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Functional remodeling of presynaptic voltage-gated
calcium channels in superficial layers
of the dorsal horn during neuropathic pain

Laurent Ferron,1 Erika K. Harding,1 Maria A. Gandini,1 Craig Brideau,1 Peter K. Stys,1 and Gerald W. Zamponi1,2,*
SUMMARY

N- and P/Q-type voltage-gated Ca2+ channels are critical for synaptic transmission.While their expression is
increased in the dorsal root ganglion (DRG) neuron cell bodies during neuropathic pain conditions, less is
known about their synaptic remodeling. Here, we combined genetic tools with 2-photon Ca2+ imaging to
explore the functional remodeling that occurs in central presynaptic terminals ofDRGneuronsduring neuro-
pathic pain. We imaged GCaMP6s fluorescence responses in an ex vivo spinal cord preparation from mice
expressing GCaMP6s in Trpv1-Cre lineage nociceptors. We show that Ca2+ transient amplitude is increased
in central terminals of these neurons after spared nerve injury, and that this increase is mediated by both
N- and P/Q-type channels. We found that GABA-B receptor-dependent inhibition of Ca2+ transients was
potentiated in the superficial layer of the dorsal horn. Our results provide direct evidence toward nerve
injury-induced functional remodeling of presynaptic Ca2+ channels in Trpv1-lineage nociceptor terminals.

INTRODUCTION

Voltage-gated calcium channels (CaV) are key modulators of neuronal excitability and synaptic transmission.1,2 Among the three families of

CaV, CaV2.X family members, especially CaV2.1 (P/Q-type) and CaV2.2 (N-type), are pivotal in primary afferent neurotransmission in the spinal

cord dorsal horn.3 CaV2.X channels are protein complexes composed of a pore forming CaVa1 subunit and auxiliary CaVb and CaVa2-d sub-

units that play critical roles in the trafficking of the channel.4–6 N-type channels and the CaVa2-d1 auxiliary subunit are validated pharmaco-

logical targets for treating pain.7,8 Indeed, CaVa2-d1 is the dominant isoform expressed in DRG neurons and is upregulated in models of

chronic pain.9–11 Gabapentinoids, which are used to treat neuropathic pain, target CaVa2-d1 and dampen the trafficking of CaV2.2 chan-

nels.12–14 Moreover, specific peptide blockers for N-type channels, such as u-conotoxin-GVIA (GVIA), have been instrumental in demon-

strating their involvement in the afferent pain pathway and they are now used to treat severe chronic pain.15,16

Chronic pain is characterized by an increase in excitability of the primary afferents.17–20 This alteration of neuronal excitability results from

the dysregulation of ion channel expression including that of CaV channels in these cells. In the chronic pain context, increases in protein levels

of CaV2.1 and CaV2.2 channels and their contribution to postsynaptic responses have been reported in dorsal root ganglia (DRG) and in the

spinal cord.21–26 However, it is still not clear whether the increase of CaV2.X channels in the dorsal horn results from an increase in the traf-

ficking of channels from the DRG into their central terminals or an increase of channels in spinal neurons, or a combination of both mecha-

nisms. Moreover, functional alterations in Ca2+ channel activity in chronic pain states in intact preparations which preserve the architecture of

the spinal cord have not been verified.

Typically, activity in presynaptic terminals from primary afferent fibers is indirectly monitored by electrophysiological recordings from

somata of postsynaptic neurons in spinal cord slices,3,27–32 and Ca2+ imaging has been used effectively in such preparations.33 In contrast,

direct access to Ca2+ signaling in presynaptic nerve terminals in ex vivo preparations has been difficult. Indeed, the spinal cord is covered

with nerve tracts formed by myelinated fibers and dorsal root entry zones are also heavily myelinated structures. Myelin scatters light which

makes optical imaging of dorsal horn neuronal compartments challenging.34 However, recent developments in 2-photonCa2+ imaging, using

either bulk loading of synthetic Ca2+ indicators into neuronal tissue or transgenic mice expressing genetically encoded Ca2+ indicators, have

enabled the investigation of spinal neuron activity in the superficial layers of the dorsal horn with cellular resolution.35–37

Here we used transgenic animals in combination with 2-photon imaging to directly explore the functional remodeling of CaV channels in

DRG neuron presynaptic terminals in an ex vivo spinal dorsal horn preparation during a chronic pain state. By crossing a Trpv1-Cremouse line

with a cre-dependent GCaMP6s reporter mouse line, we restricted the expression of the genetically encodedCa2+ indicator to nociceptors in

the peripheral nervous system and to very few neurons in the central nervous system, especially in the dorsal horn.38 This latter point was

crucial as it allowed us to image DRG central terminals at subcellular resolution, without contamination by somata or dendrites from spinal
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Figure 1. Expression profile for GCaMP6s and Trpv1 in DRG and dorsal spinal cord of Trpv1-Cre mice crossed with Ai96 mice

(A) Schematic of the dorsal root ganglion (DRG) imaging setup and dorsal root stimulation.

(B) Two-photon images of an L4 dorsal root ganglion from a Trvp1-CrexAi96 mouse at rest (left panel) and during stimulation (2 mA for 5 s, right panel). DRG

neurons were stimulated via the dorsal root using a suction electrode. Scale bar: 50 mm.

(C) Plot showing the diameter of soma of DRG neurons expressing GCaMP6s (n = 71 neurons from 3 L4 ganglia).

(D) Confocal images of GCaMP6s and Trpv1 expression in L4 DRG of a Trpv1-Cre x Ai96 mouse. DRG sections were immunostained with GFP Ab (stains

GCaMP6s—green) and Trpv1 Ab (magenta). The merged image shows a portion of GCaMP6s positive neurons lacking staining for Trpv1 (bottom panel).

Scale bar: 50 mm.

