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31  Abstract

32  Dravet syndrome (DS) is an intractable form of childhood epilepsy that occurs in infancy.
33 More than 80% of all patients have a heterozygous abnormality in the SCN1A gene, which
34  encodes a subunit of Na" channels in the brain. However, the detailed pathogenesis of DS
35  remains unclear. This study investigated the synaptic pathogenesis of this disease in terms of
36 excitatory/inhibitory balance using a mouse model of DS. We show that excitatory

37  postsynaptic currents were similar between Scnla knock-in neurons (Scnla” ~ neurons) and
38  wild-type neurons, but inhibitory postsynaptic currents were significantly lower in Scnla®"
39  neurons. Moreover, both the vesicular release probability and the number of inhibitory

40  synapses were significantly lower in Scnla* neurons compared with wild-type neurons.
41  There was no proportional increase in inhibitory postsynaptic current amplitude in response
42 toincreased extracellular Ca®* concentrations. Our study revealed that the number of

43 inhibitory synapses is significantly reduced in Scnla®" neurons, while the sensitivity of

44 inhibitory synapses to extracellular Ca** concentrations is markedly increased. These data
45  suggest that Ca** tethering in inhibitory nerve terminals may be disturbed following the

46 synaptic burst, likely leading to epileptic symptoms.

47
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Introduction

Epilepsy is a pervasive and severe neurological disorder that affects 0.5%—-1% of the
population, predominantly in childhood.! Epilepsy patients are generally treated with
antiepileptic drugs, but about 30% of patients have refractory epilepsy that does not respond
to such treatment.” The molecular mechanisms underlying the onset of refractory epilepsy
remain mostly unknown. Therefore, epilepsy is one of the most challenging diseases for
developing fundamental therapies and drugs. In addition, pediatric patients with intractable
epilepsy may develop complications, such as developmental disorders and mental retardation,
leading to anxiety about their social lives even in adulthood.**

We have previously identified more than 100 genetic abnormalities in Na* channels via
the genetic analysis of patients with intractable epilepsy resulting in mental retardation.>®
Dravet syndrome (DS) is a severe form of epilepsy that develops in infancy and causes
frequent seizures, leading to severe encephalopathy and developmental disorders.
Heterozygous mutations in SCN1A, the gene encoding Nay1.1 (the a subunit of voltage-gated
Na" channels), have been identified in more than 80% of patients with DS. However, it
remains unclear how this gene mutation causes intractable epilepsy. Recently, knock-in,
knock-out, and conditional knock-out mice with heterozygous mutations in the Scnla gene
have been reported as mouse models of DS.”™ In parallel with the development of mouse

models, we established induced pluripotent stem cells from a DS patient with a heterozygous
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68  nonsense mutation in the SCN1A gene."*** We reported an apparent fragile mutation in the

69  maintenance of action potentials during sustained depolarizing stimulation of y-aminobutyric
70  acid (GABA)ergic neurons. The common mechanism of these aforementioned studies was

71  that SCN1A mutations result in a loss of inhibitory neural function. This underlying

72 mechanism indicates that excitatory neural function is increased in the brain, making it highly
73 susceptible to epilepsy because of the suppression of inhibitory neural function in the central
74  nervous network.

75 In the brain, neurons connect via synapses and transmit information in a fine-tuned

76 manner to maintain central homeostasis. During epileptogenesis, the excitatory/inhibitory

77  (E/l) balance of the multicellular neural network is transiently or persistently disrupted,

78  resulting in overexcited synaptic activity."*** Therefore, understanding epilepsy as a

79  “synaptic pathology” and elucidating synaptic recovery mechanisms may help to develop

80  fundamental epilepsy therapies and aid in drug discovery.

