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Oligodendrocyte-derived LGI3 and its receptor
ADAM23 organize juxtaparanodal Kv1 channel
clustering for short-term synaptic plasticity
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e Oligodendrocyte-derived LGI3 forms nanoclusters at
juxtaparanodes of myelinated axons

e LGI3is required for juxtaparanodal clustering of ADAM23 and
Kv1 channels

e LGI3 regulates Kv1-channel-dependent short-term plasticity
in the cerebral cortex

e Juxtaparanodal LGI3-ADAM23-Kv1 channel is a possible
molecular pathway affected in ID
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In brief

Miyazaki et al. show that intellectual-
disability-related ligand LGI3 is secreted
from oligodendrocytes and specifically
clustered at the juxtaparanode of
myelinated axons together with its axonal
receptor, ADAM23. The juxtaparanode-
specific action of LGI3 allows us to
serendipitously isolate a subcellular-
specific role of ubiquitously expressed
Kv1 channels in short-term synaptic
plasticity.
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SUMMARY

Neurodevelopmental disorders, such as intellectual disability (ID), epilepsy, and autism, involve altered syn-
aptic transmission and plasticity. Functional characterization of their associated genes is vital for under-
standing physio-pathological brain functions. LGI3 is a recently recognized ID-associated gene encoding
a secretory protein related to an epilepsy-gene product, LGI1. Here, we find that LGI3 is uniquely secreted
from oligodendrocytes in the brain and enriched at juxtaparanodes of myelinated axons, forming nanoscale
subclusters. Proteomic analysis using epitope-tagged Lgi3 knockin mice shows that LGI3 uses ADAM23 as a
receptor and selectively co-assembles with Kv1 channels. A lack of Lgi3 in mice disrupts juxtaparanodal
clustering of ADAM23 and Kv1 channels and suppresses Kv1-channel-mediated short-term synaptic plas-
ticity. Collectively, this study identifies an extracellular organizer of juxtaparanodal Kv1 channel clustering
for finely tuned synaptic transmission. Given the defective secretion of the LGI3 missense variant, we pro-
pose a molecular pathway, the juxtaparanodal LGI3-ADAM23-Kv1 channel, for understanding neurodevelop-
mental disorders.

INTRODUCTION ders such as autism spectrum disorder, epilepsy, and intellectual

disability (ID)."™ Most of the associated genes converge on
Recent advances in whole-exome sequencing and genome- common functional pathways, such as neurogenesis, chromatin
wide association analysis have accelerated the identification of  modification, and synaptic function.®® Thus, elucidation of path-
genes and variants associated with neurodevelopmental disor-  ophysiological functions of disease-related gene products is an
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essential step for understanding the molecular pathways behind
the disorders and provides beneficial information for strategies
of the molecular diagnosis and treatment.

The neuronal secreted protein LGI1, amember of the LGI family
(LGI1-LGI4), and its receptor ADAM22 constitute the epilepsy-
related protein complex.” Mutations in LG/T cause autosomal
dominant lateral temporal lobe epilepsy (ADLTE),®>'° and LGI1
autoantibodies cause autoimmune limbic encephalitis, charac-
terized by adult-onset amnesia and seizures." "' A recent study
finds that biallelic ADAM22 pathogenic variants cause infantile-
onset refractory epilepsy with ID."® LGI1 and ADAM22 form a
trans-synaptic heterotetrameric assembly’® and instruct PSD-
95-family membrane-associated guanylate kinases (MAGUKS)
to regulate AMPA and NMDA receptors and Kv1 channels.'®®
In contrast, biallelic mutations in LG/4 cause arthrogryposis multi-
plex congenita (AMC) with peripheral nerve hypomyelination,’”'®
and Lgi4 mutant or knockout (KO) mice exhibit an AMC-like fore-
limb defect and peripheral nerve hypomyelination.'®=*" Impor-
tantly, Adam22 KO mice show peripheral nerve hypomyelination
and multiple seizures,?*>* exhibiting combined phenotypes of
Lgi1 (epilepsy)** " and Lgi4 (peripheral nerve hypomyelination)
KO mice. Lgi2 is associated with epilepsy in dogs,® and LGI2 is
proposed to regulate the development of inhibitory synapses.*®
Recent exome sequencing identified a biallelic LGI3 missense
variant in patients with ID.*° The physiological and pathological
functions of LGI3, however, remain to be elucidated.

Neuronal-glial interactions, such as axo-glial interactions in
myelination, are involved in neuronal functions, and their abnor-
malities have been recognized in neurological disorders.*" Oligo-
dendrocytes produce myelin sheaths that enwrap neuronal
axons in the central nervous system (CNS) and establish discrete
functional domains along the axon: the node of Ranvier, para-
node, and juxtaparanode (JXP). These membrane domains are
associated with distinct ion channel clustering for rapid saltatory
conduction: voltage-dependent sodium channels (Nav) at nodes
and voltage-dependent potassium channels (Kv1) at JXPs.??%°
Although glial cells play a critical role in the organization of ion
channel domains in the axonal membrane,®*** the exact mech-
anisms and their significance to physiological and pathological
processes in the brain remain incompletely understood.

This study defines ID-related LGI3 as an oligodendrocyte-
derived extracellular factor that acts at the JXP of myelinated
axons through its receptor ADAM23. LGI3-ADAM23 plays an
instructive role in juxtaparanodal Kv1 channel clustering for
short-term synaptic plasticity.

RESULTS

An ID-related LGI3 missense variant shows the severe
secretion defect

To assess the impact of an ID-associated biallelic missense vari-
ation (LGI3 Asp331Asn, D331N) (Figure 1A)*° on LGI3 functions,
we built a homology model of the human LGI3 protein based on
the crystal structure of human LGI1 (PDB: 5Y31'“). The modeled
structure predicted that Asp331 occurs in the core of the B-pro-
peller structure of the epitempin (EPTP) domain (Figure 1B, left)
and interacts with a Ca®* ion together with the other four amino
acid residues to stabilize the structure (Figure 1B, right). We then

2 Cell Reports 43, 113634, January 23, 2024

Cell Reports

asked whether the LGI3 variant D331N is secreted because the
ADLTE-causing variation E383A in LGI1, which disrupts the Ca®*
coordination in EPTP, severely impairs its secretion.’*** The
secretion level of LGI3 D331N from transfected HEK293T cells
was greatly decreased as compared to that of wild-type LGI3,
showing the similar defect level to that of LGI1 E383A (Figure 1C).
This indicates that the ID-related LGI3 variant is dysfunctional
and suggests pathological significance of the loss of LGI3 func-
tion for ID.