(E) Confocal images of GCaMP6s and Trpv1 expression in superficial layers of the dorsal horn of a Trpv1-Cre x Ai96 mouse (L4–L5). Lumbar sections of the spinal

cord (L4 to L5) were immunostained with GFP Ab (stains GCaMP6s—green) and Trpv1 Ab (magenta). The merged image indicates GCaMP6s and Trpv1 co-

expression in superficial layers of the dorsal horn (bottom panel). Scale bar: 50 mm.

(F) Confocal images of GCaMP6s expression in superficial layers of the dorsal horn of a Trpv1-Cre x Ai96 mouse (L4–L5). Lumbar sections of the spinal cord (L4 to

L5) were immunostainedwithGFPAb (stains GCaMP6s (green), CGRPAb (blue), and IB4-AF647 (magenta)). Themerged image reveals expression of GCaMP6s in

CGRP-positive layer and to a less extend IB4-positive layer (bottom panel). Scale bar: 100 mm.
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cord neurons. We were thus able to demonstrate specific functional alterations in Ca2+ channel mediated presynaptic Ca2+ signals in primary

afferent nerve terminals in the intact spinal cord in response to peripheral nerve injury.

RESULTS

SNI increases Ca2+ transient amplitude in Trpv1-lineage L4 DRG neuron central terminals in response to a sustained

stimulation

To test the hypothesis that spared nerve injury (SNI) alters Ca2+ activity in DRG neuron central terminals, we monitored the responses of no-

ciceptors to stimulation using 2-photon Ca2+ imaging. The genetically encoded Ca2+ indicator GCaMP6s was specifically expressed in a sub-

set of nociceptors by crossing the Trpv1-Cre driver mouse line with the Ai96 conditional allele mice.38 To confirm the expression of GCaMP6s

in DRG neuron somata, we isolated dorsal root ganglia containing the dorsal root, stimulated the dorsal root with a suction electrode, and

imaged the ganglia using a 2-photon microscope (Figures 1A and 1B). We found that the diameter of DRG neurons expressing GCaMP6s
2 iScience 27, 109973, June 21, 2024
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varied from 13 to 35 mm, with 52% <20 mm and 38% between 20 and 25 mm (Figure 1C), which correspond to small and medium DRG neu-

rons.39 This result is consistent with previous reports describing small-diameter, unmyelinated C-fibers and medium-diameter, thinly myelin-

ated Ad fibers expressing Trpv1 in DRGs.28,38,40 We performed immunohistochemistry staining on sections of L4 DRG (Figure 1D), revealing

that 63G 4% (n = 5) of GCaMP6s positive DRG neuron cell bodies were immuno-positive for Trpv1 channels. We also performed staining on

spinal cord sections (Figure 1E) revealing that Trpv1 channels were highly expressed in DRG terminals in superficial layers of the dorsal spinal

cord.When comparing Trpv1 stainingwithGCaMP6 staining in the spinal cord, we observed that GCaMP6 staining fromDRG terminals pene-

trated slightly deeper layers of the dorsal horn. The superficial layers that were Trpv1 and GCaMP6 positive were also CGRP positive (Fig-

ure 1F, lamina [LI] I and lamina II outer [LIIo]) and the deeper layers that weremostly GCaMP6 positive were also IB4 positive (Figure 1F, lamina

II inner and LIIo).41 Overall, our data are in line with the conclusions of the initial studies performed on this Trpv1-Cre mouse line.38,42 During

development, Trpv1 is transiently expressed in several DRG neuron subtypes including both prospective peptidergic and nonpeptidergic

neurons.42 The consequence for our study is that, when we imaged GCaMP6s positive terminals in the spinal dorsal horn, we imaged

Trpv1 lineage neuron terminals rather than Trpv1 positive neuron terminals, and a fraction of these neuron terminals are likely not Trpv1 pos-

itive in adult mice, especially in deeper layers of the dorsal horn. We thus refer to GCaMP6 expressing neurons as Trpv1 lineage neurons

(abbreviated as Trpv1+).

We then focused on the central terminals of DRG neurons expressing GCaMP6s (Trpv1+). We isolated the whole lumbar spinal cord of

Trpv1-GCaMP6smice with dorsal roots attached. The left L4 dorsal root was connected with a suction electrode to a stimulator (Figure 2A).

We imaged the lateral left dorsal horn (ipsilateral side, at the level of the dorsolateral fasciculus) between L4 and L5 dorsal root entry zones

(Figure 2A) and monitored the Ca2+ transient amplitude in DRG terminals coming from L4 root fiber tracts, likely C fiber bundles,43 in

response to increasing stimulation intensity (Figure 2B). We recorded the amplitude of Ca2+ transients in DRG terminals of the superficial

LI in response to a sustained stimulus (Figure 2C). In the sham condition, the minimum stimulus current required to elicit a detectable

response was 0.3 mA (Figure 2D). The amplitude of the Ca2+ transient increased gradually with the intensity of the stimulus to reach a

plateau at 5 mA. In the SNI condition, the stimulus intensity response curve was slightly left-shifted (Figure 2D) with the amplitude of

the Ca2+ transients significantly increased 3.5- and 2.3-fold for 1 and 2 mA stimuli, respectively, compared with the sham group (Figure 2E).

Among the Trpv1+ DRG terminals responding to stimulation, two populations could be identified: one population of terminals was acti-

vated with relatively low stimulus intensity with a half-activation of 0.51 G 0.05 mA (n = 9) and a second population was activated with

higher stimulus intensity with a half-activation of 1.92G 0.21 mA, n = 9 (Figure 2F). Strikingly, in the SNI group, the low threshold activated

population exhibited an even lower half-activation threshold compared with the one for sham animals (0.37 G 0.02 mA, n = 11, p = 0.01).

We also tested whether a frequency dependent effect could be detected on Ca2+ transients between the sham and SNI groups. We moni-

tored the variation of GCaMP6s fluorescence in DRG terminals in response to increasing stimulation frequency (from 0.1 to 10 Hz;

Figures 2G and 2H). No difference between sham and SNI groups was observed (Figure 2H). Altogether, our data indicate a nerve

injury-induced increased of Trpv1+ DRG central terminal excitability.