81

82

83  Results

84  Establishment of Scnla-targeted mice

85  The targeting vector consisted of the neomycin-resistance cassette, of which the 5" and 3' ends

86  were connected to recombination arms derived from intron 4 to intron 7 (left arm) and intron
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87  12tointron 16 (right arm) of the mouse Scnla gene, respectively (Figure 1A). After this was
88 introduced into mouse ES cells, 156 neomycin-resistant clones were isolated and screened for
89  targeted homologous recombination by PCR. Using primers corresponding to the neo gene
90 and intron 16, a 5.5-kb fragment that would emerge only from recombinant alleles was
91  observed in three clones. These candidates were further analyzed by Southern hybridization.
92  Two of them showed positive signals at 7.8 and 6.5 kb, which corresponded to the wild-type
93  and targeted alleles, respectively (Figure 1B, C). These two clones were regarded as having
94  desirable recombination and were used to establish the mutant mouse, in which exon 8 to
95  exon 12 of the Scnla gene was heterogeneously replaced by the neomycin resistance cassette
96  (Scnla™ mouse). On establishment and after every mating, mouse specimens with
97  recombinant alleles were identified by PCR amplification of a 634-bp DNA fragment
98  spanning from intron 7 to the 5' FRT element.
99
100  Excitatory synaptic transmission of Scnla™™ neurons
101 In the epileptic brain, changes in the E/I balance are exhibited as enhanced excitatory
102  synaptic transmission and/or reduced inhibitory synaptic transmission, and vice versa. We
103 first measured excitatory synaptic transmission. The EPSC amplitudes were not significantly
104  different between WT and Scnla® neurons (Figure 2A, B). The mEPSC amplitudes were

105  also not significantly different between WT and Scnla®™ neurons (Figure 2C, D). We then
g
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106  analyzed the frequency of mEPSCs to assess the effects on presynaptic machinery, and found
107  no significant differences between WT and Scnla™™ neurons (Figure 2E). These results

108 indicate that there are no changes in the excitatory synaptic transmission of Scnla*~ neurons.
109

110  Inhibitory synaptic transmission of Scnla™ neurons

111  The absence of phenotypes in the excitatory synaptic transmission of Scnla™" neurons

112 (Figure 2) suggested that the inhibitory synaptic transmission of these neurons may be

113 reduced, in terms of the E/I balance between excitatory and inhibitory synaptic transmission
114  during epileptogenesis. Therefore, in the following experiment, we analyzed the inhibitory
115  synaptic transmission of Scnla® neurons.

116 As predicted, IPSC amplitudes (i.e., inhibitory synaptic transmission elicited by action
117  potentials) were significantly lower in Scnla*™ neurons compared with WT neurons (Figure
118  3A, B). In contrast, mIPSC amplitudes did not differ significantly between Scnia”~ and WT
119  neurons (Figure 3C, D).

120 The finding that the amplitudes of IPSCs elicited by action potentials were reduced

121 while the amplitudes of mIPSCs remained unchanged suggests that presynaptic function,

122  rather than postsynaptic function, was affected in inhibitory synaptic transmission. To

123 investigate presynaptic function, we analyzed the frequency of spontaneous mIPSCs. There

124  were no significant differences in spontaneous mIPSC frequency between Scnla®” and WT
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125  neurons (Figure 3E). These results suggest that inhibitory synaptic transmission in Scnla®"
126 neurons may be reduced by action potential-dependent mechanisms.

127

128  Mechanisms of inhibitory synaptic transmission in Scnla”" neurons

129  Because there was no significant decrease in the frequency of mIPSCs in Scnla®~ neurons, it
130  remained unclear whether presynaptic function was impaired in these cells. We therefore
131  measured the size of the RRP. There was no significant difference in RRP size between

132 Scnla™ and WT neurons (Figure 4A, B). However, the vesicular release probability (Py;) of
133 synaptic vesicles was significantly lower in Scnla™ neurons compared with WT neurons
134  (Figure 4C).

135 Reduced inhibitory synaptic transmission may also indicate that the number of

136 inhibitory synapses is reduced. We therefore measured the numbers of inhibitory synapses in
137 WT and Scnla™ neurons using immunostaining. The number of GABAergic synapses was
138 significantly lower in Scnla* neurons than in WT neurons (Figure 4D, E). These results
139 indicate that the decreased inhibitory synaptic transmission in Scnla™" neurons is likely

140  caused by a combination of a lower Py, and a lower number of inhibitory synapses.

141

142 Mechanisms of depressed inhibitory synaptic vesicular release in Scnla™" neurons
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143 The generation of action potentials depolarizes nerve terminals, and the subsequent influx of
144  extracellular Ca®* into the nerve terminals causes activity-dependent neurotransmitter release.
145  Thus, the lower Py, in the inhibitory synaptic transmission of Scnla™" neurons may be caused
146 by a lower sensitivity to extracellular Ca** concentrations ([Ca*‘],). We therefore examined
147  the changes in inhibitory synaptic transmission in response to higher or lower [Ca®*],. There
148  was no proportional increase in IPSCs at higher calcium concentrations (4 mM and 8 mM) in
149  Scnla™ neurons (Figure 5A). To further understand Ca?* sensitivity, the relative amplitudes
150  of evoked IPSCs were analyzed using Hill’s equation, with IPSC at 8 mM as a reference.”!
151  Compared with WT neurons, the graph of relative IPSC amplitude was shifted to the left in
152 Scnla™ neurons (Figure 5B), indicating that Scnla™ neurons are more sensitive to [Ca?'],.
153  The Ky value calculated using Hill’s equation is a dissociation constant. Its reciprocal is a
154  coupling constant, which can be approximated as the ion permeability in this case. In contrast,
155  the Hill coefficient indicates cooperativity with ions. The K4 values were reduced to about
156 one-third of WT values in Scnla® neurons (WT: 0.60 + 0.05 mM, Scnla™": 0.18 +0.10