LGI3 is uniquely expressed in oligodendrocytes in the
brain

We next investigated the tissue distribution and developmental
changes of the LGI3 protein in mice by comparison with those
of other LGl family members and the LGI1 receptor family
ADAM22/23 (Figures S1A and S1B). Western blotting showed
the specific or predominant expression of all the family members
tested in the nervous system. LGI3 and ADAM23 were expressed
bothinthe CNS (brain and spinal cord) and the peripheral nervous
system (PNS; sciatic nerve) (Figure S1A). We also found that LGI3
was hardly detected in the newborn and neonatal brains and pro-
gressively increased during animal maturation up to postnatal
day 180 (P180) (Figure S1B).

The cellular distribution of LGI3 in the brain remains controver-
sial, as previous in situ hybridization analyses on mouse brain sec-
tions showed neuronal expression of Lgi3,°*” while single-cell
transcriptome analyses suggested Lgi3 expression in mature
oligodendrocytes.®*“° To decisively examine the cell-type
expression profile of Lgi3 in the brain, we performed fluorescent
in situ hybridization (FISH) analysis of the adult mouse brain and
found that Lgi3-positive cells (referred to as Lgi3" cells) were
distributed in broad brain regions (Figure 1D; Table S1). Impor-
tantly, the double fluorescence labeling of Lgi3 and Mbp, a marker
of mature oligodendrocytes, shows that about 90% Lgi3" cells
were Mbp™ in white matter fiber tracts such as the corpus callosum
and the internal capsule of the striatum. Reciprocally, most Mbp*
cells were Lgi3* in all brain regions tested (Table S1). In contrast,
neither Lgi1* nor Lgi2* cells were Mbp* in any brain regions tested,
confirming their neuronal expression (Figure 1D; Table S1).
Mbp~/Lgi3* cells were observed in some brain regions (e.g., hippo-
campal dentate granule cell layer and CA1 pyramidal cell layer)
(Figure S1C). To examine how much the neuronal expression con-
tributes to the protein levels of LGI3 in the brain, we prepared
mouse primary cortical neuron cultures, which contain a negligible
number of mature oligodendrocytes. The LGI3 protein, as well as
MBP, was not detectable in any ages of the neuron culture but
was readily observed in the brain lysates. In contrast, LGI1, LGI2,
and LGI4 were detected both in cultured neurons and brain lysates
(Figure 1E). We also found that LGI3 protein was hardly detected in
the whole-brain lysate from oligodendrocyte-specific Lgi3 KO
mice (Lgi3->F*E":Mbp-Cre) (Figure 1F). These results indicate
that oligodendrocytes are the primary source of LGI3 protein in
the brain.

LGI3 is clustered at the JXP of myelinated axons

To precisely localize LGI3 protein expression in the brain, we
generated Lgi3 knockin mice harboring the FLAG and hexahisti-
dine tandem tag (referred to as FH tag) at the C terminus of LGI3
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Figure 1. ID-related LGI3 is uniquely expressed in oligodendrocytes

(A) Domain organization of human LGI3. SP, signal peptide; LRR, leucine-rich repeat domain; EPTP, epitempin domain; N- and C-cap, N- and C-terminal cysteine
caps in LRR.

(B) Mapping of the ID variant on the modeled LGI3 structure. Left, Asp331 is mapped as red spheres. Right, close-up view of the Ca®*-binding site in the LGI3
EPTP B-propeller. Ca®* and water molecules are shown as gray and red spheres, respectively. Sticks, Ca®*-interacting residues; dotted lines, hydrogen bonds.
(C) Shown are western blots (WBs) of LGIs-V5 in the conditioned medium (secreted) and the cell lysates. Bottom, quantification of the amounts of secreted LGl
proteins. n = 3 experiments. Mann-Whitney U test. *p < 0.05. Mean + SD.

(D) Fluorescence in situ hybridization (FISH) analysis for Lgi3, Lgi1, and Lgi2 expression in the mouse brain (P125). Red, Lgi3, Lgi1, or Lgi2; green, Mbp. White
arrows, Mbp*/Lgi3* cells; yellow arrows, Mbp~/Lgi3* cells; white arrowheads, Mbp*/Lgi1~ or Mbp*/Lgi2™ cells; yellow arrowheads, Mbp™/Lgi1* or Mbp~/Lgi2*
cells. Nuclear DNA was stained by DAPI (blue). CC, corpus callosum; Cb, cerebellum; WM, white matter; L5/6, cortical layers V and VI. Scale bars, 10 um.

(E) WB analysis of LGI family proteins in the lysates of the mouse brains and primary cultured cortical neurons. N-cadherin, a loading control. P, postnatal days;
DIV, days in vitro.

(F) WB analysis of Lgi3->*"~E" and L gi3->**/2E1:\bp-Cre mouse brain lysates (P35).

See also Figure S1 and Table S1.

(Lgi3™ ™ mouse) (Figures 2A and S2A). Lgi3™ ™ mice were  fluorescence staining for LGI3-FH and LGI1 revealed their mutu-

viable and did not show detectable developmental defects.
Immunohistochemical analysis using anti-FH tag antibody®®
showed that LGI3 was broadly distributed in the myelin-rich re-
gions of the brain such as deeper layers of the cortex, corpus
callosum, internal capsule, thalamus, midbrain, medulla, and
cerebellar white matter (Figure 2B), where LGI3 largely overlap-
ped with MBP (Figures 2C and S2B). The specificity of experi-
ments was validated by using wild-type mice as a negative
control (Figures 2B, 2C, and S2B). Interestingly, double immuno-

ally exclusive distribution patterns (Figure 2B): LGI1 was less ex-
pressed in the myelin-rich regions but strongly expressed in the
cortical and hippocampal neuropil, suggesting their distinct
functions in the brain. Consistently, biochemical subcellular frac-
tionation of the mouse brain showed that LGI3-FH in the knockin
mouse as well as authentic LGI3 in the wild-type mouse were
highly enriched in the myelin fraction like MBP, and only a trace
amount of LGI3 was detected in the synaptosomal fraction
(Figure 2D).
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A higher-magnification image shows that LGI3-FH labeling
was excluded from somata of CC-1* mature oligodendrocytes
but specifically appeared in paintbrush-like clusters along the
surrounding axonal tract (Figure 2E). To determine the localiza-
tion of LGI3 along myelinated axons, we co-labeled LGI3-FH
with marker proteins for perinodal axonal domains: ankyrinG
for nodes of Ranvier, Caspri for paranodes, and Caspr2 for
JXPs. In the brain and sciatic nerves, LGI3 was found in discrete,
micrometer-sized clusters that were flanked by paranodal
Caspr1 clusters on one proximal side and segregated from nodal
ankyrinG clusters (Figure 2F) and was co-labeled with juxtapar-
anodal Caspr2 (Figure 2G). Besides the axonal JXP, LGI3 was
expressed in the molecular layer and the basket cell terminal
(Pinceau) in the cerebellum (Figure S2C). These results indicate
that the vast majority of LGI3 proteins expressed in the brain
are secreted from oligodendrocytes and accumulated specif-
ically at the JXP of myelinated axons.

