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Supplementary Figure 1. Generation of Scn2a knock-in mice with R102* mutation. (a) Schematic 

representation of wild-type allele, targeting vector, RX(+Neo) allele and RX allele. The nucleotide substitution 

(c.304, CGG to TGA) in exon 2 leading to the nonsense mutation is represented by an asterisk. Restriction 

enzyme sites and probes used for Southern blot analyses and sizes of restriction fragments detected by the 

probes are indicated. (b) Genotyping of offspring from crosses between male chimeras and C57BL/6J females 

by Southern blot analyses of EcoRI digested or AfeI (or its isochizomers, Eco47III and Aor51HI)-XhoI double-

digested mouse genomic DNAs. (c) Genotyping of offspring from the intercrosses of heterozygotes lacking 

neomycin cassette by using PCR analyses of their genomic DNAs. Positions of the PCR primers and sizes of 

PCR products are indicated. (d, e) RX allele was effectively inactivated in the Scn2a-deficient mice. Western 

blot analyses of total brain membrane fractions of P0.5 whole brains using anti-Nav1.2 (ASC-002) (d) and anti-

pan Nav1 (SP19) (e) antibodies. Full-length Nav1.2 expression levels were negligible and moderate in 

Scn2aRX/RX (RX/RX; N = 3) and Scn2aRX/+ (RX/+; N = 4) mice, respectively, compared with that in Scn2a+/+ 

(+/+; N = 3) mice [one-way analysis of variance; genotype: F (2, 7) = 20.27, **P = 0.0011, Tukey’s test; 

Scn2a+/+ vs. Scn2aRX/+, *P = 0.0130: Scn2a+/+ vs. Scn2aRX/RX, ***P = 0.0009: Scn2aRX/+ vs. Scn2aRX/RX, P = 

0.0551] (d). Pan Nav1 immunosignals were apparently reduced in Scn2aRX/RX pups (N = 2), compared to 

Scn2a+/+ (N = 3) mice [one-way analysis of variance; genotype: F (2, 4) = 29.50, **P = 0.0040, Tukey’s test; 

Scn2a+/+ vs. Scn2aRX/+, P = 0.0689: Scn2a+/+ vs. Scn2aRX/RX, **P = 0.0034: Scn2aRX/+ vs. Scn2aRX/RX, *P = 

0.0324] (e). β-tubulin was used as an internal control. Data represent means ± SEM, *P < 0.05, **P < 0.01, 

***P < 0.001. 
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Supplementary Figure 2. Generation of mice with floxed and deleted Scn2a alleles. (a) Schematic 

representation of wild-type Scn2a allele, targeting vector, targeted, floxed and deleted alleles. Recognition sites 

of restriction endonucleases, probes used for Southern blot analyses, and sizes of the restriction fragments 

detected by the probes are shown. (b) Genotyping of offspring from crosses between male chimeras and 

C57BL/6J females by Southern blot analyses of EcoRI digested or AfeI (or its isoschizomers, Eco47III and 

Aor51HI)-XhoI double-digested mouse genomic DNAs. The asterisked 7.9 kb band corresponding to the XhoI 

fragment of the targeted allele (tgt) were barely discernible probably due to DNA methylation at the XhoI sites. 

(c) Verification of the floxed (fl) and deleted (del) exon 2 alleles using PCR analyses of genomic DNAs. Primer 

positions and sizes of PCR products are indicated. (d) Western blot analysis of brain membrane proteins 

prepared from P21.5 Scn2a+/+ (+/+) and Scn2afl/fl (fl/fl) mice, using anti-Nav1.2 antibody (G-20). (e) Western 

blot analysis of brain membrane proteins prepared from P0.5 wild-type mice, homozygotes or heterozygotes for 

the deleted Scn2a allele, using anti-Nav1.2 antibody (G-20). β-tubulin was used as internal controls (d, e). (f) 