157  mM), while Hill coefficients were higher compared with WT neurons (WT: 1.34 + 0.15,

158 Scnla™:2.03 +0.89). Thus, Scnla™ neurons had higher affinity and cooperativity with

159  [Ca®'], than WT neurons. These results indicate that the reduced inhibitory synaptic release
160 in Scnla™ neurons is not caused by low sensitivity to [Ca®*]o, but rather by high sensitivity

161 to[Ca®"]o.
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162

163  E/I balance of Scnla” neurons at high extracellular Ca®* concentrations

164  Based on the high [Ca?'], sensitivity of the inhibitory synapses of Scnla* neurons, we

165  hypothesized that Scnla disruption might cause changes in the Ca** response of neurons.

166 Because epileptic seizures are caused by excessive Ca’" influx into nerve terminals,™* we

167  predicted that increasing [Ca**], would induce a pseudo-epileptic condition and disrupt the
168  E/l balance even in the normal state. We therefore investigated the magnification of

169  excitatory and inhibitory synaptic transmission when [Ca®*], was changed from 2 mM to 8
170  mM. In excitatory neurons, there was no significant difference in the magnification of EPSCs
171  between WT and Scnla®*~ neurons (Figure 5C, D). This result is likely because EPSC

172 amplitudes increase in proportion to an increase in [Ca®*], in an activity-dependent manner.
173 Conversely, in inhibitory neurons, the IPSC amplitude magnification was significantly lower
174  in Scnla™ neurons than in WT neurons (Figure 5E, F). This finding indicates that IPSC

175 amplitudes were unable to increase in proportion to the increase in [Ca*"]o. This phenomenon
176 may be the result of significantly fewer synapses and increased [Ca”], sensitivity at

177  inhibitory synapses in Scnla®" neurons. Combined with the finding of lower IPSC amplitude
178  at2 mM [Ca?'],, these results indicate that, for Scnla®™ neurons, a higher [Ca*"], worsens the
179  E/l balance.

180
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Discussion

E/I balance in the brains of Scnla™ mice

Neurons in the brain form networks that function by maintaining a reciprocal E/I balance.
When epilepsy develops, there is generally a temporary or persistent disruption of the E/I
balance.”** We therefore predicted that the E/I balance would be altered by either an
increase in excitatory synaptic transmission or a decrease in inhibitory synaptic transmission.
In the present study, we did not observe any enhancement of excitatory synaptic transmission
at the single-neuron level in Scnla* neurons. However, inhibitory synaptic transmission was
significantly lower in Scnla* neurons than in WT neurons. The lack of any differences in
excitatory synaptic transmission may be because of the distribution of Na,1.1. These subunits
have been reported to be expressed predominantly on the cell body of neurons,?>* but a
recent report revealed that Nay1.1 is not expressed in excitatory neurons in the hippocampus.®
Although we did not confirm the expression of Na,1.1 in the mouse model used in the present
study, our electrophysiological results strongly support the previous finding that Nay1.1 is not
expressed in hippocampal excitatory neurons. It has also been reported that Scnla-deficient
mice show abnormalities in inhibitory neuron function,” which is consistent with our results.

However, in in vivo conditions, the disruption of Scnla appears to cause abnormalities in
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199  both excitatory and inhibitory neurons.* Thus, future studies need to examine neural

200  networks with mixed excitatory and inhibitory synaptic inputs.

201

202  Synaptic function in Scnla*” neurons

203 Although the RRP sizes at all synapses were similar between WT and Scnla* neurons, the
204  number of GABAergic synapses was significantly lower in Scnla™ neurons. These results
205  suggest that the number of releasable synaptic vesicles per synapse is higher in Scnla™"

206  neurons than in WT. We had hypothesized that the lower Py, in Scnla™ neurons was caused
207 by reduced sensitivity to [Ca**],; however, the results were contrary to our expectations

208  (Figure 5B). Therefore, other mechanisms may affect the tethering system of Ca”" influx into
209  nerve terminals. For example, synaptotagmin is a Ca>* sensor for synaptic release. * It is thus
210  possible that the function of synaptotagmin was affected in the nerve terminals of Scnla®"
211  neurons.