SNI increases Ca2+ transient amplitude in Trpv1+ L4DRGneuron central terminals in superficial layers in response to a single

pulse stimulation

Nociceptors form synapses with second order neurons in the superficial layers of the dorsal horn: with projection neurons in LI, and interneu-

rons in LI and lamina II (LII).44 We imaged nerve terminals located between 10 and 15 mm from the pia and between 15 and 40 mm from the pia.

According to our immunohistochemistry staining (Figure 1F), these layers are CGRP positive (LI and LIIo) and IB4 positive (lamina II inner and

LIIo).41 We assessed the effect of nerve injury on Ca2+ transient amplitude in LI (Figures 3A–3D) and in LIIo (Figures 3E–3H). In LI, Trpv1+ DRG

terminals appeared like fibers (Figure 3A), whereas in LIIo, Trpv1+DRG terminals appeared as bouton structures (Figure 3E). The L4 dorsal root

was stimulated with a single pulse with increasing intensity and we recorded the variations of GCaMP6s fluorescence (Figures 3B and 3F). The

half-activation intensities, similar in both layers (�3mA), were notmodified by the SNI treatment (Figures 3D and 3H). However, we found that

in both layers the amplitude of Ca2+ transients was increased in the SNI group compared with the sham group (Figures 3C and 3G). Indeed,

the signal was potentiated 4.3-fold in LI (from 0.7G 0.1 to 3.1G 0.5 for sham and SNI, respectively, n = 6, p = 0.0006) and 1.5-fold in LIIo (from

4.5G 0.7 to 6.9G 0.4 for sham and SNI, respectively, n = 6, p = 0.013). Taken together, these data reveal an increase in excitability of Trpv1+

DRG terminals that spreads to several superficial layers of the dorsal horn.

N- and P/Q-type Ca2+ channels contribute to SNI-induced increase in Ca2+ transient amplitude in Trpv1+ L4 DRG neuron

central terminals

CaV channels are themain contributors to Ca2+ influx in DRG neurons.45,46 To determine the contributions of these channels in Trpv1+ neuron

terminals, we used a pharmacological approach in which we applied maximal doses of Ca2+ channel blockers12,47–51: first, we applied the

specific N-type Ca2+ channel blocker, u-conotoxin GVIA (GVIA), and then we added the specific P/Q-type Ca2+ channel blocker, u-agatoxin

IVA (Aga), with the N-type blocker still present. Preliminary experiments performed on intact spinal cord failed to show any effect of GVIA

(1 mM) on Ca2+ transients elicited by stimulating the L4 dorsal root with 10 pulses. This concentration of GVIA is typically very effective in block-

ingN-type currents.52 Applications of CdCl2 (100 mM) or TTX (1 mM) almost completely abolishedCa2+ transients indicating that they relied on

the activation of CaV channels and on neuronal activity (data not shown). The lack of effect of GVIA on Ca2+ transients in the intact spinal cord

could possibly be attributed to a poor penetration of the blocker. GVIA is a large peptide (3 kDa) and to facilitate its access to the DRGneuron

terminals in the dorsal horn, we incised the spinal cord along the midline beside the imaging area. In these conditions, we obtained between
iScience 27, 109973, June 21, 2024 3
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Figure 2. Increase Ca2+ transient amplitude in Trpv1+ L4 DRG neuron central terminals after SNI in response to a sustained stimulation

(A) The lumbar spinal cord of a Trpv1-CrexAi96 mouse is held dorsal face up in the imaging chamber by a harp and the left L4 dorsal root is placed in a suction

electrode to allow electrical stimulation. The dotted red rectangle surrounds the area of the left dorsal horn imaged. Scale bar: 1 mm.

(B) Images of GCaMP6s fluorescence from DRG neuron central terminals in the LI dorsal horn of a Trpv1-CrexAi96 mouse at rest (left panel) and during a

stimulation applied to L4 dorsal root (right panel, 5 mA �10 Hz). The dotted red rectangle surrounds the area analyzed. Scale bar: 50 mm.

(C) Traces of GCaMP6s fluorescence from DRG neuron central terminals in response to stimulation applied to L4 dorsal root with increasing intensity (10 Hz

stimulation for 15 s from 0.05 mA to 5 mA).

(D) Stimulus intensity-response (GCaMP6s DF/F0) plots recorded from DRG neuron central terminals for sham (black dot) and SNI (open square) animals.

Responses were normalized to the peak value for 5 mA stimulation for each group. n = 3 to 6 for each point.

(E) Plots showing the average peak GCaMP6s response to 1 mA, 2 mA, and 5 mA stimuli for sham (black dots) and SNI (open circles) groups. 10 ROIs were

averaged for each animal. For 1mA, sham = 0.89 G 0.18, n = 9; SNI = 3.21 G 0.51, n = 11, ***p < 0.001; for 2 mA, sham = 1.28 G 0.33, n = 9; SNI = 2.96 G

0.43, n = 11, **p < 0.01. For 5 mA, sham = 2.27 G 0.68, n = 8; SNI = 4.27 G 0.66, n = 11 (p = 0.054).

(F) Average half-activation intensity for low threshold (low, left panel) and high threshold responding DRG neurons (high, right panel). For low threshold

population, the half-activation intensity was 0.51 G 0.05 mA (n = 9) for the sham and 0.37 G 0.02 mA (n = 11) for SNI (*p = 0.0102). For the high threshold

population, the half-activation intensity was 1.92 G 0.21 mA (n = 9) for sham and 1.59 G 0.19 mA (n = 11) for SNI (p = 0.25).

(G) Traces of GCaMP6s fluorescence from DRG neuron processes in response to stimulation applied to L4 dorsal root with increasing frequency (50 pulses

between 0.1 and 10 Hz, 2mA).