Survival rates at P2.5 of Scn2adel/del (del/del) (N = 13), Scn2adel/+ (del/+) (N = 17) and Scn2a+/+ (+/+) (N = 13) 

mice. All del/del mice died before P2.5.  
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Supplementary Figure 3. Selective Scn2a deletion in excitatory or inhibitory neurons. (a) PCR analysis of 

whole brain genomic DNA of P0.5 Scn2afl/fl/Emx1-Cre (fl/fl,Emx1-Cre), Scn2afl/fl/Vgat-Cre (fl/fl,Vgat-Cre), and 

control Scn2afl/fl (fl/fl) mice. Cre-loxP-mediated Scn2a deletions occurred in an Emx1-Cre or Vgat-Cre 

dependent manner. (b, c) Western blot analyses of P0.5 whole brains for Scn2afl/fl/Emx1-Cre, Scn2afl/fl control 

littermates (N = 5, each genotype), Scn2afl/fl/Vgat-Cre and Scn2afl/fl control mice (N = 2, each genotype). 

Unpaired t-test, Scn2afl/fl versus Scn2afl/fl/Emx1-Cre: t(8) = 6.196, ***P = 0.0003; Scn2afl/fl versus 

Scn2afl/fl/Vgat-Cre: t(2) = 7.569, *P = 0.017. (d-o) Nav1.2 immunosignals are significantly reduced in cortical 

and hippocampal excitatory neurons in Scn2afl/fl/Emx1-Cre mice, and in cortical and hippocampal inhibitory 

neurons in Scn2afl/fl/Vgat-Cre mice. Representative parasagittal sections of P0.5 Scn2afl/fl (fl/fl) (d), P0.5 

Scn2afl/fl/Emx1-Cre (g), P9.5 Scn2afl/+ (j) and P9.5 Scn2afl/fl/Vgat-Cre (m) brains, stained with anti-Nav1.2 

antibody (G-20). Higher magnification images outlined in (d, g, j, m) are shown in (e, f, h, i, k, l, n, o). Arrows 

indicate Nav1.2-immunoreactive proximal neurites, which putatively correspond to AISs of excitatory neurons. 

Doublearrowheads indicate Nav1.2-immunoreactive proximal neurites, which putatively correspond to AISs of 

inhibitory neurons. Scale bars: (d, g, j, m) 1 mm; (e, f, h, i) 100 m; (k, l, n, o) 50 m. UCP, upper cortical 

plate; LCP, lower cortical plate; o, stratum oriens; p, stratum pyramidale; r, stratum radiatum; lm, stratum 

lucidum; ml, molecular layer of dentate gyrus. The brain slices were processed in parallel. Shown are 

representative images of four or more slices per genotype. Data represent means ± SEM, *P < 0.05, ***P < 

0.001.  
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Supplementary Figure 4. Developmental increase in Nav1.2 expression in mouse brain. (a) Western blot of 

membrane fractions from whole brains at multiple developmental stages probed with anti-Nav1.2 antibody 

(ASC-002). Anti-β-tubulin antibody was used as internal control. (b) Immunohistochemical detection of Nav1.2 

in P2.5 (left), P15.5 (middle) and 8-week-old (right) wild-type brains with anti-Nav1.2 antibody (G-20). The 

brain slices were processed in parallel. Shown are representative images of four or more slices per stage. Scale 

bars: 1mm.  
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Supplementary Figure 5. Immunohistological patterns of anti-Nav1.2 antibodies. Neocortical layer V (a-c) 

and hippocampal dentate gyrus (d-f) of P15.5 wild-type mouse brains were probed with the three anti-Nav1.2 

antibodies recognizing distinct epitopes. See Fig.1a for the locations of epitopes for antibodies ASC-002 (a, d) 

and EM-1 (c, f). The epitope for G-20 (b, e) has not been disclosed. All antibodies showed very similar patterns 

of immunoreactive signals.   



Ogiwara et al. Supplementary Information                                                                                                    Page 6  

 
Supplementary Figure 6. Disappeared Nav1.2 immunoreactivity in Scn2aKO/KO brain. Brain sections of 

P0.5 Scn2a+/+ (a-d) and Scn2aKO/KO (e-h) were stained by anti-Nav1.2 antibody (G-20). Whole brain images (a, 

e), and hippocampus (b, f) and neocortex (c, d, g, h) are shown. Images outlined in (a, c, e, g) are magnified in 

(b-d, f-h). Note that the fiber-like dense Nav1.2 signals in Scn2a+/+ (a-d) well disappeared in Scn2aKO/KO (e-h). 