212 In general, epileptic seizures are caused by hyperexcitation of nerves, caused by the

213 influx of large amounts of Ca®* from extracellular sources. It has recently been demonstrated
214 that a large amount of Ca”" influx also occurs during epileptic seizures in animal models of
215  DS.* In the present study, we simulated epileptic seizures by increasing the [Ca*"],, and

216  found that the E/I balance in Scnla™™ neurons was more disrupted during pseudo-epileptic

217  seizures than during normal conditions. Although the mouse model used in this study only
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218  had mutated Scnila, which encodes Na,1.1, there was an alteration in the Ca®* response of
219 Scnla™ neurons. One reason for this may involve the expression of Ca®* channels; it is

220  known that Scnla disruption alters the expression of Na* channels as well as other ion

221  channels.”® Therefore, disruption of the Scnla gene may have caused changes in Ca®*

222 channels, and thus altered Ca®* responses in Scnla™~ neurons.

223

224  Susceptibility of Scnla™ mice to seizures

225  When epilepsy is induced, it may be triggered by a small external stimulus. For example, the
226  firing of a spontaneous electrical potential, which generally has no physiological

227  consequences, may stimulate epileptogenic cells to induce bursts of action potential firings,
228  which then propagate through the neuronal network. Thus, even if a change in E/I balance
229  does not have severe consequences in the normal condition, visible disruption may occur in
230  the brains of Scnla®" mice if they are experimentally subjected to a small number of external
231  stimuli (e.g., frequent stimulation or drug stimulation).

232 However, given that epilepsy tends to occur in juveniles, additional external stimulation
233  of juvenile synapses in vitro may be an effective way to detect small disruptions. At the

234  cellular level, intracellular CI" concentrations are high in the juvenile stage and low in the
235  mature stage.””* That is, in juveniles, GABAergic input may cause CI to leak out of cells

236 via GABAA receptors, resulting in cell depolarization. This developmental change may be
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237  one of the mechanisms that contributes to seizure susceptibility. In conclusion, this study

238  suggests that mutations in the Scnla gene can cause epileptic seizures, even under apparently

239  normal conditions.

240

241

242  Methods

243  Vector construction

244  The structure of the targeting vector is shown in Figure 1. Briefly, a 5.4 kb murine Scnla

245  genomic fragment spanning from the end of exon 7 to the beginning of exon 5 (left arm) and

246 a 5.0 kb murine Scnla genomic fragment spanning from the end of exon 13 to the beginning

247  of exon 16 (right arm) were amplified by polymerase chain reaction (PCR) from the bacterial

248  artificial chromosome (BAC) clone TRPCI23-201018 (Advanced GenoTechs). The

249  accession number of the corresponding Scnla gene reference sequence is NC_000068.7. The

250  resulting construct was modified to contain a lox71 sequence downstream of Scnla exon 7,

251  and a neomycin-resistance (neo) cassette was added further downstream, which comprised

252  PPGK (the promoter sequence of the mouse phosphoglycerate kinase 1 [Pgk] gene), a

253  lox2272 sequence, and a Pgk polyadenylation sequence. The neo cassette was additionally

254  flanked by two yeast-derived flippase (FLP) recognition target sequences (FRTS) to allow the

255  removal of the drug-resistance cassette in a flippase-enabled background. The Scnla
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256 fragment was 5'-fused with a diphtheria toxin-A cassette, PCR subcloned from plasmid p03.
257  The full construct was inserted into the multiple cloning site of pBluescript 11 SK (+)

258  (Stratagene).

259

260  Culture and gene manipulation of mouse embryonic stem (ES) cells

261  Feeder-free mouse ES cells, which were TT2-KTPUS strain (C57BL/6J x CBA) F1-derived
262  wild-type ES cells, were seeded at 6.0 x 10° cells per dish in collagen-coated 10-cm diameter
263  dishes containing Glasgow minimum essential medium (Thermo Fisher Scientific)

264  supplemented with 1% fetal calf serum, 14% knock-out serum replacement (Thermo Fisher
265  Scientific), and 1 kU/mL leukemia inhibitory factor (Thermo Fisher Scientific). After a 2-day
266 incubation at 37°C in 6.5% CO to reach semi-confluence (1.6 x 10"), the cells were washed
267  twice with phosphate-buffered saline, resuspended in 1.6 mL phosphate-buffered saline, and
268  divided into two 0.8-mL aliquots. Transfections were performed using a Gene Pulser