(H) Plots showing the average peak GCaMP6s response to increasing frequency of stimulation for sham (black dots) and SNI (open circles) groups. n = 4 to 5 for

each point. All error bars reflect S.E.M.
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36 and 50% inhibition of the Ca2+ transients in LI and LIIo with GVIA, and a further 15% inhibition with Aga (200 nM) when the L4 root was

stimulated with a single pulse (Figures 4A, 4C, and 4E). Together GVIA and Aga blocked about 70% of the total Ca2+ transient. The remaining

Ca2+ transient is usually attributed to R-, L- and T-type Ca2+ channels.46,53 SNI did not alter the contribution of N and P/Q-type channels to the

Ca2+ transients. Interestingly, when the L4 root was stimulated with 10 pulses, the N-type contribution to Ca2+ transients was estimated at

27.7 G 3.7% (n = 5) in LIIo and this contribution was significantly reduced to 13.9 G 2.7% (n = 5, p = 0.016) in the SNI group (Figures 4B,

4D and 4F). This result reveals that, for sustained stimuli, an additional source contributes to the increase of Ca2+ transient amplitude observed

in LIIo in a chronic pain context. This mechanism is voltage-dependent, but independent of N- and P/Q-type channels and may thus involve

contributions from other types of CaV or an electrogenic ion exchanger like the Na-Ca exchanger. This possibility will need to be further
4 iScience 27, 109973, June 21, 2024
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Figure 3. SNI treatment increases single-pulse-induced Ca2+ transient amplitude in Trpv1+ L4 DRG neuron central terminals in superficial layers of the

spinal dorsal horn

(A) GCaMP6s fluorescence from DRG neuron central terminals in the lamina I dorsal horn of a Trpv1-CrexAi96 mouse at rest (left) and during a single-pulse

stimulation (1 pulse, right) applied to L4 dorsal root (10 mA). Scale bar: 20 mm.

(B) Traces of GCaMP6s fluorescence from DRG neuron central terminals in the lamina I dorsal horn in response to a single-pulse stimulation applied to L4 dorsal

root with increasing intensity (from 0.3 mA to 10 mA).

(C) Average traces of GCaMP6s fluorescence fromDRG neuron central terminals in the lamina I dorsal horn of sham and SNI Trpv1-CrexAi96mice in response to a

single-pulse stimulation (10mA) applied to L4 dorsal root. Plots showing the average peakGCaMP6s response to a 10mA single-pulse stimulation for sham (black

dots) and SNI (open circles) groups. n = 6 animals. 10 ROIs were averaged for each animal. ***p = 0.006.

(D) Stimulus intensity-response (GCaMP6s DF/F0) plots recorded from DRG neuron central terminals in the lamina I dorsal horn of sham (black dots) and SNI

(open circles) Trpv1-CrexAi96 mice. Responses were normalized to the peak value for 10 mA stimulation for each group. n = 3 to 6 for each point. EC 50 =

2.6 mA and 2.8 mA for sham and SNI, respectively.

(E) GCaMP6s fluorescence from DRG neuron central terminals in the lamina II outer dorsal horn of a Trpv1-CrexAi96 mouse at rest (left) and during a single-pulse

stimulation (1 pulse, right) applied to L4 dorsal root (10 mA). Scale bar: 10 mm.

(F) Traces of GCaMP6s fluorescence from DRG neuron central terminals in the lamina II outer in response to a single-pulse stimulation applied to L4 dorsal root

with increasing intensity (from 0.3 mA to 10 mA).

(G) Average traces of GCaMP6s fluorescence from DRG neuron central terminals in the lamina II outer dorsal horn of sham and SNI Trpv1-CrexAi96 mice in

response to a single-pulse stimulation (10 mA) applied to L4 dorsal root. Plots showing the average peak GCaMP6s response to a 10 mA single-pulse

stimulation for sham (black dots) and SNI (open circles) groups. n = 6 animals. 10 ROIs were averaged for each animal. *p = 0.013.

(H) Stimulus intensity-response (GCaMP6s DF/F0) plots recorded from DRG neuron central terminals in the lamina II outer for sham (black dot) and SNI (open

square) animals. Responses were normalized to the peak value for 10 mA stimulation for each group. n = 3 to 6 for each point. EC 50 = 2.8 mA and 3.0 mA

for sham and SNI, respectively. All error bars reflect S.E.M.
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Figure 4. N- and P/Q-type Ca2+ channel contributions to Ca2+ transients in Trpv1+ L4

DRG neuron central terminals in superficial layers of the spinal dorsal horn

(A and B) GCaMP6s fluorescence variations from Trpv1+ DRG neuron central terminals in

superficial layers of the spinal dorsal horn in response to 1 pulse (A) and 10 pulses (B) at 3 mA

before (Ctrl), 20 min after application of u-conotoxin GVIA (GVIA, 1 mM) and 20 min after

adding u-agatoxin IVA (Aga, 200 nM, Aga+GVIA) to GVIA.

(C‒F) Average contributions of N- and P/Q-type channels to Ca2+ transients in response to 1

pulse (C and E) and 10 pulses (D and F) in Trpv1+ DRG terminals in lamina I (C and D) and in

lamina IIo (E and F). (C) Contribution of VGCCs in response to 1 pulse in lamina I: N-type,

sham= 36.2G 10.6% (n= 4) and SNI = 39.2G 3.1% (n= 5), p= 0.77; P/Q-type: sham= 14.7G

2.7% (n = 4); SNI = 14.9G 7.6% (n = 5), p = 0.98. (D) Contribution of VGCCs in response to 10

pulses in lamina I: N-type, sham = 35.6G 7.3% (n = 5) and SNI = 30.0G 4.2% (n = 5), p = 0.53;

P/Q-type, sham= 13.4G 3.5% (n= 5) and SNI = 11.6G 2.9% (n= 5), p= 0.70. (E) Contribution

of VGCCs in response to 1 pulse in lamina IIo: N-type, sham = 50.2G 5.5% (n = 5) and SNI =

40.2 G 10.3% (n = 5), p = 0.42; P/Q-type, sham = 17.3G 5.3% (n = 5) and SNI = 11.1G 4.3%

(n = 5), p = 0.39. (F) Contribution of VGCCs in response to 10 pulses in lamina IIo: N-type,

sham = 27.7 G 3.7% (n = 5) and SNI = 13.9 G 2.7% (n = 5), *p = 0.0164; P/Q-type, sham =

