Figure S1: Characterization of loxP/Cre system to achieve efficient Cre-dependent inactivation of Scn8a alleles: Related to Figures 1 and 4.



(A) Polymerase chain reaction (PCR) detection of Scn8a alleles from the neocortex (Ctx), hippocampus (Hipp), thalamus (Thal), and tail of Scn8afl/+Emx1, Scn8afl/+Dlx5/6, and Cre negative littermates (Scn8afl/+no-Cre) was performed. Deleted product (325 bp) was detected in samples from the neocortex, hippocampus, and thalamus of Scn8afl/+Dlx5/6 mice but not from the tail or in samples from Scn8afl/+no-Cre littermates. Deleted product was detected in samples from the neocortex and hippocampus of Scn8afl/+Emx1 mice but not in the thalamus or tail or in samples from Scn8afl/+no-Cre littermates. 
(B) No change in Nav1.6 protein levels was detected by Western blot analysis of membrane-enriched whole brain samples isolated from WT (Scn8a+/+) and Scn8afl/fl mice (Mann Whitney U test, p > 0.05; n = 4 per group).
(C) To determine if the floxed Scn8a allele alters seizure susceptibility in the absence of Cre, latencies to flurothyl-induced seizures were measured in WT and homozygous floxed (Scn8afl/fl) animals. Neither the latency to the myoclonic jerk (MJ) nor the generalized tonic-clonic seizure (GTCS) were significantly different between WT and Scn8afl/lf mice (Mann-Whitney U test, MJ n.s. p > 0.05, GTCS n.s. p > 0.05; n = 9 animals/genotype, error bars represent SEM). 



Figure S2: Validation of cell-type specificity of Emx1- and Dlx5/6-Cre expression: Related to Figures 1 and 4.


Excitatory cell-type specificity of the Emx1-Cre line was verified by assessment of colocalization of glutamate receptor 2 (GluR2) immunoreactivity and tdTomato reporter expression. Inhibitory cell specificity of the Dlx5/6-Cre line was verified by assessment of colocalization of glutamic acid decarboxylase-67 immunoreactivity (GAD67) and Cre-dependent tdTomato reporter expression. 
(A-C) GluR2 immunoreactivity and Emx1-Cre tdTomato reporter expression in neocortical layers 1-6.
(D) GluR2 immunoreactivity and Emx1-Cre reporter expression in CA1 of the hippocampus. 
(E) GluR2 immunoreactivity and Emx1-Cre reporter expression in CA3 of the hippocampus.
(F) GluR2 immunoreactivity and Emx1-Cre reporter expression in the dentate gyrus of the hippocampus.
(D-F) pyramidal cell layer (pcl), stratum lucidum (SLu), striatum oriens (so), radiatum (sr), striatum moleculare (sm), and granule cell layer (gcl).
(G-I) GluR2 immunoreactivity and Emx1-Cre reporter expression in the caudate putamen (G), amygdala (H), and RT (I) of Emx1-Cre mice. Caudate putamen (CPu), amygdala (amyg), Striatum (Str), thalamic reticular nucleus (RT). 
(J-L) GAD67 immunoreactivity and Dlx5/6-Cre reporter expression in neocortical layers 1-6.
(M) GAD67 immunoreactivity and Dlx5/6-Cre reporter expression in CA1 of the hippocampus. 
(N) GAD67 immunoreactivity and Dlx5/6-Cre reporter expression in CA3 of the hippocampus.
(O) GAD67 immunoreactivity and Dlx5/6-Cre reporter expression in the dentate gyrus of the hippocampus.
(M-O) pyramidal cell layer (pcl), stratum lucidum (SLu), striatum oriens (so), radiatum (sr), striatum moleculare (sm), and granule cell layer (gcl). Arrows indicate selected cells that are positive for GAD67 and Dlx5/6-Cre reporter expression. 
(P-R) Sparse GAD67 and Dlx5/6-Cre reporter colocalization was observed in the amygdala (B). In contrast, abundant GAD65 and Dlx5/6-Cre reporter expression was observed in the Caudate putamen (P) and thalamic reticular nucleus (R). Arrows indicate selected cells that are positive for GAD67 and Dlx5/6-Cre reporter expression.
See Table S1 for quantification.

Figure S3: Increased resistance to flurothyl-induced seizures with homozygous inactivation of Scn8a in excitatory cortical neurons: Related to Figure 1.