LGI3 interacts with ADAM23 family, LGl family, and Kv1
channels in the mouse brain

To comprehensively identify the LGI3-associated protein com-
plexes in the brain, tandem-affinity purification (TAP) of LGI3-FH
was performed from Lgi3™'F mouse brain extracts. To efficiently
solubilize proteins in the lipid-rich myelin fraction, we employed
the high-stringency buffer condition including 2% Fos-Choline-
14."° Silver staining of the TAP eluates detected the specific
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Figure 2. LGI3 is clustered at the JXP of
myelinated axons

(A) Schematic image of FLAG-Hisx6 (FH)-tagged
LGI3 protein.

(B) Distributions of LGI3-FH (red) and LGI1 (green)
in the mouse brain.

(C) LGI3-FH is co-localized with MBP in the
subcortical white matter (P166). Insets, wild-type
mouse brain.

(D) Biochemical subcellular fractionation of LGI3 in
the mouse brain (P34).

(E) LGI3-FH is not detected in the soma of oligo-
dendrocytes in Lgi3"™ mice (P183). CC-1,
cytoplasmic oligodendrocyte marker protein.
White arrowheads, LGI3-FH clusters; yellow ar-
rowheads, somata of oligodendrocytes.

(F and G) LGI3 is clustered at the JXP in the mouse
brain and sciatic nerves. Sections are triple labeled
by antibodies to (F) FH tag (LGI3-FH, red), Caspr1
(green, a paranode marker), and ankyrinG (blue, a
node marker);

(G) Hisx6 tag (LGI3-FH, green), Caspr2 (red, a JXP
marker), and ankyrinG (blue, in the merged image)
in the internal capsule.

Arrows (in F, bottom) indicate LGI3-FH signals at
the JXP. CC, corpus callosum; Str, striatum; Cb,
i cerebellum; WM, white matter; SN, sciatic nerves.
P100 mouse tissue sections were used (B, F, and
G). Scale bars, 1 mm (B), 250 um (C), 10 um (E and
F, top), and 5 um (F, bottom, and G).

See also Figure S2.

LGI3(FH)_CC-1

+AnkyrinG

bands purified from Lgi3™™ mouse brain extracts (Figure 3A).

Shotgun proteomics with label-free quantification identified 130
LGlI3-associated proteins with significant enrichment (>4-fold
enrichment in Lgi3™™™ versus wild-type and p < 0.05, 4 repli-
cates), including (1) ADAM11/22/23 family members, (2) LGI fam-
ily members (LGI1, LGI2, LGl4), (3) Shaker-type voltage-depen-
dent potassium channels (Kv1.x/Kcna, Kvp2/Kcnab2), (4)
PTPR-N family members (PTPR-N, PTPR-N2), transmembrane
proteins involved in the secretion process,*'**? and (5) other trans-
membrane proteins (Figure 3B; Table S2). Importantly, PSD-95-
like MAGUK proteins, which are the major components of the
LGI1-associated protein complexes in the brain,”® were not de-
tected in any replicates. Western blotting confirmed the
interactions of LGI3 with ADAM23, ADAM22, and ADAM11 (Fig-
ure 3C). ADAM23 showed the highest recovery among the family
members, in agreement with its greatest enrichment in label-free
quantitative proteomics (Figure 3B). Although the mass spec-
trometry-based analysis assigned six alpha subunits of Kv1 chan-
nels (Kcnail, -2, -3, -4, -6, and -10) (Figure 3B), the unique sets of
isoform-specific peptides were detected only from Kv1.1 and
Kv1.2 isoforms (Kcnal and -2) (Table S3). Consistently, Kv1.1
and Kv1.2 were detected by their specific antibodies in the TAP
eluates but Kv1.3 and Kv1.4 were not (Figure 3C). Thus,
ADAM23 is a predominant receptor for LGI3, and Kv1.1 and
Kv1.2 are the main components of Kv1 channels associated
with LGI3. Although the well-established protein associations
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Figure 3. LGI3 interacts with ADAM23 family, LGI family, and Kv1 channel proteins and co-clusters at the JXP in the brain

(A) In vivo LGI3-associated protein complex purified from the Lgi3™FH mouse brain (~P100). Asterisks, specific bands co-purified with LGI3-FH.

(B) LGI3-interacting protein-protein networks in the mouse brain. Thresholds for enrichment are shown by gray dashed lines. Light gray dots, proteins with
subthreshold values; gray dots above thresholds, proteins in other categories. All protein data (997 proteins) for the plot are shown in Table S2. n = 2 independent
TAP experiments (with two shotgun MS per sample).

(C) Shown are WBs of input and TAP eluates with the indicated antibodies.

(D and E) Co-localization of LGI3 with ADAM23 family proteins and Kv1.2 channels at the JXP.

(F) The endogenous LGI1 protein (endoLGl1) (Lgi7*/*, left) and neuronally expressed LGI1-FH driven by Thy1 promoter in an Lgi7 KO background (Lgi1 ’/’;Thy7-
Lgi1-FH mouse) were detected at the JXP.

(G) Localization of LGI2 at the JXP in the cerebellar white matter (Cb).

P100 (D, E, and G) and P36 (F) mouse brain sections were used. Scale bars, 10 um (D and E, left), 5 um (F and G), and 1 um (D and E, right).

See also Figures S3 and S4 and Tables S2 and S3.

ADAM22-MAGUKs""'%*® and Kv1 channel-Caspr2**>** were not
observed in the LGI3 protein complex under the present condi-
tion, we cannot exclude the possibility that our solubilization
condition using Fos-Choline-14 may dissociate peripheral inter-
actions of the LGI3 protein complex.