269  (Bio-Rad) and a 4-mm gap cuvette set at 0.8 kV/3 pF in the presence of a 20 pg

270  Pvul-linearized targeting vector. Transfected cells were expanded in G418-supplemented
271 medium (200 pg/mL) for 9 days. Cells with randomly inserted target vector DNA did not
272 survive during this time because non-homologous recombination failed to remove the

273  diphtheria toxin-A cassette. Of the approximately 500 colonies that developed, 192 were

274  isolated by pipetting under a microscope and were then cultured for 3 days. Next, two-thirds
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275  of these cells were suspended in dimethyl sulfoxide-supplemented culture medium and

276  cryo-banked. The remaining cells were used for genomic DNA extraction, followed by PCR

277  and Southern analysis. The PCR primers RA/S and RA/A, which were used to amplify a

278  0.6-kb DNA fragment of hybridization probe, were designed according to the nucleotide

279  sequences of intron 13 and exon 13 of Scnla, respectively (Figure 1B). The resulting DNA

280  fragments were used as the probe for Southern blot analysis following EcoRI-/Pvul-digestion

281  of genomic DNA, which hybridized with 7.8 kb and 6.5 kb fragments for the

282  non-recombinant and recombinant alleles, respectively (Figure 1C).

283

284  Animals

285  Experimental animals were handled under the ethical regulations for animal experiments of

286  the Fukuoka University experimental animal care and use committee and animal experiment

287  implementation. All animal protocols were approved by the ethics committee of Fukuoka

288  University (permit numbers: 1712128 and 1812092).

289 Pregnant ICR mice for the astrocyte (a type of glial cell) cultures were purchased from

290  CLEA Japan, Inc. (Catalogue ID: Jcl:ICR). Mice were individually housed in plastic cages

291  and kept in an animal house under the following conditions: room temperature 23°C + 2°C,

292 humidity 60% =+ 2%, and a 12-hour light/dark cycle (7:00 AM lights on), with free access to

293  water and food (CE-2, Nihon Crea).


https://doi.org/10.1101/2021.02.04.429687
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.04.429687; this version posted February 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Kouya Uchino 17

294

295  Development of Scnla*™ mice

296  Gene targeted clones of Scnla-mutant ES cells were used to generate Scnla-812neo mice.
297  We first removed two-cell stage zona pellucida cells from the embryos of the Institute for
298  Cancer Research (ICR) mouse line and immersed them in mutant ES cell suspension. After
299  an overnight incubation to enhance the aggregation of embryos and cells, chimeric embryos
300  were transplanted into the uteri of pseudopregnant females. From the resulting litter,

301  checker-coated chimeras were mated with C57BL/6J mice to produce F1 heterozygous

302  offspring with a single mutant Scnla allele. The resulting mouse line containing the Scnla
303  mutation was backcrossed with C57BL/6J mice over 10 generations to establish a congenic
304  strain. Mice with an Scnla gene in which exon 8 to exon 12 was heterogeneously replaced
305  with a neomycin resistance gene were termed Scnla®™ mice.

306

307  Genotyping

308  Genomic DNA was extracted from mouse tails by NaOH extraction. The PCR primers

309  Scnlai7prS2 and FRT-RV, which were used to detect the recombinant allele, were designed
310  according to the nucleotide sequences of intron 7 of the Scnla gene and FRT elements,

311  respectively. Using PCR, these primers only amplified a 0.6-kb DNA fragment when

312  genomic DNA containing the homologous recombination was used as the template. Newborn
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313  mice were used for the functional analysis of primary neuronal cultures after PCR

314  verification.

315

316  Microisland cultures of astrocytes

317  We used a “coating stamp” to obtain uniformly sized cell adhesion areas, divided into dots
318  (squares with a side length of about 300 um).**® The coating stamp made it possible to
319  minimize variations in the size of each island of astrocyte culture. >

320 ICR mice immediately after birth (postnatal day [P]0-1) were used for astrocyte cultures.
321  Details of the astrocyte culture method are described in our previous paper.**°

322

323  Autapse culture specimens of single neurons

324  We used autapse culture preparations, which are co-cultured preparations of dot-cultured

325  astrocytes and a single neuron, for the synaptic function analysis.™>™® The axons of autapse
326  neurons form many synapses (autapses) to their cell bodies and dendrites, without any

327  synaptic contacts from other neurons. This feature allowed us to focus on the synapses of a
328  single neuron only, and to analyze the properties of synaptic function in more detail.