 Male mice that were heterozygous for the Scn8a floxed allele (Scn8afl/+) and carried the Emx1-Cre transgene were crossed to Scn8afl/+ females to generate heterozygous floxed Emx1-Cre (Scn8afl/+Emx1), homozygous floxed Emx- Cre (Scn8afl/flEmx1), and control (Scn8afl/flno-Cre) animals. Mice were exposed to the proconvulsant flurothyl to determine seizure latency. Latencies to the MJ were not altered in Scn8afl/+Emx1 mice but were increased in homozygous floxed Emx1-Cre (Scn8afl/flEmx1) mice compared to no-Cre (Scn8afl/flno-Cre) mice (one-way ANOVA, Tukey post-hoc, Scn8afl/flno-Cre vs. Scn8afl/+Emx1 n.s. p > 0.05, Scn8afl/flno-Cre vs. Scn8afl/lfEmx1 **p < 0.01, Scn8afl/+Emx1 vs. Scn8afl/flEmx1 n.s. p > 0.05). Scn8afl/+Emx1 mice exhibited greater latencies to the GTCS than no-Cre controls, and latencies to the GTCS were further increased in mice with homozygous inactivation of Scn8a (Scn8afl/flEmx1) (one-way ANOVA, GTCS p < 0.0001; Tukey post-hoc, GTCS, Scn8afl/flno-Cre vs. Scn8afl/+Emx1 **p < 0.05, Scn8afl/flno-Cre vs. Scn8afl/flEmx1 ****p < 0.0001, Scn8afl/+Emx1 vs. Scn8afl/flEmx1 *p < 0.05; n = 8-16 animals/genotype). Error bars represent SEM.


Figure S4: Cortical excitatory neuron-specific inactivation of Scn8a is protective in a genetic model of epilepsy. Related to Figure 1.

(A) Representative example of hippocampal bursting activity induced by high extracellular potassium in a Cre-negative (Scn8afl/+no-Cre) and an Emx1-Cre positive (Scn8afl/+Emx1) animal.
(B) The latency to the initiation of bursting was increased in Scn8afl/+Emx1 Cre animals compared to Scn8afl/+Cre-negative controls. Mann Whitney U test, n = 7-8 animals/genotype. Intra-burst frequency was reduced in animals with excitatory-specific deletion of Scn8a (Scn8afl/+Emx1, blue) compared to Cre-negative controls (Scn8afl/+no-Cre, black). Mann Whitney U test, n = 7-8 per genotype. Deletion of Scn8a in inhibitory cells (Scn8afl/+Dlx5/6, red) resulted in no significant changes to burst latency or frequency compared to controls (Scn8afl/+no-Cre, black). Mann Whitney U test, n = 9 animals/genotype.
(C) Representative voltage responses elicited by current injection into hippocampal neurons of Cre-negative (Scn8afl/+no-Cre) and Emx1 Cre-positive (Scn8afl/+Emx1, blue) animals.
(D) The number of action potentials (APs) was significantly decreased in CA3 pyramidal cells from Emx1 Cre-positive animals compared to Cre-negative controls. Two-way ANOVA, n = 6-7 animals/genotype.
(E) Schematic of the breeding strategy to generate mice with the Scn1a-RH GEFS+ epilepsy mutation and Scn8a deletion in cortical excitatory neurons as well as control mice on a common genetic background.
(F) Latencies to flurothyl-induced seizures were reduced in animals carrying the Scn1a-RH epilepsy mutation and the Scn8a floxed allele but lacking the Emx1 transgene (Scn8afl/+Scn1aRH/+, orange) compared to Cre-negative controls (black), while Scn8afl/+Emx1 mice (blue) and mice with both excitatory cell-specific deletion of Scn8a and the Scn1a-RH GEFS+ mutation (Scn8afl/+Emx1 Scn1aRH/+, gold) exhibited increased seizure latencies. One-way ANOVA, Dunnett's post hoc, n = 8-14 animals/genotype. Scn1aRH/+ animals exhibited reduced survival (8/12, 66.7%) compared to no-Cre controls (9/9, 100% survival, Mantel-Cox test). By contrast, complete survival was observed in Scn1aRH/+ mice with cortical excitatory neuron inactivation of Scn8a (Scn8afl/+Emx1 Scn1aRH/+, gold). Complete survival was also observed in Scn8afl/+Emx1 mice. 
(B-F)  Littermate controls were used for all comparisons. n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, error bars represent ± SEM. 


Figure S5: Characterization of absence seizure properties in Scn8a+/- animals: Related to Figure 2.

(A) Shown is the cumulative distribution of all inter-seizure intervals (ISI) in seconds for three separate animals (red, blue, black lines). Inset: scatter of ISIn vs ISIn+1. Most points are distributed in the lower left-hand corner indicative of clustering. 
(B) Cumulative distribution of seizure durations in seconds for the three animals. Inset: Durationn vs durationn+1, fitted with linear regression lines. We saw no strong correlation between the durations of two sequential seizures. 
(C) Clustering coefficient (Cw, red) and clustering density (Dw, blue) of the scatterplot of ISIn vs ISIn+1 for one animal as a function of increasing bin size. As the bin size increases, Cw reaches a limit of 1.0. Sudden changes in Cw at any given bin width can be visualized by humps in the graph of Dw, which indicate clustering at different spatial scales (see arrow). 
(D) Dw vs bin width across all animals. Error bars show mean ± one standard deviation. 

Figure S6: Optogentic stimulation of RT action potentials and recording of inhibitory post-synaptic responses at TC and RT targets: Related to Figure 5.