18.9 G 8.09 (n = 5) and SNI = 12.6 G 4.2% (n = 5), p = 0.54.

(G) Variations of N- and P/Q-type Ca2+ channel protein expression in ipsilateral L4 DRG

following SNI treatment. ELISA techniques were used to quantify total channel protein

concentration fromDRG. Proteins were extracted from individual ipsilateral L4 DRGs (5 DRGs

for each condition). Because of low extraction yield, 2 samples had to be pooled to obtain

enough total protein to reliably run the ELISA. N-type total protein: sham= 5.99G 1.7 ng/mL;

SNI = 10.4G 0.8 ng/mL (p= 0.055, n= 4). P/Q-type total protein: sham= 3.8G 0.6 ng/mL and

SNI = 11.9 G 3.2 ng/mL (p = 0.045, n = 4). *p < 0.05.

(H) Confocal images of GCaMP6s and CaVa2-d-1 expression in ipsilateral L4 DRG of a Trpv1-

Cre x Ai96mouse. DRG sections were immunostainedwith GFPAb (stains GCaMP6s—green)

and CaVa2-d-1 Ab (a2-d-1—magenta). The merged image shows the increase of CaVa2-d-1

expression in GCaMP6s positive DRG neurons (bottom panel). The intensity of CaVa2-d-1

staining was quantified from GCaMP6s positive neurons: sham = 7.3 G 0.2 a.u. (n = 186

neurons) vs. SNI 15.5G 0.4 a.u. (n = 342 neurons, p < 0.0001) (7 and 14 sections were imaged

from sham and SNI group, respectively—2 animals per group). Scale bar: 50 mm. All error bars

reflect S.E.M.
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explored. Altogether, these data show that the SNI-induced increase of Ca2+ transient amplitude involves N- and P/Q-type channels and an

additional, still unknown, mechanism.

An increase in functional CaV2.X channels at presynaptic terminals of DRG neurons could be due to an increase in total protein and/or an

increase in the trafficking of the channels. To try to tease out themechanism(s) involved, we quantified the total expression of N- and P/Q-type

channels in ipsilateral L4 DRG. Using an ELISA method, we showed that following SNI treatment the N-type channel protein levels increased

by 1.7-fold compared with the sham group (Figure 4G) although this effect just missed statistical significance (n = 4, p = 0.055). Moreover, the

expression of P/Q type channels was significantly increased by more than 3-fold in SNI-treated ipsilateral L4 ganglia compared with sham

condition (n = 4, p = 0.045; Figure 4G). The auxiliary CaVa2-d1 subunit is key for trafficking of CaV2.X channels to synaptic sites54 and it

was shown to be increased in chronic pain models.9,10,55 Using immunohistochemistry staining, we showed that the expression of CaVa2-

d1 was upregulated by about 2-fold in GCaMP6 positive DRG neuron somata following SNI treatment (Figure 4H). Altogether, the upregu-

lation of both CaV2.X total protein and CaVa2-d1 subunit can contribute to the increase of functional N- and P/Q-type channels at the central

terminals of DRG neurons.
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Figure 5. GABA-B-dependent inhibition on Ca2+ transient amplitude is increased in Trpv1+ L4 DRG neuron central terminals in the laminae of the dorsal

horn I during chronic pain

(A) Average traces of GCaMP6s fluorescence from DRG neuron central terminals in the lamina I dorsal horn of sham (left panel) and SNI (right panel) Trpv1-

CrexAi96 mice in response to a single-pulse stimulation (10 mA) applied to L4 dorsal root before (Ctrl) and after baclofen application (+Bac, 100 mM).

(B) Plot showing themagnitude of the inhibition of baclofen (100 mM) on the Ca2+ transient recorded fromDRGneuron central terminals in the lamina I dorsal horn

of sham and SNI Trpv1-CrexAi96 mice in response to a single-pulse stimulation (10 mA). Sham = 46.6G 3.6% (n = 5) and SNI = 71.2G 4.8% (n = 5); **p = 0.0036.

(C) Average traces of GCaMP6s fluorescence from DRG neuron central terminals in the lamina II outer dorsal horn of sham (left) and SNI (right) Trpv1-CrexAi96

mice in response to a single-pulse stimulation (10 mA) applied to L4 dorsal root before (Ctrl) and after baclofen application (+Bac, 100 mM).

(D) Plot showing the magnitude of the inhibition of baclofen (100 mM) on the Ca2+ transient recorded from DRG neuron central terminals in the lamina II outer

dorsal horn of sham and SNI Trpv1crexAi96 mice in response to a single-pulse stimulation (10 mA). Sham = 64.1G 5.4% (n = 5) and SNI = 76.5G 3.2% (n = 6), p =

0.0714. All error bars reflect S.E.M.
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Increased GABA-B receptor-dependent inhibition of Ca2+ transients in Trpv1+ DRG terminals in LI

GABA-B receptors are potent modulators of CaV2.X channels1 and gamma-aminobutyric acid (GABA)modulation is known to be altered dur-

ing chronic pain.56 We tested the effect of baclofen, a GABA-B receptor agonist, on the amplitude of Ca2+ transients in response to a single-

pulse stimulation of the L4 dorsal root (Figure 5). In the shamgroup, baclofen inhibited 46.6G 3.6% (n = 5) and 64.1G 5.4% (n = 5) of the Ca2+

transients in LI and LIIo, respectively (Figures 5B and 5D). After SNI, the effect of baclofen was not modified in LIIo (76.5 G 3.2%, n = 6, p =

0.0714). However, in LI, baclofen-dependent inhibitionwas increased to 71.2G 4.8% (n= 5, p= 0.0036). These data demonstrate that GABA-B

receptor mediated inhibition of CaV channels is upregulated in Trpv1+ DRG terminals during neuropathic pain states.