Next, we investigated the mode of interactions of LGI3 with
ADAM23 or Kv1 channels. Consistent with previous data,?” the
surface-bound LGI3 was specifically detected when co-ex-
pressed with ADAM23 in COS7 cells, showing the interaction
of secreted LGI3 with the ectodomain of ADAM23 (Figure S3A).
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Although LGI3 showed less binding activity to ADAM23 than
LG, their differential binding properties are likely due to the mi-
nor amino acid differences between LGI1 and LGI3 in the
ADAM22-binding interface previously determined in LGI1 (Fig-
ure S3B)."* In contrast, secreted LGI3 did not bind to the cell-sur-
face-expressed Kv1.1 or Kv1.2 (Figure S3C), suggesting that the
association of LGI3 with Kv1 in the brain is indirect and mediated
by ADAM23 family proteins. In fact, co-expression of ADAM23
with Kv1.4 showed their co-localization at the cell surface (Fig-
ure S3D). Obtained co-localization signals were specific, as no
clear co-localization was observed when unrelated membrane-
localized proteins, DPP10 or N-cadherin, were expressed
instead of Kv1.4 or ADAM23, respectively. Furthermore, we
examined whether ADAM23 is recruited into cell surface clusters
with Kv1 channels and PSD-95 in heterologous cells as previ-
ously shown for ADAM22-Kv1 channel-PSD-93/95 complexes*®
(Figure S3E). When Kv1.4 and PSD-95 were co-expressed in
COS7 cells, large plaque-like co-clusters were formed as previ-
ously reported,” while ADAM23 co-expressed with Kv1.4 or
PSD-95 did not form robust clusters. Importantly, ADAM23
was recruited into large surface clusters when co-expressed
with Kv1.4 and PSD-95. This co-clustering activity is specific
for ADAM23, as N-cadherin was not recruited to the PSD-95-
Kv1.4 clusters (Figure S3F). Given that ADAM23 does not have
a PDZ-binding motif, the recruitment of ADAM23 into the large
surface clusters might be mediated by the direct interaction be-
tween ADAM23 and Kv1.4.

LGI3 is co-clustered with ADAM23 family, LGI family,
and Kv1 channels at the JXP
We asked whether the identified LGI3-associated proteins,
including the ADAM23 family, Kv1 channels, and the LGl family,
are indeed co-localized with LGI3 at the JXP. Juxtaparanodal
localization of ADAM22 in the PNS and CNS*® and ADAM23 in
the PNS?° was previously shown. We found that ADAM23,
ADAM22, and ADAM11 were co-clustered with LGI3 at the JXP
in the myelin-rich regions of the brain (Figures 3D and S4A).
LGI3 clusters also occurred with Kv1.2 at the JXP in various brain
regions (Figures 3E and S4B). Kv1.1 and Kv1.2 are distributed to
multiple axonal domains beyond the JXP, such as the axon initial
segment (AIS) and presynaptic terminal in the CNS.%*%° Similarly,
ADAM23 family members occur at the synapse, AIS, and
JXP.2%43:46 |n contrast, LGI3 was not evidently observed at the
AIS (the ankyrinG-positive region without the flanking Caspr1
signals) (Figure S4C) nor at the synapse-enriched neuropil
(Figures 2B, 2C, and S2B), fitting with the fact that synapses
and AlSs are not covered by oligodendrocyte-produced myelin
sheaths.

Consistently with highly specific interactions of LGl family pro-
teins with LGI3 (Figure 3B), we noted that endogenous LGI1 was
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also detected at the JXP (Figure 3F, left, and S4D), although LGI1
immunoreactivity was relatively weak in myelin-rich regions (Fig-
ure 2B). Accordingly, LGI1 was detected in the biochemically
fractionated myelin fraction as well as the synaptosomal fraction
(Figure S4E). Because LgiT mRNA was not detected in oligoden-
drocytes (Figure 1D), it is conceivable that LGI1 is synthesized in
and secreted by neurons and that a small fraction reaches the
JXP. To address this hypothesis, we used the transgenic mouse
in which Lgi7-FH was driven by the neuron-specific Thy1 pro-
moter in an Lgi1 KO background (Lgi1~'~;Thy1-Lgi1-FH).2° We
found that neuronally expressed LGI1-FH was clustered at the
JXP (Figure 3F, right). Endogenous LGI2, which is neuronally ex-
pressed (Figure 1D), was also labeled at the JXP by the specific
antibody (Figures 3G and S4F). These results indicate that LGl
proteins derived from both neurons and oligodendrocytes co-
occur at the JXP. Therefore, LGI3 is a unique LGI family member
that acts predominantly at the JXP in the brain.

LGI3 and its associated proteins form nanoscale
subclusters at the JXP

Recent stimulated emission depletion (STED) imaging of the
sciatic nerve axons revealed that the nodal and paranodal pro-
teins are finely aligned with a ~190 nm longitudinal periodicity.*”
Periodic organization of Kv1 channels is also observed along
the AIS in cultured hippocampal neurons but not at the JXP in
sciatic nerves”’ (Figure S5A). Freeze-fracture replica immunogold
labeling suggested that juxtaparanodal Kv1 channels form
densely packed “rosette”-like clusters in mouse sciatic nerves.*®
We then examined nanoscale organizations of LGI3 and its asso-
ciated proteins at the JXP with STED imaging. Two-color STED
microscopy of the myelinated axons in the corpus callosum visu-
alized clear segregation between Caspr1-labeled regions (para-
nodes) and ADAM23-labeled regions (JXPs) with their comple-
mentary labeling at the transition (Figure 4A), as previously
described for neurofascin (paranodes) and Kv1.2 (JXP) in sciatic
nerves.”” Importantly, LGI3 and ADAM23 as well as Kv1 channels
were accumulated to form relatively uniform-sized subclusters at
the nanoscale (Figure 4B). The average diameter of LGI3 subclus-
ters was ~90 nm in the distal JXP of the myelinated large axons in
the medulla (full width at half maximum [FWHM] 89 + 25 nm, n =
100 subclusters; Figure 4B), and ADAM23 and Kv1 channel sub-
clusters were comparably sized. A representative juxtaparanodal
protein, Caspr2, showed essentially similar organizations. LGI3
nanoclusters were more densely detected in the proximal region
to paranodes than in the distal region (Figure 4B), and similar
nanoscale organizations were observed in various brain regions
such as cerebellar white matter, internal capsule, and cortex (Fig-
ure S5B). In contrast to the periodic alignment of paranodal pro-
teins previously observed,*’ the nanoclusters of LGI3, ADAM23,
and Kv1 channels did not apparently show the ordered alignment,

Figure 4. LGI3 and its associated proteins form nanoscale subclusters at the JXP

(A) Two-color (2C) STED imaging of Caspr1 and ADAM23 at the perinodal axon in corpus callosum (CC).

(B) STED imaging of the large axons in the medulla. Dashed boxes are magnified in the middle two images (proximal and distal). The size of subclusters at the
distal JXP is measured (bottom graphs). Red lines represent the mean value. FWHM, full width at half maximum.

(C) 2C STED imaging of the juxtaparanodal proteins.