329 Scnla knock-in neurons (Scnla®” neurons) were used in all experiments. For the culture

330  of single neurons, Scnla”” mice immediately after birth (PO—1) were decapitated to minimize

331  pain/discomfort and used; tails were harvested to confirm disruption of the Scnla gene, and
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332  PCR was used for genotyping. Neurons were enzymatically isolated from the hippocampus of
333 P0-1 Scnla™ mice using papain (Worthington). Before plating neurons, the conditioned

334  medium of the microisland cultures was replaced with Neurobasal A medium (Thermo Fisher
335  Scientific) containing 2% B27 supplement (Thermo Fisher Scientific) and 1% GlutaMAX[1
336  supplement (Thermo Fisher Scientific). Cells were plated at a density of 1500 cells/cm? onto
337  the astrocyte microislands. Hippocampal neurons were used to analyze excitatory synaptic
338  transmission and striatal neurons were used to analyze inhibitory synaptic transmission. To
339  maintain the soluble factors from astrocytes, the medium was not changed during the culture
340  period. The incubation period was 13-16 days in vitro.

341

342  Electrophysiology

343  Synaptic analysis was performed using the patch-clamp method, where the membrane

344  potential was clamped at =70 mV. An evoked excitatory postsynaptic current (EPSC) or

345  inhibitory postsynaptic current (IPSC) was recorded in response to an action potential elicited
346 by a brief (2 ms) somatic depolarization pulse (to 0 mV) from the patch pipette under

347  voltage-clamp conditions. Action potentials triggering EPSCs or IPSCs were not significantly
348  different between wild-type (WT) and Scnla™ neurons of the hippocampus and striatum,
349  respectively (Figure S1). Spontaneous miniature EPSCs (MEPSCs) and IPSCs (mIPSCs)

350  were recorded in the presence of a Na* channel inhibitor, 0.5 uM tetrodotoxin (FUJIFILM
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351  Wako Pure Chemical Corporation), in the extracellular fluid. The readily releasable pool

352  (RRP) size was calculated as the total area of inward current elicited by transient

353  hyperosmotic extracellular fluid containing 0.5 M sucrose. The vesicular release probability

354  (Pyw) was calculated by dividing the evoked EPSC or IPSC area by the RRP area. Synaptic

355  responses were recorded at a sampling rate of 20 kHz and were filtered at 10 kHz. Data were

356  excluded from the analysis if a leak current of > 300 pA was observed. The data were

357  analyzed offline using AxoGraph X 1.2 software (AxoGraph Scientific).

358 Extracellular fluid (pH 7.4) was as follows (mM): NaCl 140, KCI 2.4, HEPES 10,

359  glucose 10, CaCl, 2, and MgCl; 1. Intracellular fluid (pH 7.4) for recording EPSCs was as

360  follows (mM): K-gluconate 146.3, MgCl, 0.6, ATP-Na, 4, GTP-Na, 0.3, creatine

361  phosphokinase 50 U/mL, phosphocreatine 12, EGTA 1, and HEPES 17.8. The intracellular

362  fluid for recording IPSCs was prepared by replacing K-gluconate with KCI in the

363 intracellular fluid for EPSCs. All experiments were performed at room temperature (20°C

364 -22°C).

365

366  Immunocytochemistry

367  Striatal neurons cultured for 14 days were fixed by being placed in 4% paraformaldehyde in

368  phosphate-buffered saline for 20 minutes. They were then incubated with primary antibodies

369  containing blocking solution (0.1% Triton X-100, 2% normal goat serum) at 4°C overnight.
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370  The following primary antibodies were used: anti-microtubule-associated protein 2 (MAP2

371  (Cat. # 188 004); guinea-pig polyclonal, antiserum, 1:1000 dilution, Synaptic Systems) and

372  anti-vesicular GABA transporter (VGAT (Cat. # 131 002); rabbit polyclonal, affinity-purified,

373  1:2000 dilution, Synaptic Systems). Next, the cells were incubated in secondary antibodies

374  corresponding to each primary antibody (Alexa Fluor 488 for MAP2 and Alexa Fluor 594 for

375  VGAT, 1:400, Thermo Fisher Scientific) for 40 minutes at room temperature. The nuclei of

376  astrocytes and autaptic neurons were visualized by counterstaining with

377  4'.6-diamidino-2-phenylindole (DAPI)-containing mounting medium (ProLong® Gold

378  Antifade Reagent with DAPI, Thermo Fisher Scientific). Only neurons with one nucleus were

379  analyzed when counting synapse numbers.