DISCUSSION

Our findings show an increase of Ca2+ transient amplitude in the central terminals of Trpv1+ DRG neurons in chronic pain condi-

tions. We also show that both N- and P/Q-type channels contribute critically to this increase in Ca2+ transient amplitude. Finally, we

show that GABA-B receptor inhibitory control on Ca2+ transient is potentiated in the superficial lamina of the dorsal horn following

chronic pain.

In numerous chronic pain models increases in CaV2.2 protein expression in DRG neuron somata and in dorsal horn superficial layers have

been reported,21–26,57 but increases in dorsal horn CaV2.2 levels could not be attributed clearly to nerve terminals of afferent fibers. On the

other hand, in a recent study performed in a mouse model of partial sciatic nerve ligation, CaV2.2 immunostaining was shown to decrease in

patches in the superficial layers of the dorsal horn.25 This decrease of CaV2.2 immunostaining co-occurred with a decrease of staining for pre-

synaptic markers CGRP and IB4 suggesting a loss of sensory terminals due to the partial ligation of the sciatic nerve. Further investigations will

be needed in this latter model to examine whether the remaining primary afferent terminals exhibit an alteration of Ca2+ transient amplitude

in the superficial layers of the dorsal horn.

Although CaV2.X channels are key to synaptic transmission between primary afferent neurons and spinal neurons, functional data focusing

on presynaptic CaV2.X channels have been scarce and typically based on spinal cord slice recordings in which it has been difficult to discrim-

inate synaptic inputs from afferent fibers and interneurons3,27,29,58 (but see study by Stemkowski et al.28). Two reports have revealed an alter-

ation in voltage-gated Ca2+ channel mediated postsynaptic responses in spinal cord slices.26,59 However, amplitudes of postsynaptic re-

sponses do not depend linearly on the magnitude of presynaptic calcium influx. To date, similar results had not been reported in ex vivo

preparations that preserve the architecture of the spinal cord and the connections with dorsal roots, and to our knowledge, no direct inves-

tigation of the effects of nerve injury on presynaptic calcium levels had been reported. We provide here evidence that N- and P/Q-type cal-

cium channels are functionally dysregulated in sensory neuron nerve terminals in both LI and LII of the intact spinal cord in response to a pe-

ripheral nerve injury. By using Cre-dependent expression of a Ca2+ indicator, we were able to attribute Ca2+ channel activity directly to

afferent fiber terminals, with no contamination from interneurons.
iScience 27, 109973, June 21, 2024 7
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CaV2.1 channels are not considered appropriate pharmacological targets for pain compared with CaV2.2 channels.1 However, we show

here that the contribution of CaV2.1 channels to the increased Ca2+ transient is far from negligible and strategies targeting both CaV2.2

and CaV2.1 could be promising avenues to treat chronic pain. In this context, a recent study from the Colecraft lab has revealed that bymodu-

lating the degradation rate of auxiliary Cavb subunits, which are critical for the plasmamembrane trafficking of both CaV2.1 and CaV2.2 chan-

nels, they could successfully control the expression of CaV channels in DRG neurons and attenuate the development of allodynia in a mouse

model of chronic pain.60

In normal physiological conditions, nociceptors are under strong presynaptic GABAergic regulation and our observations in sham oper-

ated animals corroborate this statement (Figure 5).61 In chronic painmodels, a loss of inhibitionmediated byGABAhas been observed in both

pre- and postsynaptic compartments.56We show that, in LI only, baclofen inhibition of CaV channelmediated-Ca2+ signals is potentiated after

SNI which may suggest a tighter modulation of CaV channels by GABA-B receptors. It is possible that this increase of GABA-B receptor in-

hibition constitutes a compensatory mechanism to counteract the increase in excitability of Trpv1+ nociceptors but further investigations are

warranted to demonstrate this point. We note, however, that there is not a linear relationship between Ca2+ levels measured by Ca2+ imaging

and Ca2+ flux via whole-cell currents. It is thus possible that the increased baclofen effect may reflect the fact that Ca2+ channel activity is

potently upregulated in SNI conditions in LI and much more so than in LII. We expect that the majority of the baclofen effect on Ca2+ levels

is mediated by an action onCaV2.2, as these channels aremore potently inhibited byGproteins thanCaV2.1
62 and contributemore strongly to

the observed Ca2+ transients.

The use of a sustained stimulation protocol allowed us to unmask two populations of Trpv1+ DRG neurons that differ in their activation

threshold. Recent single cell RNA-sequencing studies have categorized �19 molecular types of DRG sensory neurons in adult mouse

including five types expressing Trpv1 channel transcript.63–67 Among these five Trpv1+ types of DRG neurons, four were classified as

C-type (C-nociceptor C-mechano heat types) and one as Ad-type (Ad heat-nociceptor type). Ad-type DRG neurons are activated by lower

intensity stimulus than C-type DRG neurons.68 We can then assume that the two Trpv1+ DRG neuron populations that we detected corre-

spond to one population of Ad-type neurons and, at least, one population of C-type neurons. Also, the excitability of Ad-type neurons

has been shown to be increased in a chronic pain context69 which is consistent with the decrease of activation threshold we observed for

the low threshold activated population of Trpv1+ DRG neurons following the SNI treatment.

Ca2+ transients recorded in response to a single pulse stimulation reflect mainly the activity of CaV channels whereas Ca
2+ transients re-

corded in response to a sustain stimulus sums the activity of CaV channels and additional Ca2+ regulatorymechanisms such as the of Na+/Ca2+

exchanger, Ca2+ ATPases, mitochondria and Ca2+-induce Ca2+ release from the endoplasmic reticulum.70 Interestingly, the activation

threshold of the low threshold Trpv1+ DRG neurons by a sustain stimulus is decreased following SNI treatment which suggests that Ca2+ reg-

ulatory mechanisms contribute to this effect. The precise nature of the Ca2+ regulatory mechanisms involved in this pain model is yet to be

identified although some of these mechanisms have been shown to be affected in chronic pain context.71–75

Here, we took advantage of 2-photonmicroscopy to image the intact spinal cord andmonitor the functional remodeling of CaV channels in

the presynaptic terminals of DRG neurons in the superficial layers of the dorsal horn following nerve injury that gives rise to neuropathic pain.

