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Additional File 1. BoNT/A treatment does not significantly alter NF200 or MBP expression in the SP5C region of TN mice.
(a, b) Representative immunofluorescence images of NF200 (a) and MBP (b) in the spinal trigeminal nucleus caudalis (SP5C) from the three groups. (c, d) Quantification of NF200-positive (c) and MBP-positive (d) fluorescence area as a percentage of total area in the SP5C region. (e) Representative Western blot images of NF200 and MBP in SP5C tissue, with β-actin (or GAPDH) as the loading control. (f, g) Densitometric quantification of NF200 (f) and MBP (g) protein levels, normalized to the loading control. Data are presented as mean ± SEM. n = 3 per group. Each dot represents an independent biological sample; one-way ANOVA followed by Tukey’s post hoc test. .
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Additional File 2. The effect of BoNT/A on the expression of CGRP and pain-related proteins in the SP5C region of TN model mice
[bookmark: _GoBack](a) Representative immunofluorescence images of CGRP in the spinal trigeminal nucleus caudalis (SP5C) from the three groups. Scale bar: 200 μm. (b) Semi-quantitative analysis of CGRP immunofluorescence intensity in the SP5C region. (c) Relative mRNA expression of Calca (encoding CGRP) in SP5C tissue, normalized to GAPDH. (d) Representative Western blot images of CGRP in SP5C tissue, with GAPDH as the loading control. (e) Densitometric quantification of CGRP protein levels, normalized to GAPDH. (f) Representative Western blot images of TRPV1, SNAP25, and SV2A in SP5C tissue, with β-actin as the loading control. (g–j) Densitometric quantification of TRPV1 (g), SNAP25 (h), and SV2A (i) protein levels, normalized to β-actin. Data are presented as mean ± SEM. n = 3 per group. Each dot represents an independent biological sample; one-way ANOVA followed by Tukey’s post hoc test.
.
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Additional File 3. The regulation of BoNT/A on the expression of Nav channels in the trigeminal ganglia of TN model mice.
(a) Representative immunofluorescence images of NaV1.7 (red) and NaV1.8 (green) in TG sections from the three groups, with DAPI (blue) as the nuclear counterstain. (b, c) Quantification of NaV1.7+ (B) and NaV1.8+ (c) neuron density (cells per mm2) in TG sections. (d) Relative mRNA expression of NaV channel subtypes (Scn3a encoding NaV1.3, Scn9a encoding NaV1.7, Scn10a encoding NaV1.8, and Scn11a encoding NaV1.9) in TG tissue, normalized to β-actin. (e) Representative Western blot images of NaV1.7 in TG tissue, with β-actin as the loading control. (f) Densitometric quantification of NaV1.7 protein levels, normalized to β-actin. (g) Representative Western blot images of NaV1.8 in TG tissue, with β-tubulin as the loading control. (h) Densitometric quantification of NaV1.8 protein levels, normalized to β-tubulin. Data are presented as mean ± SEM. n = 3–5 per group; one-way ANOVA followed by Tukey’s post hoc test. .
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Additional File 4. Analysis of the expression changes of NaV subtypes in SP5C of TN mice after BoNT/A intervention.
(a) Relative mRNA expression of Naᵥ channel subtypes (Scn3a encoding NaV1.3, Scn9a encoding NaV1.7, Scn10a encoding NaV1.8, and Scn11a encoding NaV1.9) in the spinal trigeminal nucleus caudalis (SP5C) detected by RT-qPCR, normalized to β-actin. (b) Representative immunofluorescence images of NaV1.8 (green) and NaV1.7 (red) in the SP5C, with DAPI (blue) as the nuclear counterstain. Merged channels are shown in the right panel. (c, d) Quantification of NaV1.8 (C) and NaV1.7 (D) relative fluorescence intensity in the SP5C. (e) Representative Western blot images of NaV1.7 in SP5C tissue, with β-actin as the loading control. (f) Densitometric quantification of NaV1.7 protein levels, normalized to β-actin. (g) Representative Western blot images of NaV1.8 in SP5C tissue, with β-tubulin as the loading control. (h) Densitometric quantification of NaV1.8 protein levels, normalized to β-tubulin. Data are presented as mean ± SEM. n = 3 per group. Each dot represents an independent biological sample; one-way ANOVA followed by Tukey’s post hoc test.