P100 Lgi3™F mouse brain sections were used. Scale bars, 1 um (A, left, and B, top) and 100 nm (A and B, magnified, and C).

See also Figure S5.
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especially in the distal-sparse regions. Two-color STED imaging
showed that subclusters of LGI3, ADAM23, and Kv1 channels
closely occurred and partially overlapped with each other
(Figures 4C and S5C). The present Kv1 channel nanocluster remi-
niscently represents the juxtaparanodal rosette-like cluster of the
sciatic neurons in which six Kv1 channels are tightly packed.*® Itis
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Figure 5. Loss of LGI3 specifically reduces

Swgﬁ brain ADAM23, ADAM22, and Kvi channels in
th lin fraction without affecti li-
Synaptosomes e myelin fraction without affecting myeli

*
*

nation

(A) Shown are representative WBs of the whole-
brain lysates and subcellular fractions of wild-type
(*'*) and Lgi3~~ mice (~P100) (left). The graph
shows protein levels of the Lgi3~’~ mouse brains
i relative to those of wild type (right). n = 5 mice per
genotype. Mann-Whitney U test. *p < 0.01.
Mean = SD.

(B) Immunostaining for MBP in the neocortex and
subcortical regions of the young (P10) and adult
(P100) mouse brains. CC, corpus callosum; Str,
striatum; Ctx, cortex.

(C) Immunohistochemistry for CC-1 (mature
il oligodendrocyte marker, green) and Olig2 (ex-
pressed throughout the oligodendrocyte lineage,
red) in the CC (P50). Nuclear DNA was stained by
TO-PRO3 (blue). Bottom, quantification of the
number of CC-1* cells and Olig2* cells. n = 3 mice
per genotype. Two-tailed Student’s t test. NS, not
significant. Mean + SD.
Scale bars, 100 um (B) and 50 um (C).
See also Figure S6.
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highly plausible that the LGI3/ADAM23-
packed nanoclusters could make close
contact with Kv1 rosette clusters at the
JXP of the CNS neurons, reflecting their
physical interactions.

Loss of LGI3 specifically reduces
ADAM23, ADAM22, and Kv1
channels in the myelin fraction
without affecting myelination

To investigate the in vivo physiological
roles of LGI3, we utilized an Lgi3 mutant
mouse harboring a large deletion at the
C-terminal region (c.1356_1634del
[p.Glu452_Val544del]), which was ob-
tained in the process of generating the
Lgi3-FH knockin mouse by the CRISPR-
Cas9 system (Figure S6A). The LGI3 pro-
tein expression was lost in the homozy-
gous mutant mouse brain (Figure S6B).
We confirmed the null secretion of the
mutant protein from transfected HEK293T
cells even if the mutant gene was overex-
pressed (Figure S6C). Thus, we used this
LGI3-null mutant mouse as the Lgi3 KO
mouse (hereafter referred to as Lgi3~/~
mouse). Lgi3~'~ mice were viable and
fertile with no obvious developmental defects. We examined the
protein expression levels in adult mouse brains (~P100) and found
a great reduction of protein levels of ADAM23 and ADAM22 in the
myelin fraction of Lgi3 ™~ mice (by ~50% and ~40%, respec-
tively), whereas no changes were observed in the synaptosomal
fraction (Figure 5A). Importantly, the Kv1 protein levels in the

0
++ —I-
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myelin fraction were also significantly decreased in Lgi3~/~ mice
(by ~30%—-40%). The reductionin ADAM23 and Kv1 protein levels
was already evident in the younger mouse brain (P30) (Figure S6D).
In contrast, loss of LGI3 did not significantly alter protein levels of
ADAM11, LG, and Caspr2 (Figures 5A and S6D) and did not
induce the compensatory mRNA expression of Lgi7 and Lgi2 in
oligodendrocytes (Figure SGE).

Then, we asked whether myelination and oligogenesis are
affected in Lgi3~'~ mice, as alterations of protein expression pre-
dominantly occurred in the myelin fractions. Myelination of the
subcortical white matter and the cerebral cortex was indistin-
guishable between wild-type and Lgi3 ™'~ mice through the devel-
opmental early stage (P10) to adult (P100) (Figure 5B). Consis-
tently, MBP protein levels in the brain were not significantly
different between mouse genotypes (Figure S6F). We also found
that the numbers of oligodendrocyte lineage (Olig2* or CC-1*
cells) were comparable between genotypes (Figure 5C). These re-
sults together suggest that LGI3 deficiency selectively destabi-
lizes the protein complex containing ADAM23, ADAM22, and
Kv1 channelsinthe myelinated neurons without affecting myelina-
tion processes.

Loss of LGI3 disturbs ADAM23 and Kv1 channel
clustering at the JXP

Then, we investigated whether and how JXP and other axonal
domain formations are affected upon loss of LGI3. Immunohisto-
chemical analysis showed that the number and size of paranodal
Caspr1 clusters were comparable between wild-type and Lgi3 ™/~
mice in the cerebral cortex layers V and VI (L5/6) and corpus cal-
losum (Figures 6A and 6B), suggesting that the paranodal junc-
tionwasintactinthe Lgi3’/* mouse brain. In contrast, the number
of juxtaparanodal Kv1.1 and Kv1.2 clusters flanked by the para-
nodal Caspr1 signals was significantly reduced, and the longitu-
dinal cluster length was significantly shortened in the L5/6 of
Lgi3~'~ mice (Figures 6A and S7A) without affecting their fluores-
cence intensity (Figure S7B). The effects were modest in the
corpus callosum, but the length of Kv1.1 clusters was also signif-
icantly shortened (Figure 6B). Strikingly, we found a robust reduc-
tion in the number of ADAM23 clusters at the JXP in the L5/6 and
corpus callosum of Lgi3~'~ mice (Figure 6C). In contrast,
ADAM11 clusters were not significantly affected (Figure 6D).
Thus, the reduced clustering of Kv1 channels and ADAM23 at
the JXP of the Lgi3~'~ mice well corresponds to their reduced
protein levels in the myelin fraction (Figure 5A). The greater effects
on ADAM23 than on Kv1 channels suggest that LGI3 primarily
complexes with and stabilizes ADAM23 at the JXP. To examine
the role of ADAM23 in Kv1 channel clustering, Adam23 was
knocked out by the CRISPR-Cas9 system via stereotaxic ad-
eno-associated virus (AAV) injection in the brain of Cas9 knockin
mice (Rosa26°25%C29) (Figures 6F, 6G, and S7C). We found a sig-
nificant reduction in the juxtaparanodal clustering of LGI3, Kv1.1,
and Kv1.2 as well as ADAM23 in Adam23 KO axons in the cortex.
In contrast, there were no significant changes in the number of
clusters of the juxtaparanodal proteins in Adam22 KO axons.
These results indicate that the LGI3-ADAM23 complex regulates
Kv1 channel clustering at JXPs, although the contribution is
different among brain regions. Furthermore, STED microscopy
showed that the area covering the Kv1.1 nanocluster distribution
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at the JXP was significantly reduced in the Lgi3~/~ mice (Fig-
ure BE) (wild type, 2.86 + 0.80 um; Lgi3~’~ mice, 1.70 + 0.46 yum
n = 18 [wild type] and n = 17 [Lgi3~/~]; Student’s t test: p =
4.6E—6). At present, it is technically difficult with the still-limited
resolution of STED microscopy to exactly evaluate the number
of nanoclusters, which are densely distributed in small-diameter
and randomly oriented CNS axons. However, the size of nano-
clusters of Kv1.1 resolved with STED microscopy was not appar-
ently altered in Lgi3~'~ mice, suggesting that the reduction of jux-
taparanodal Kv1.1 clustering is attributed to the decrease in the
number of Kv1.1 nanoclusters.