Our study focused on a subset of primary sensory neurons expressing Trpv1; however, a similar strategy could be applied to investigate other

populations of DRG neurons.76 Also, the highly versatile properties of adeno-associated viruses provide the opportunity to target the expres-

sion of various genetically encoded fluorescent reporter genes, including that of glutamate release (iGluSnFR), toDRGneurons.77,78 Our study

then lays the foundation for future experiments that should focus on physiological consequences of the remodeling of presynaptic CaV chan-

nels on neurotransmitter release.
Limitations of the study

We consider two potential limitations of our study. First, as outlined previously, expression of our calcium indicator in Trpv1-Cremice does not

imply that all of the neurons that express GCaMP6s do in fact coexpress Trpv1 channels, and thus are likely a combination of C and A fibers.

This does not affect our conclusion that calcium channels are dysregulated in afferent fiber terminals after peripheral nerve injury. Second, we

applied N-type and P/Q-type channel blockers sequentially in that order. Given that intracellular calcium concentration does not depend lin-

early on calcium entry via particular class of calcium channels, it is possible that reversing the order of application may uncover a different

relative contribution of N-type and P/Q-type channels. That said, because the same paradigm was applies in all experiments, the conclusion

that SNI affects N-type and P/Q-type levels holds.
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Rabbit anti-Trpv1 Ab Alomone Labs Cat# ACC-030

Mouse anti-GFP Ab Abcam Cat# 1218

Donkey anti-mouse AF488 Thermo Fischer Scientific Cat# A32766; RRID AB_2762823

Donkey anti-rabbit AF647 Thermo Fischer Scientific Cat# A31573; RRID AB_ 2536183

Biotin-conjugated goat anti-mouse Fab

fragment

Jackson Immuno Research Lab Cat# 115-067-003

Goat anti-mouse Fab IgG Jackson Immuno Research Lab Cat# 115-007-003

Streptavidin-AF 594 Thermo Fischer Scientific Cat# S11227

Mouse monoclonal anti-dihydropyridine

receptor antibody (a2 subunit)

Millipore-Sigma Cat# D219

Chemicals, peptides, and recombinant proteins

u-Conotoxin GVIA Alomone labs Cat# C-300

u-Agatoxin IVA Alomone labs Cat# STA-500

Baclofen Millipore-Sigma Cat# B5399

Tetrodotoxin Alomone labs Cat# T-550

Critical commercial assays

Cacna1B ELISA kit MyBioSource Cat# MBS455655

Cacna1A ELISA kit MyBioSource Cat# MBS2887113

Experimental models: Organisms/strains

Mouse: Trpv1cre B6.129-Trpv1tm1(cre)Bbm/J The Jackson Laboratory Stock # 017769

Mouse: Ai96 (RCL-GCaMP6s) The Jackson Laboratory Stock # 024106

Software and algorithms

ThorImage�LS v4.1 Thorlabs https://www.thorlabs.com

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 9.0 GraphPad Software https://www.graphpad.com/

LASX Leica https://www.leica-microsystems.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, GeraldW. Zamponi (zamponi@

ucalgary.ca).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� All datasets reported in this work are available from the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse breeding

All experiments were carried out following approval of an animal protocol by the Institutional Animal Care and Use Committee at the Uni-

versity of Calgary. Mice were housed at a maximum of five per cage (30 3 20 3 15 cm) at 23 G 1�C on a 12h-light:dark cycle (lights on at

7:00 a.m.) with ad libitum access to food and water. Homozygous Trpv1-Cre mice (Jax 017769) were purchased from The Jackson Laboratory.

The Ai96 mice (Jax 024106) were provided by Dr. G. R. Gordon (University of Calgary) and bred at the University of Calgary Animal Resource

Center. An in-house breeding program was used to generate Trpv1-GaMP6s mice by crossing the Trpv1cre driver mouse line with Ai96 con-

ditional allele mice. Only male mice aged 6–12 weeks old were used in all experiments.
METHOD DETAILS

Spared nerve injury surgeries

SNI surgeries were performed on Trpv1-GCaMP6s mice. Under isoflurane anesthesia a 1 cm skin incision was made on the left thigh followed

by a blunt dissection of the underlying muscles to expose the three branches of the sciatic nerve (common peroneal, tibial and sural nerves).

Common peroneal and tibial nerves were tightly ligated with a silk suture (6-0, Ethicon, USA) and transected together. A 1 mm-long piece of

the nerves was removed downstream the ligature. The thigh muscles and the skin were separately closed using sutures (6-0 silk and 4-0 Vicryl

sutures, respectively). In Sham operated animals, the ligation and the transection of the nerves were omitted. Animals were tested for me-

chanical hyperalgesia 14 days after the surgery using a digital plantar aesthesiometer (UgoBasile, Varese, Italy) as previously described.27

Briefly, animals were placed individually in testing chambers above a grid platform. The touch stimulator was placed underneath the grid

platform allowing the filament to be positioned under the plantar surface of the hind paw of the animal. Each paw was tested three times.

SNI animals that did not exhibit a neuropathic phenotype were discarded without further experiments.
Immunohistochemistry

Mice were anesthetized with isoflurane and transcardially perfused first with ice-cold PBS with heparin (20 U/mL), followed by 4% PFA/PBS.