380

381  Image acquisition and quantification

382  Confocal images of autaptic neurons were obtained using a confocal microscope (LMS710,

383  Carl Zeiss) with a C-Apochromat objective lens (40x, NA 1.2, Carl Zeiss), with sequential

384  acquisition at high-resolution settings (1024 x 1024 pixels). The parameters of each image

385  were optimized for the z-stack setting (a depth of 9 pum with 0.5 um steps) and pinhole setting

386 (1 Airy unit, 0.9 um). The depth sufficiently covered the thickness of neurites in our autaptic

387  culture. The confocal microscope settings were identical for all scans in each experiment. A

388  single autaptic neuron was selected for each scan in a blinded manner, based on MAP2
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389  fluorescence images. The sizes and numbers of synaptic puncta were detected using ImageJ
390  software. The procedures used to analyze the synaptic puncta have been published

391  previously.*?

392

393  Statistical analysis

394  All data are expressed as the mean + standard error. A lowercase n indicates the number of
395  neurons recorded, and an uppercase N indicates the number of cultures (lot number). Two
396  groups were compared using the Student’s unpaired t-test. Statistical significance was

397  considered when p < 0.05.

398

399  Data accessibility statement

400  The data that support the findings of this study are available from the corresponding author
401  on reasonable request.
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541  Figure 1. Targeting of the Scnla gene in mouse embryonic stem cells.

542  (A) Strategy for Scnla targeting. Upper, overall schematic view of the mouse Scnla gene,
543  and a magnified view containing the targeted region from exons 8 to 12. Exons are shown as
544  numbered solid boxes, and introns are shown as horizontal lines. Middle, the organization of
545  the targeting vector. More detail is indicated in the Materials and Methods. Shaded and solid
546  triangles indicate the lox and flippase recognition target sequence (FRT) elements,

547  respectively. Regions to be recombined between genomic Scnla and the targeting vector are
548 indicated by large Xs. Bottom, the targeted Scnla allele that resulted from desirable

549  homologous recombination. (B) Comparison of the restriction patterns of wild-type and

550  targeted Scnla alleles in Southern analysis. The position of the hybridization probe is

551  indicated by a solid bar. (C) A result of Southern hybridization for nine candidate clones. For
552  samples #1 and #4, both the 7.8- and 6.5-kb fragments were detected, which were derived
553  from the wild-type and homologously recombined Scnla alleles.

554

555  Figure 2. No changes in the excitatory synaptic transmission of Scnla*~ neurons.

556  (A) Representative traces of evoked excitatory postsynaptic currents (EPSCs) recorded from
557  asingle autaptic hippocampal neuron of either wild-type (WT) or Scnla”™ mice.

558  Depolarization artifacts caused by the generated action currents have been removed for

559  clarity of presentation. (B) Average amplitudes of the evoked EPSCs in neurons of WT or
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Scnla™ mice (WT: 9.65 £ 0.62 nA, n=104; Scnia™: 10.25 +0.69 nA,n=102/N=5
cultures). (C) Representative miniature EPSC (mEPSC) traces in neurons of either WT or
Scnla* mice. (D) Average mEPSC amplitudes in neurons of either WT or Scnla™ mice
(WT: 39.47 +0.87 pA, n = 104; Scnla*™: 38.15 + 0.71 pA, n = 102/N = 5 cultures). (E)
Average mEPSC frequencies in neurons of either WT or Scnla®™ mice (WT: 4.82 + 0.52 Hz,
n =104; Scnla'™: 4.70 £ 0.56 Hz, n = 102/N = 5 cultures). Data were obtained from the same

autaptic neurons as in (D).

Figure 3. Changes in the inhibitory synaptic transmission of Scnla™" neurons.

(A) Representative traces of evoked inhibitory postsynaptic currents (IPSCs) recorded from a
single autaptic hippocampal neuron of either wild-type (WT) or Scnla*™ mice.
Depolarization artifacts caused by the generated action currents have been removed for
clarity of presentation. (B) Average amplitudes of the evoked IPSCs in neurons of WT or
Scnla™ mice (WT: 7.94 +0.55 nA, n = 96; Scnla”™: 6.18 £ 0.42 nA, n = 98/N =5

cultures, *p < 0.05). (C) Representative miniature IPSC (mIPSC) traces in neurons of either
WT or Scnla*™ mice. (D) Average mIPSC amplitudes in neurons of either WT or Scnla®~
mice (WT: 26.94 + 0.80 pA, n = 95; Scnla”": 26.70 + 0.86 pA, n = 96/N = 5 cultures). (E)
Average mIPSC frequencies in neurons of either WT or Scnla®~ mice (WT: 1.85 + 0.25 Hz,

n=95; Scnia™: 1.50 +0.21 Hz, n = 96/N =5 cultures). Data were obtained from the same
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579  autaptic neurons as in (D).