Next, we asked whether the residual clustering of Kv1.1 and
ADAM23 at the JXP in Lgi3~’~ mice depends on other LGI family
proteins. Because Lgi1 ™/~ mice die within postnatal 3 weeks
before adequate myelination,”® we obtained Lgi1*'~;Lgi3™"~
mice, which had a heterozygous Lgi1 KO allele on the Lgi3 ™/~
background. However, no additional effects on the clustering
of juxtaparanodal Kvi.1 and ADAM23 were observed in
Lgi1*'~;Lgi3~’~ mice (Figures S7D and S7E).

LGI3 regulates short-term synaptic plasticity through
juxtaparanodal Kv1 channels

Axonal Kv1.1 and Kv1.2 channels regulate the conduction of ac-
tion potential waveforms to presynaptic terminals.’®>" This may
affect neurotransmitter release and short-term synaptic plas-
ticity.>*°° We then asked whether the reduction in juxtaparanodal
Kv1 channel clustering in Lgi3~/~ mice affects synaptic proper-
ties in response to repetitive presynaptic cell firings. We investi-
gated synaptic transmission of callosally projecting cortical cells
in wild-type or Lgi3~’~ mice. Channelrhodopsin-2 (ChR2) was
selectively expressed in L2/3 pyramidal cells (PCs) in the cortex
by in utero electroporation at embryonic day 15. Whole-cell re-
cordings were obtained from L5 PCs in the contralateral motor
cortex of the mouse (P65-P85), while axons of L2/3 callosal neu-
rons expressing ChR2 were stimulated by light illumination to the
callosal white matter (Figure 7A, blue circle). When repetitive
stimulations were applied in the control mice, synaptic currents
evoked by each stimulus were gradually reduced (Figures 7B
and 7C; excitatory postsynaptic current [EPSC] amplitude ratio
[mean + SD]: second to first response (2nd/1st), 0.70 + 0.072;
third to first response (3rd/1st), 0.52 + 0.11), exhibiting short-
term depression (STD). Strikingly, the second and third EPSC re-
sponses relative to the first response in Lgi3~’~ mice were signif-
icantly higher than in wild-type control (Figures 7B and 7C; ratio:
2nd/1st, 0.95 + 0.16 and 3rd/1st, 0.88 + 0.19; Welch’s t test
[Lgi3~'~ versus control]: p = 1.4E—5 [2nd/1st] and 1.1E—6 [3rd/
1st], respectively), indicating that STD was greatly suppressed
in Lgi3’/ ~ mice. In addition, we compared synaptic dynamics
evoked by light illumination to the center of recording L5 PC
soma (soma stimulation) (Figure 7A, green circle), which would
include synaptic currents induced by ChR2-mediated direct de-
polarization of the presynaptic terminals. Although the sup-
pressed STD was observed in the Lgi3 '~ slices by soma stimu-
lation, the extent of suppression was less than that by white
matter stimulation (Figure 7D). Physiological properties of L5
PCs observed in the current-clamp mode were not significantly
different between genotypes (Table S4). Taken together, these
results suggest that LGI3 plays an essential role in short-term
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Figure 6. Loss of LGI3 disturbs ADAM23 and Kv1 channel clustering at the JXP

(A and B) Immunohistochemistry for Kv1.1 and axonal domain marker proteins in the L5/6 (A) and CC (B) of the wild-type (*/*) and Lgi3’/’ mice (left). Magnified
images are shown at the bottom. The number and size of Caspr1 clusters and the number and length of juxtaparanodal Kv1.1 clusters are quantified (right
graphs).

(C and D) The number of ADAM23 clusters at the JXP is significantly reduced in the L5/6 and CC of Lgi3’/’ mice (C), while that of ADAM11 clusters is not
affected (D).

(E) Representative STED images of juxtaparanodal Kv1.1 clustering in the L5/6 of wild-type (**) and Lgi3’/’ mice.

(F) Schematic illustration of stereotaxic injection of AAV for Adam23 family gene KO by the CRISPR-Cas9 system. AAV-DJ-expressing sgRNA for Adam23 or
Adam?22 and a reporter mCherry were injected into the primary motor cortex of Rosa26°2%/3° knockin mice (~P40). Juxtaparanodal cluster formation on the
mCherry* axons in the contralateral cortex (blue square) was evaluated at 8 weeks after injection.

(G) Representative images of the juxtaparanodal proteins (grayscale or blue) on the mCherry* (red) axons are shown. The number of juxtaparanodal protein
clusters (ratio to Caspr1 clusters, green) was significantly reduced in the Adam23 KO axons.

(A-E) Wild-type mice, P100-P119; Lgi3~'~ mice, P100. (A-D) n = 3 mice per genotype. Mann-Whitney U test. **p < 0.01 and ***p < 0.001. Mean = SD. (G) n = 4
experiments, one-way ANOVA post hoc Tukey’s test. NS, not significant. *“p < 0.01. mean + SD. Scale bars, 10 um (A and B, top), 5 um (A and B, bottom, C, and
D), 1 um (E), and 10 um (G).

See also Figure S7.
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Figure 7. LGI3 regulates short-term synaptic plasticity through juxtaparanodal Kv1 channels

(A) Schematic electrophysiological experiments. Blue and green circles represent light illumination to the white matter and to the center of recording L5a py-
ramidal cell (PC) soma, respectively.

(B) Representative averaged current trace of L5a PC in response to repetitive stimulations by light illumination (1 ms duration, 20 Hz, light blue bars) to the white
matter axons of ChR2* L2/3 callosal neurons.