The spinal cord and lumbar L4 DRGs were dissected and post-fixed for 2 h with 4% PFA/PBS at room temperature and then transferred to 30%

sucrose/PBS at 4�C for 48 h. The lumbar part of the spinal cord and the ganglia were frozen inOCT on dry ice and then sectioned (40 mm) using

a cryostat (Leica CM3050 S). Samples were washed 3 times in PBS, blocked and permeabilized in 3% normal donkey serum with 0.3% Triton

X-100 PBS for 90 min. Primary antibodies were incubated overnight in blocking solution at room temperature (mouse anti-CGRP Ab, 1:1000,

ab81887, Abcam; rabbit anti-GFP Ab, 1:500, ab290, Abcam; IB4-AF647 1:250, ThermoFisher Scientific; mouse anti-GFP, 1:500, ab1218, Ab-

cam; Rabbit anti-Trpv1 Ab, 1:250, ACC-030, Alomone Labs). After 3 washes in PBS, secondary antibodies were incubated for 3 h at room tem-

perature (donkey anti-rabbit AF488, 1:500, A32790, and donkey anti-mouse AF594, 1:1000, A21203, ThermoFisher Scientific; donkey anti-

mouse AF488, 1:1000, A32766, ThermoFisher Scientific; donkey anti-rabbit AF647, 1:500, A31573, ThermoFisher Scientific). Slices were

washed twice in PBS before being incubated with DAPI (1:1000) in PBS for 10 min at room temperature. Slices were washed in PBS and in

distilled water and mounted on glass slides to dry overnight and finally covered with Fluoromount/Plus (Cedarlane). Some sections were

labeled for CaVa2-d-1 as previously described.25 Briefly, after heat-induced epitope retrieval (10 mM citrate buffer, pH 6.0, 0.05% Tween

20, 95�C for 10 min), the sections were washed, blocked with 10% goat serum in PBS containing 0.3% Triton and the unconjugated goat

Fab anti-mouse IgG (H + L) (0.1 mg/mL) for 1 h at RT. Mouse monoclonal anti-dihydropyridine receptor antibody (a2 subunit, Millipore-

Sigma, 1:100) was applied for 2–3 days at 4�C. After 4 washes, the samples were incubated with biotin-conjugated goat anti-mouse Fab frag-

ment (1:500, Jackson Immuno Research Lab) overnight at 4�C, followed by washes and streptavidin-AlexaFluor-594 overnight at 4�C (1:500,

ThermoFisher Scientific). Images (10243 1024 pixels – optical section 0.7 mm) were acquired with LASX software driving a Leica TCS SP8 Laser

Confocal microscope equipped with a 20 3 0.75 NA objective lens.
CaV2.1 and CaV2.2 protein quantification

Dorsal root ganglia were dissected from Sham and SNI animals (L4 ipsilateral side). Sample were homogenized in phosphate-buffered saline

with complete protease inhibitor cocktail (Sigma-Millipore) and subjected to 4 freeze-thaw cycles. The samples were then centrifuged at

10,000 g for 10min. The total protein concentration in the supernatant was quantified using the BCAmethod. Tenmicrograms of total protein

were used to determine CaV2.X channel concentration using ELISA following the manufacturer’s instructions (mouse Cacna1A and mouse

Cacna1B, MyBioSource, San Diego, CA).
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2-Photon microscopy

Anesthetized Trpv1-GCaMP6s mice were transcardially perfused with ice-cold sucrose aCSF (in mM: NaCl 125, KCl 3, NaHCO3 26, NaH2PO4

1.25, MgCl2 6, glucose 10, sucrose 252, pH7.35, bubbled with 5% CO2/95% O2). The spinal cord was dissected with lumbar (L3 to L5) dorsal

roots intact and the dura removed. The spinal cord was incubated in aCSF (in mM: NaCl 125, KCl 3, MgCl2 1, CaCl2 2, NaHCO3 26, NaH2PO4

1.25, glucose 20, pH 7.35, bubbled with 5%CO2/95%O2) at room temperature for at least 1 h before imaging. The spinal cord was transferred

into a custom 3D-printed imaging chamber and perfused with aCSF at 22 �C at a rate of 2.8 mL/min. A Bergamo II (Thorlabs, B242) articulated

two-photon microscope was used with a tunable femtosecond Ti:Sapphire laser (Tiberius, Thorlabs). GCaMP6s was excited through a 253/

1.1-NA objective (Nikon, MRD77220) with the laser tuned to 920 nm and delivered to the sample via a primary longpass dichroic, separating

the 920 nm 2P excitation from the visible emission light (690 nm, custom LP, Thorlabs) and the returned emitted light diverted through two

secondary longpass dichroics(562 nm, FF562-Di03, Semrock, and 480 nm, DM480, Thorlabs) and an emission filter (FF03-525/50-25, Semrock)

before reaching a GaAsP PMT (Thorlabs 2100 series). The L4 dorsal root was stimulated with a suction electrode connected to a constant

current stimulator (DS3, Digitimer). Five hundred ms pulses were applied with variable intensity (from 0.1 to 30 mA). Images were acquired

with ThorImageLS v4.1 software at either 2 frames per second on 10243 1024 pixel field of view (534.543 534.54 mm) or 30 frames per second

on 5123 256 pixel field of view (534.543 267.27 mm). At the end of each recording session, a z stack image of the dorsal horn was acquired to

estimate the depth of the different fields of view. Images were analyzed in ImageJ using the Time Series Analyzer plugin (https://imagej.nih.

gov/ij/plugins/time-series.html). For superficial dorsal horn imaging, the ImageJ-free hand tool was used to create a region of interest around

fibers responding to electrical stimulation, and 5-pixel diameter circular ROIs were placed around responding varicosities in deeper layers of

the dorsal horn. At least 10 ROIs were averaged for each animal. Peak fluorescence was determined by averaging 5–10 points of the plateau

phase and subtracting the average of 10 points of the baseline before stimulation. Signal were expressed as DF/F0.

Drugs and toxins:GVIA (1 mM, Alomone labs), u-Agatoxin IVA (200 nM, Alomone labs), Baclofen (100 mM, Millipore-Sigma), TTX (1 mM,

Alomone labs), CdCl2 (100 mM, Millipore-Sigma).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with GraphPad Prism 9. Data are presented as the meanG SEM. For box and whisker plots, boxes represent lower and

upper quartile values, the bar represents the median, the whiskers represent the minimum and maximum data values. Unpaired t tests were

used for comparison. Statistical significance was set at p < 0.05.
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