropagating action potentials shape the excitability of a neuron

and have effects on both short-term and long-term plasticity.

Dendritic T-type channels can drive LTP and LTD at specific

hippocampal synapses (Udakis et al., 2020) and have also been shown

to regulate dendritic excitability in cerebellar Purkinje neurons

(Hildebrand et al., 2009) as well as in thalamocortical and thalamic

reticular neurons (Connelly et al., 2015). Here, we have presented the

first evidence that T-type channels are significant contributors to den-

dritic calcium transients in spinal lamina I neurons, suggesting that the

use of Z944 could reduce the excitability of lamina I neurons

and decrease the likelihood of these neurons to undergo activity-

dependent synaptic plasticity (Frick et al., 2004; Rosenkranz

et al., 2009; Short et al., 2017). Our results therefore have wide impli-

cations for the understanding of spinal mechanisms of pain processing

and amplification. Further studies using pharmacological inhibitors of

the other voltage-gated calcium channel classes are needed to

systematically investigate the relative contribution of T-type versus

high voltage-activated calcium channel classes in mediating these

action potential-induced calcium responses in lamina I dendrites, as

well as a potential role of dendritic T-type channels in governing lam-

ina I neuron activity-dependent plasticity.

4.3 | Z944 reduces superficial dorsal horn neuron
excitability

To directly examine the effect of Z944 on superficial dorsal horn

neuron membrane excitability, we measured changes in rheobase in
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recordings from a mixed population of lamina I and II neurons. In other

neuron types, T-type channels contribute to membrane excitability

and can promote burst firing through depolarizing the resting mem-

brane potential, thus decreasing the current injection required to

reach and sustain action potential threshold (Cain & Snutch, 2010).

Here, we found that over half of superficial dorsal horn neurons

responded to Z944 with a significant reduction in action potential

firing in response to depolarization, suggesting that T-type channels

also contribute to membrane excitability within the superficial dorsal

horn, including both lamina I and II neurons.

Together, the above experiments indicate that administration of

Z944 decreases the excitability of superficial dorsal horn neurons,

providing a novel, central mechanism through which T-type channel

blockers may also exert their analgesic effects. These findings are of

particular significance in light of recent findings demonstrating that

the peripherally restricted T-type antagonist ABT-639 fails to show

efficacy in clinical trials for pain (Serra et al., 2015; Wallace

et al., 2016). This suggests that inhibition of T-type channels by Z944

in the superficial dorsal horn may hold future promise for effective

clinical application.

4.4 | Z944 as a potential treatment for
inflammatory pain

Although previous studies have found that T-type antagonists can

produce analgesia, these studies have relied on T-type channel

blockers with significantly less selectivity, such as ethosuximide,

mibefradil and NiCl2, raising the possibility of action through inhibi-

tion of other ion channels such as high voltage-activated calcium

channels and voltage-gated sodium channels (Dogrul et al., 2003;

Feng et al., 2019; Flatters & Bennett, 2004). In contrast, Z944 is a high

affinity T-type channel antagonist, with no significant block of

high voltage-activated calcium channels or sodium channels at con-

centrations sufficient to block T-type channels (Tringham et al., 2012)

and has been shown to be well tolerated in human clinical trials

(Lee, 2014). We found that i.p. injection of Z944 produced a profound

reversal of CFA-induced tactile allodynia in both male and female rats,

in a clear dose-dependent manner without affecting baseline

mechanical sensitivity. Z944 was well tolerated over a large therapeu-

tic window with an IC50 of 1.76 ± 0.14 mg�kg�1. We are the first to

demonstrate that Z944 reverses mechanical allodynia in both sexes,

which is an important step in preclinical investigation.

T-type calcium channels are also expressed in peripheral DRG

sensory neurons, presynaptic terminals of nociceptive primary affer-

ents, and higher order brain structures involved in nociceptive

processing (Bourinet et al., 2014; Jacus et al., 2012; Leblanc

et al., 2016). As i.p. injection of Z944 induces systemic exposure of

Z944 to both the peripheral nervous system and CNS, the analgesic

efficacy of Z944 in reversing CFA-induced pain hypersensitivity could

also be due to inhibition of T-type channels at these additional

nociceptive loci. To directly confirm that Z944 exerts analgesic effects

through acting on spinal cord T-type channels, pain thresholds and

behaviours could be assessed after intrathecal injection of Z944 in

rodent models of chronic pain. In combination with the above

suggested knockdown of T-type isoforms in dorsal horn neuron

subpopulations, this future work would shed further light on spinal

cord T-type channels as a specific target for the development of novel

pain therapeutics.

In summary, we have identified low threshold calcium currents as

well as somatic and dendritic calcium transients that are mediated by

T-type channels in lamina I neurons of the spinal dorsal horn, which

are effectively inhibited by the administration of the highly selective

T-type channel blocker Z944. Moreover, we have demonstrated that

Z944 potently reverses tactile allodynia produced by persistent

inflammation in a dose-dependent manner, across both sexes.

Together, our findings indicate that the anti-allodynic effect of T-type

channel block may be through inhibition of superficial dorsal horn

neuron excitability, in addition to the previously defined peripheral

mechanisms, implying a central mechanism for Z944's analgesic

actions.
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