(C and D) EPSC amplitude ratio (second to first and third to first responses, respectively) of L5a PCs in the wild-type (**) or Lgi3 '~ mouse brain slices evoked by
white matter (C) or soma stimulation (D). Wild-type, n = 13 and 12; Lgi3~~, n = 16 and 15 (white matter and soma stimulation, respectively). Welch’s t test.
*p < 0.01, **p < 0.001, **p < 0.0001, and ****p < 0.00001. Mean + SD.

(E and F) Blockade of Kv1 channels suppresses STD inductions in wild-type but not in Lgi3~~ mice. Ratio of EPSC evoked by white matter stimulation before and
during bath application of (E) 100 uM 4-AP and (F) 100 nM DTX-Il. Wilcoxon signed-rank test. NS, not significant. *p < 0.05.

(G and H) Presynaptic terminals on recorded L5a PCs were directly stimulated by soma stimulation in the presence of 1 uM TTX before and during bath application
of 100 uM 4-AP (G) or 100 nM DTX-I (H). Wilcoxon signed-rank test. NS, not significant.

(I) LGI3 is exclusively localized in non-presynaptic regions of the mouse cortex in contrast to LGI1. Dashed white square area is magnified (bottom). Manders co-
localization coefficient of vGlut1/2 with LGI3 or LGI1 is shown in the graph. Scale bars, 10 um (top) and 5 um (magnified, bottom). n = 3 experiments. Mean + SD.

(legend continued on next page)
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plasticity by regulating action potential waveform conduction
over the axon.

Next, to determine whether the suppression of STD in the
Lgi3~’~ brain slice results from the reduced Kv1 channel function
atthe JXP, we applied potassium channelinhibitors to the bath so-
lutions. In the wild-type controls, application of 4-aminopyridine
(4-AP; 100 uM), a broad-spectrum inhibitor of Kv channels,
significantly suppressed STD of synaptic currents induced by
the repetitive white matter stimulation (Figure 7E, left), showing
the comparable effects on STD to that of the loss of LGI3 (Fig-
ure 7E, right, 4-AP[-]). In contrast, 4-AP treatment did not affect
the synaptic dynamics in the Lgi3~~ brain slice (Figure 7E, right).
Then, we employed a specific blocker of Kv1.1, Kv1.2, and Kv1.6
subtypes, dendrotoxin-I (DTX-I; 100 nM®*®%) (Figure 7F). DTX-I
showed essentially the same effects as 4-AP: STD suppression
in wild-type but not in Lgi3~’~ brain slices. Thus, LGI3 loss and
DTX-I-mediated Kv1 channel blockade similarly suppressed
STD, and loss of LGI3 completely canceled the DTX-I inhibitory
effects.

To further specify the role of LGI3-Kv1 channel clusters at
JXPs separate from presynaptic Kv1 channels, we extracted
synaptic events evoked by repetitive stimulations of presynaptic
buttons in the soma-stimulation paradigm accompanied by
tetrodotoxin (TTX) application (Figures 7G and 7H). Light stimu-
lation of ChR2 in the presence of TTX directly depolarizes the
presynaptic terminals under the conditions in which action po-
tential generation and propagation along the stimulated axons
are blocked. In the wild-type control slices, STD was induced
by soma stimulation in the presence of TTX, and STD inductions
were not suppressed by 4-AP or DTX application, indicating that
presynaptic Kv1 channels are not involved in the soma-stimula-
tion-induced STD. Importantly, the soma-stimulation-induced
STD was similarly observed in Lgi3~'~ brain slices and was not
blocked by 4-AP or DTX treatment. These results strongly sug-
gest that the partial suppression of STD in the soma stimulation
of Lgi3*/* slices in Figure 7D is not due to the dysfunction of pre-
synaptic Kv1 channels but is rather attributed to the defect in jux-
taparanodal Kv1 channel function of distal parts of L2/3 axons
within L5 (Figures 7G and 7H). Also, no significant differences
in the resting membrane potential, input resistance, spike
threshold, spike height, and spike width of L2/3 PCs were found
between wild-type and Lgi3~'~ mice (Table S5), supporting the
specific effect of loss of LGI3 on the Kv1 channel function at
JXPs. Consistently, LGI3 was neither co-localized with nor
apposed to presynaptic vGlut1/2 in the cerebral cortex, whereas
LGI1 was co-localized with vGlut1/2 (Figure 71). These results
indicate that LGI3 is not distributed to the presynapse in the ce-
rebral cortex, excluding the possibility that presynaptic Kv1
channels are affected in Lgi3 ™'~ mice. We also observed no sig-
nificant changes in presynaptic Kv1.2 channel densities (Fig-
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ure 7J) or in vGlut1/2* synapse number (1.00- + 0.36-fold to
wild type, Student’s t test: p = 0.99) in the L5/6 cortex of Lgi3 "/~
mice.

Finally, we performed loose-patch recordings from callosal
axons and analyzed the waveform of action potentials (Figures 7K
and 7L). In the wild-type brain slice, we detected a significant
reduction of the repolarization phase of the action potential (anti-
peak amplitude) by DTX-I treatment. This result indicates that
juxtaparanodal Kv1 channels are involved in the repolarization
phase of the action potential as reported.”®*" In contrast, the
repolarization phase of the action potentials was not affected
by DTX-I application in the Lgi3~~ brain slices, supporting the
specific impairment in juxtaparanodal Kv1 channels in Lgi3 ™/~
mice. Taken together, we conclude that loss of LGI3 specifically
affects juxtaparanodal Kv1 channels separate from non-juxtapar-
anodal Kv1 channels, leading to alterations in cerebral STD
inductions.

Behavioral analysis of Lgi3”’ mice

Toaccess the behavioral or cognitive phenotypes of Lgi3 ™~ mice,
we investigated the ability of motor coordination and learning by
the accelerating rotarod test (Figure S8A) and spatial learning
and memory by the Morris water maze task (Figures S8B-S8D).
We found no significant difference in both experiments between
wild-type and Lgi3~'~ mice, although Lgi3~~ mice showed a ten-
dency to perform lower on the probe test on day 3 of the Morris
water maze task (Figure S8C; Student’s t test: p = 0.12 [Lgi3 '~
versus control]).