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Additional File 5. BoNT/A can specifically regulate NaV1.7 in N2A cells.
(a–c) Representative whole-cell voltage-clamp traces of voltage-gated sodium (NaV) currents recorded from acutely dissociated TG neurons under three experimental conditions: Control vs. BoNT/A (a), ProTXII vs. ProTXII + BoNT/A (b), and VX-548 vs. VX-548 + BoNT/A (c). Currents were evoked by step depolarizations from −80 mV to +40 mV. (d–f) Current–voltage (I–V) relationships of peak NaV currents (D), and quantification of time to peak (e) and peak current amplitude (f) between the Control and BoNT/A groups. (g–i) I–V relationships (g), time to peak (h), and peak current amplitude (i) between the ProTXII and ProTXII + BoNT/A groups. (j–l) I–V relationships (j), time to peak (k), and peak current amplitude (l) between the VX-548 and VX-548 + BoNT/A groups. Data are presented as mean ± SEM. n = 5 neurons per group. Each dot represents an individual neuron; one-way ANOVA followed by Tukey’s post hoc test for multi-group comparisons; unpaired Student’s t-test for two-group comparisons. .
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Additional File 6. The effects of OL combined with different sodium channel inhibitors on N2A sodium current
(a–c) Effect of olcegepant (OL) on total NaV currents. (a) Representative whole-cell voltage-clamp traces of voltage-gated sodium (NaV) currents recorded from TG neurons in the Control and OL-treated groups. (b) Current–voltage (I–V) relationships of peak NaV currents. (c) Quantification of peak NaV current amplitude. (d–f) Effect of OL on NaV currents in the presence of the NaV1.7-selective inhibitor ProTXII (100 nM). (d) Representative NaV current traces from the ProTXII and ProTXII + OL groups. (e) I–V relationships of peak NaV currents. (f) Quantification of peak NaV current amplitude. (g–i) Effect of OL on NaV currents in the presence of the NaV1.8-selective inhibitor VX-548 (1 μM). (g) Representative NaV current traces from the VX-548 and VX-548 + OL groups. (h) I–V relationships of peak NaV currents. (i) Quantification of peak NaV current amplitude. Currents were evoked by step depolarizations from −80 mV to +40 mV. Data are presented as mean ± SEM. n = 5 neurons per group. Each dot represents an individual neuron; unpaired Student's t-test for two-group comparisons. 
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Additional File 7.CGRP enhances NaV1.7 expression and sodium current density in trigeminal ganglion neurons.
(a) Representative immunofluorescence images of NaV1.7 (green) in primary cultured TG neurons treated with vehicle (Control) or α-CGRP (100 nM), with DAPI (blue) as the nuclear counterstain. Scale bar: 5 μm. (b) Quantification of NaV1.7 relative fluorescence intensity. (c) Representative Western blot images of NaV1.7 in TG neurons before and after α-CGRP application, with β-actin as the loading control. (d) Densitometric quantification of NaV1.7 protein levels, normalized to β-actin. (e–g) Representative whole-cell voltage-clamp traces (E), current–voltage (I–V) relationships (f), and normalized conductance–voltage (G/G_max) activation curves (g) of voltage-gated sodium (NaV) currents recorded from TG neurons in Control, α-CGRP, and α-CGRP + ProTXII (100 nM) groups. Currents were evoked by step depolarizations from −80 mV to +40 mV. α-CGRP increased NaV current density and induced a hyperpolarizing shift in the activation curve, both of which were abolished by ProTXII. (h) Quantification of peak NaV current amplitude, showing that α-CGRP-induced potentiation was abolished by ProTXII. Data are presented as mean ± SEM. n = 5 neurons per group. Each dot represents an individual neuron; one-way ANOVA followed by Tukey’s post hoc test for multi-group comparisons; unpaired Student’s t-test for two-group comparisons.
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