(A) Confocal image of a biocytin filled and labeled cell (red) and YFP expression (green) in RT. Slices were resectioned at 40 µm and processed for imaging after electrophysiology recordings. Inset shows the recorded and filled RT cell. Scale bars are 20 μm. 
(B) Juxtacellular recordings during optogeneic stimulation of RT cells were performed after infection with the fast channelrhodopsin variant ChETA. Blue light (2 ms, 475 nM, 20 mW) pulses were applied under conditions of glutamate blockade (kynurenic acid, 1mM) to eliminate feedback excitation from TC cells. The red box indicates an expanded segment of the record displayed below that shows one ChETA stimuli that evoked three APs. 
(C) Evoked action potentials were measured at stimulus frequencies ranging from 2-50 Hz. 
(D) In whole-cell voltage clamp mode, evoked IPSCs were measured in RT at potentials above and below the chloride reversal potential. Responses exhibited a polarity switch around the chloride reversal potential (-85 mV). 
(E) Direct ChETA responses (ChETA) and synaptic responses (eIPSC) were reliably distinguished by their relative delay from stimulus onset. Detection windows were chosen with an onset after the peak ChETA response (> 5 ms) and offset before the next stimulation (< 20 ms).
(F) Example of reliable eIPSCs at TC cells of Scn8a+/- (red) and WT (black) animals in response to 10 Hz trains of optogentic stimulation for 5 s.
(G) Example of eIPSC failures in RT cells of Scn8a+/- (red) but not WT (black) animals in response to 10 Hz trains of optogentic stimulation for 5 s.




Figure S7: Efficient AAV-shRNA-mediated knockdown of Scn8a in brain: Related to Figure 6.

(A-C) Representative immunoblots of dissected hippocampi taken from mice two weeks following injection with either shRNA-Scram (Scram) or shRNA-Scn8a. Nav1.6 (Scn8a), Nav1.1 (Scn1a), and Nav1.2 (Scn2a) were probed using the same samples of membrane-enriched brain homogenate. α-tubulin was detected on each blot and used to normalize for protein loading. 
(A) Quantitative analysis of Western blots demonstrates efficient knockdown (64%) of Nav1.6 in the hippocampus. 
(B-C) The shRNA did not significantly alter Nav1.1 or Nav1.2 levels. Mann-Whitney U test; **p < 0.01, n.s. p > 0.05; error bars represent SEM; n = 4 animals/group.

Table S1: Quantification of flurothyl seizure thresholds: Related to Figure 1 and S3

	Line
	MJ 
Latency (s) Cre-
	MJ 
Latency (s) Cre+
	MJ 
p (Cre- vs Cre+)
	GTCS Latency (s) Cre-
	GTCS Latency (s) Cre+
	GTCS
p (Cre- vs Cre+)

	FoxG1
	251 ± 18
	248 ± 8
	p = 0.88
	408 ± 15
	633 ± 33
	****p< 0.0001

	Emx1
	259 ± 10
	297 ± 13
	*p < 0.05
	454 ± 7
	604 ± 40
	**p < 0.01

	Camk2a
	251 ± 12
	295 ± 11
	***p < 0.01
	378 ± 13
	637 ± 42
	****p< 0.0001

	Ppp1R2
	222 ± 18
	274 ± 14
	*p < 0.05
	423 ± 17
	358 ± 20
	p = 0.051

	Dlx5/6
	205 ± 9
	178 ± 17
	p = 0.12
	425 ± 9
	403 ± 17
	p = 0.18



The latency to the MJ and GTCS were recorded for Scn8afl/+ mice expressing five different Cre transgenes. Cre transgenes were: FoxG1, Emx1, Camk2a, Ppp1r2, and Dlx5/6. All comparisons were made between Scn8afl/+ Cre positive and Scn8afl/+ Cre negative mice within each cross. All comparisons Mann Whitney U test. n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 



Table S2: Summary of colocalization of Emx1 and Dlx5/6-Cre in the CNS: Related to Figures 1 and S1-4.

	
	Emx1
	Dlx5/6

	Brain Region
	% GluR2 & Cre+
	Cells Counted
	% GAD67 & Cre+
	Cells Counted

	Hippocampus
	

	Dentate Gyrus
	98
	340
	83
	12

	CA3
	-
	-
	100
	3

	CA1
	99
	93
	90
	10

	Cerebral Cortex
	

	Layer 1
	0
	0
	97
	16

	Layer 1
	85
	65
	93
	15

	Layer 1
	91
	55
	100
	3

	Layer 1
	59
	63
	100
	7

	Other
	

	Caudate Putamen
	50
	4
	8
	198

	Amygdala
	0
	15
	54
	26

	Reticular Nucleus
	0
	0
	100
	64



Cell-type specificity of Cre expression was verified by assessment of colocalized cell-type specific immunoreactivity and Cre-dependent reporter expression in brain slices of Dlx5/6-ROSA and Emx1-ROSA animals. The percentage of reporter positive cells that also express the cell-type marker are indicated. High levels of colocalization between Emx1 Cre and Glur2 immunoreactivity was detected in most regions of the forebrain. High levels of colocalization were observed between Dlx5/6 Cre and the inhibitory cell marker GAD67 immunoreactivity in the forebrain and RT.

11
	
image4.tiff

image5.tiff

image6.tiff

image7.tiff

image1.tiff

image2.tiff

image3.tiff