580

581  Figure 4. Changes in the number of inhibitory synapses in Scnla®" neurons.

582  (A) Representative traces of responses to 0.5 M hypertonic sucrose solution (10 s, black bar)
583  inan autapse neuron of either wild-type (WT) or Scnla”™ mice. (B) The size of the readily
584  releasable pool (RRP) of autaptic neurons of either WT or Scnla™ mice (WT:1.91+£0.12
585 nC,n=91;Scnla"": 1.92 +0.12 nC, n = 92/N = 5 cultures). (C) Vesicular release probability
586  (Pw) in single autaptic neurons of either WT or Scnla* mice (WT: 29.99 £ 2.31%, n =91,
587  Scnla™": 24.01 +1.66%, n = 92/N =5 cultures, *p < 0.05). (D) Representative images of
588  autaptic neurons immunostained for the inhibitory nerve terminal marker vesicular GABA
589  transporter (VGAT; red) and the dendritic marker microtubule-associated protein 2 (MAP2;
590  green). Parts of the top row (scale bar 50 um) are enlarged in the bottom row (scale bar 20
591  um). (E) The number of VGAT—positive synaptic puncta in autaptic neurons of either WT or
592  Scnla™ mice (WT: 152.23 +£7.91, n =70, Scnla* 117 + 10.61, n = 74/N = 8 cultures, *p <
593  0.05).

594

595  Figure 5. Changes in extracellular Ca®* concentration sensitivity of inhibitory synapses in
596  Scnla*" neurons.

597  (A) Inhibitory postsynaptic current (IPSC) amplitudes recorded in different extracellular
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[Ca®], (0.5, 1, 2, 4, 8 mM) with 1 mM Mg®" held constant in wild-type (WT) and Scnla®"
neurons (WT: n =35, Scnla™: n = 36/N = 9 cultures). (B) Dose-response curves and Hill fits
for normalized IPSC amplitudes, recorded in different extracellular [Ca2+]O (05,1,2,4,8
mM) with 1 mM Mg?**, held constant in WT and Scnla*~ neurons. IPSC amplitudes were
normalized to the IPSC amplitude at 8 mM [Ca*"],. Original data were obtained from the
same cells as in (A). (C) Representative traces of evoked excitatory postsynaptic currents
(EPSCs) recorded at 2 mM [Ca’*], (black line) and 8 mM [Ca*‘], (red line) from neurons of
either WT or Scnla™ mice. Depolarization artifacts caused by the generated action currents
have been removed for clarity of presentation. (D) Average magnification of evoked EPSCs
at 8 mM [Ca?*], based on EPSC amplitudes at 2 mM [Ca*], in neurons of WT or Scnla™
mice (WT: 1.45 +0.07, n = 62, Scnla™": 1.48 + 0.07, n = 64/N = 11 cultures). (E)
Representative traces of evoked IPSCs recorded at 2 mM [Ca**], (black line) and 8 mM
[Ca®"], (red line) from neurons of either WT or Scnla®™ mice. Depolarization artifacts caused
by the generated action currents have been removed for clarity of presentation. (F) Average
magnification of the evoked IPSCs at 8 mM [Ca**], based on IPSC amplitudes at 2 mM
[Ca*"], in neurons of WT or Scnla™ mice (WT: 1.36 +0.09 mM, n = 35, Scnla™ ™ 1.02 +

0.04 mM, n = 36/N = 9 cultures, ***p < 0.001).

Figure S1. No changes in Na* current amplitudes in wild-type (WT) and Scnla®™ neurons of
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617  the hippocampus and striatum.

618  (A) Representative traces of Na* currents evoked by depolarizing pulses (<70 mV to 0 mV)
619  via patch pipette for 2 ms under voltage-clamp conditions. There were no differences in Na*
620 currents between the WT and Scnla™ neurons of the hippocampus and striatum. (B) Average
621  amplitudes of the Na* current in WT and Scnla*’~ neurons of the hippocampus and striatum.

622
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