The brain slices were processed in parallel. Shown are representative images of four or more slices per 

genotype. Scale bars, (a, e) 1 mm; (b, c, f, g) 50μm; (d, h) 20 μm.  
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Supplementary Figure 7. No structural alterations in Scn2aKO/KO brain. Brain sections of P0.5 Scn2a+/+ (a-

d) and Scn2aKO/KO (e-h) were stained by anti-ankyrin G antibody. Whole brain images (a, e), hippocampus (b, 

f) and neocortex (c, d, g, h) are shown. Higher-magnification images outlined in (a, c, e, g) are shown in (b-d, 

f-h). No significant differences were observed between Scn2a+/+ (a-d) and Scn2aKO/KO (e-h) for Ankyrin G-

positive neurites. The brain slices were processed in parallel. Shown are representative images of four or more 

slices per genotype. Scale bars, (a, e) 1 mm; (b, c, f, g) 50μm; (d,h ) 20μm.  
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Supplementary Figure 8. Developmental changes of Nav1.2 subcellular distributions. 

Immunohistochemistry of cerebellum (a-d) and olfactory bulb (e-h) in P2.5 (a, e), P7.5 (b, f), P15.5 (c, g) or 8-

week-old (d, h) wild-type mouse brains stained with anti-Nav1.2 antibody (G-20). Note that Nav1.2 

immunosignals become highly dense in cerebellar parallel fibers (c, d) and show significant changes of 

distributions in olfactory bulb (e-h). GL, granule cell layer; PC, Purkinje cell; ML, molecular layer; MCL, 

mitral cell layer. The brain slices were processed in parallel. Shown are representative images of four or more 

slices per stage. Scale bars, 50 μm.  
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Supplementary Figure 9. Expressions of Nav1.2 and Nav1.6 at the AISs of pyramidal neurons. 

Immunofluorescence histochemistry of P15.5 wild-type neocortices stained with anti-Nav1.2 (G-20) (a; red) 

and anti-Nav1.6 (b; green) antibodies and counter-stained with DAPI (c; blue). Merged image (d). Higher-

magnified image outlined in (d) is shown in (e). Note that Nav1.2 and Nav1.6 are localized at proximal (arrows) 

and distal (arrowheads) regions of AISs of pyramidal neurons, respectively. Shown are representative images. 

Scale bars, 20 μm.   
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Supplementary Figure 10. Developmental changes of Nav1.6 subcellular distribution. Developmental 

changes of Nav1.6 histological distribution in neocortex and hippocampus. Brain sections of mice at P2.5 (a-e), 

P7.5 (f-j), P15.5 (k-o) and 8-week-old (p-t) were stained by anti-Nav1.6 antibody. Higher-magnified images 

outlined in (a, f, k, p) are shown in (b-e, g-j, l-o, q-t). Note that Nav1.6 at AISs of neocortical pyramidal cells 

(arrowheads), nodes of Ranvier (double arrowheads) in white matter and AISs of hippocampal pyramidal cells 

(arrows) continued to be increased until 8-week-old of age. In contrast to the diffuse Nav1.2 signals constantly 

increased in neocortical layers (Fig. 5c-l), Nav1.6 did not show such diffuse signals in the corresponding 

regions (a-r). DG, dentate gyrus; UCP, upper cortical plate; LCP, lower cortical plate; o, stratum oriens; p, 

stratum pyramidale. The brain slices were processed in parallel. Shown are representative images of four or 

more slices per stage. Scale bars: (a, f, k, p) 200 μm; (b, c, g, h, l, m, q, r) 10 μm; (d, e, i, j, n, o, s, t) 20 μm.  
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Supplementary Figure 11. Distribution of Nav1.2 in layer II/III of cerebral cortex. Metal particles for 

Nav1.2 were frequently detected on the cell membrane of some thin process as non-myelinated nerve fibers 

(arrows), and rarely in myelinated segments of axons (max), synaptic structures as axon terminals (t) or 

dendritic spines (s). Shown are representative images. Scale bars: 500 nm.  
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Supplementary Figure 12. Action potentials of Scn2aKO/+ excitatory neurons. Representative traces of P7-8 

(a, b) and P15-22 (c, d) neocortical pyramidal excitatory neurons from Vgat-Venus/Scn2a+/+ mice (WT) (a, c) 

and Vgat-Venus/Scn2aKO/+ mice (KO/+) (b, d) to a depolarizing current pulse at 5 X threshold for 500 msec (WT: 

n = 19 neurons at P7,8, n = 22 neurons at P15-22, KO/+: n = 16 neurons at P7-8, n = 22 neurons at P15-22). 
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Supplementary Figure 13. Action potentials of Scn2aKO/+ fast-spiking neurons. Representative traces of P7-

8 (a, b) and P15-22 (c, d) neocortical fast-spiking neurons from Vgat-Venus/Scn2a+/+ mice (WT) (a, c) and Vgat-

Venus/Scn2aKO/+ mice (KO/+) (b, d) to a depolarizing current pulse at 5 X threshold for 500 msec (WT: n = 8 

neurons at P7,8, n = 11 neurons at P15-22, KO/+: n = 11 neurons at P7-8, n = 13 neurons at P15-22). 
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Supplementary Figure 14. Original images of genotyping Southern blots and gels after PCR correspond to 

Supplementary Figs. 1b (a), 1c (b), 2b (c), 2c (d), and 3a (e). 
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Supplementary Figure 15. Unprocessed original scan images of Western blot films correspond to Figs. 1b 

(a), 1c (b), and 6 (c). 



Ogiwara et al. Supplementary Information         Page 16

Supplementary Figure 16. Unprocessed original scan images of Western blot films correspond 

to Supplementary Figs. 1d (a), 1e (b), 2d (c), and 2e (d). 
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Supplementary Figure 17. Unprocessed original scan images of Western blot films correspond to 

Supplementary Figs. 3b. Unprocessed original scan images of Nav1.2 expression in Scn2afl/fl/Emx1-Cre and 

Scn2afl/fl mice for presentation (a) and quantification (b), and those in Scn2afl/fl/Vgat-Cre and Scn2afl/fl mice (c). 

The blots in (b) were processed in parallel. 
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Supplementary Figure 18. Unprocessed original scan images of Western blot films correspond 

to Supplementary Fig. 4a. 
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Supplementary Figure 19. Distribution of Tbr1-positive excitatory neurons. Tissues were stained with anti-

Tbr1 antibody. A higher-magnified image outlined in (a) is shown in (b). o, stratum oriens; p, stratum 

pyramidale. Scale bars: (a) 1 mm; (b) 100 μm. 
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Supplementary Table 1. Electrophysiological properties of Scn2aKO/+ neurons. Single action potentials 

(APs) and train APs were obtained by 1 x threshold and 5 x threshold current injections, respectively. 

Decrement of spike firing rate was calculated as the ratio of the last spike number (100 msec) divided by the 

first spike number (100 msec). In Vgat-Venus/Scn2aKO/+ mice (KO/+), reduction of peak amplitude and 

broadening of spike width in neocortical pyramidal neurons (P7–8) were significant, and spike width was 

significantly different at a later stage (P18–22). Spike number in trains did not significantly differ between the 

genotypes at both age groups. There is no significant difference in fast-spiking interneurons. Cells of Scn2aKO/+ 

mice highlighted by blue showed significant differences from Vgat-Venus/Scn2a+/+ mice (WT) (see 

Supplementary Table 2 for statistical tests). Data represent mean ± SEM., *P < 0.05, **P < 0.01, ***P < 0.001. 
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Supplementary Table 2. Statistical tests for electrophysiological analyses in Supplementary table 1. Vgat-

Venus/Scn2a+/+ (WT) and Vgat-Venus/Scn2aKO/+ (KO/+) mice were compared using unpaired t-tests. Cells 

highlighted by blue showed significant differences between. *P < 0.05, **P < 0.01, ***P < 0.001. 

 