Then, to further assess the higher cognitive function of Lgi3~/~
mice, we employed the IntelliCage system, which allows us to
test several behavioral tasks sequentially under the grouped-
housing condition with limited intervention of experimenters®®
(Figures S8E-S8J). There was no significant difference between
wild-type and Lgi3’/’ mice in exploratory behavior (Figure S8F)
or in basal activity (Figure S8G). To investigate the learning ability
and behavioral flexibility of Lgi3~'~ mice, we used a task called
SP-FLEX, where the mice could obtain the reward (drinking wa-
ter) by shuttling between two corners while adapting to its posi-
tional shifts®®° (Figure S8H). First, in the complete shift (CS)-
only task, the rewarding corner pairs were positioned diagonally,
and the positions alternated between the two diagonal patterns
(Figure S8l). Second, in the complete and partial shift (CS-PS)
shuffled task, the rewarding corner pairs were positioned either
diagonally or adjacently, which made the task more complicated
(Figure S84). Although Lgi3~’~ mice tended to require more trials
to reach the criterion than wild-type mice both in the middle
phases (CS2-4) of the CS-only task and in the beginning phases
of the CS-PS shuffled task, no significant differences were
observed between genotypes. Thus, under the present

(J) Presynaptic Kv1 channels are not altered in Lgi3~/~ mice. The intensity of the Kv1.2 is quantified (graph). n = 6 experiments. Two-tailed Mann-Whitney U test.

NS, not significant. Mean + SD. Scale bars, 10 um.
(K and L) Loose-patch single-axon recordings in the CC.

(K) Inset shows the schematic loose-patch single-axon recording. S, stimulating electrode.

(L) Wilcoxon signed-rank test. NS, not significant. *p < 0.05.
Red lines represent the mean value (E-H and L).
See also Tables S4 and S5.
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experimental conditions, we observed no significant behavioral
alterations in Lgi3 ™'~ mice.

DISCUSSION

This study defines an essential role of the LGI3-ADAM23 com-
plex in Kv1 channel clustering at JXPs in the brain. Previous sin-
gle-particle, cryoelectron microscopy analysis showed that
LGI1-ADAM22 heterodimers further assemble to make a 2:2 or
3:3 higher-order complex.'* A subsequent study using STED mi-
croscopy suggests the trans-synaptic role of the LGI1-ADAM22
complex.'® These findings raise a possible trans-configuration of
LGI3-ADAM23 at the JXP, bridging the axon and the innermost
myelin membranes. Alternatively, LGI3-ADAM23 may function
in a cis fashion at the axon surface as an extracellular scaffold
to stabilize the preexisting Kv1 channel nanoclusters at the
JXP. Future higher-resolution microscopy analysis combined
with structural analysis will clarify the exact configuration of
LGI3-ADAM23 complexes at the JXP.

Because Kv1 channel subfamily members are abundantly and
widely expressed in various subcellular locations, such as the
synapse, AlS, and JXP,*? it has been difficult to dissect the spe-
cific role of individual Kv1 channel loci in the brain function. The
confined action of oligodendrocyte-derived LGI3 at the JXP
would specify an essential role of juxtaparanodal Kv1 channel
clustering in short-term plasticity. Short-term plasticity including
STD contributes to processing information and maintaining the
excitation-inhibition balance in the neural circuit,’’ and alter-
ations in short-term plasticity have been observed in neuropsy-
chiatric disease animal models.®>®>** Robust alterations in
short-term plasticity in Lgi3 '~ mice may sufficiently cause path-
ological abnormalities in neural circuits. Reinforcement of (resid-
ual) Kv1.1/1.2 functions could represent an intriguing therapeutic
strategy for a certain form of neurodevelopmental disorders.
Recently developed or proposed Kv1.1/1.2 modulators would
have the potential to alleviate such pathogenic conditions.®>-%®
Because KO mice of Kv1.1 and Kv1.2 display lethal epilepsy
and pathogenic variants of Kv1.1 and Kv1.2 cause severe
epileptic encephalopathy,”®"" the specific role of juxtaparanodal
Kv1 channels in short-term plasticity has been hidden. There-
fore, subcellular-specific analysis of disease-associated pro-
teins may provide useful information to understand the complex
pathophysiological mechanisms.

During the revision of this article, another related paper was
published in which LGI2/3-ADAM23 regulates juxtaparanodal
Kv1 channel clusters and the refractory period in myelinated
axons in the peripheral sciatic nerve and spinal cord.” Given
that biallelic LGI3 pathogenic variants cause peripheral nerve
hyperexcitability as well as moderate ID,”® these studies are
well complementary to each other, providing the potential PNS
and CNS pathogenic mechanisms. Clarifying the whole picture
of LGI-ADAM-family-related neurological/brain disorders will
contribute to discovering additional molecular pathways for brain
functioning and therapeutic strategies.

In this study, significant behavioral phenotypes were not
detected in Lgi3 KO mice, although a recent genetic study in
humans reported that 16 individuals with loss-of-function vari-
ants in LGI3 from eight families display peripheral nerve hyper-
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excitability syndrome accompanied by mild or moderate ID
with complete penetrance.”® Three possibilities are considered
for this discrepancy. First, behavioral paradigms tested were
not sensitive enough to detect subtle, mild cognitive abnormal-
ities. Second, our behavioral paradigms might not be suitable
to address specific behavioral phenotypes. Third, mice might
be more tolerant to loss of LGI3 than humans. In the case of
epilepsy-related LGI1, human patients with loss-of-function
heterozygous variants in LG/7 show spontaneous epileptic sei-
zures, whereas heterozygous Lgi7 KO mice show no sponta-
neous seizures.”>?° Further appropriate cognitive tests will
clarify the causative relationship between loss of function of
LGI3 and ID.

Limitation of the study

We observed the inhibitory effect of DTX-l on repolarization
phases of action potentials by the loose-patch recording from
wild-type callosal axons but not LGI3-deficient ones (Figures 7K
and 7L), suggesting that DTX-I treatment inhibits juxtaparanodal
Kv1 channels expressed beneath the myelin sheath. At present,
however, we cannot completely exclude the involvement of pools
of Kv1 channels other than juxtaparanodal channels, as one study
reported only 28% corpus callosum axons are myelinated in the
mouse.”*

The exact mode of interaction between LGI3-ADAM23 and
Kv1 channels remains unclear. Previous work showed that
LGI1-ADAM22 regulates Kv1 channel expression at the synapse
and AIS through the interaction of the cytoplasmic PDZ-binding
motif (PBM) of ADAM22 with the PDZ domain of MAGUKs. '¢-25:7>
In this scenario, MAGUKSs serve as the common scaffolding plat-
form for two PBM-containing proteins, ADAM22 and Kv1 chan-
nels. In contrast, LGI3-associated protein complexes include
abundant Kv1 channels but not MAGUKSs (Figure 3), probably
because ADAM23, a major receptor for LGI3, does not have
the PBM and the present stringent detergent condition may
dissociate peripheral Kv1 channel-MAGUK interaction.*® Our re-
sults suggest that LGI3-ADAM23-Kv1 channel association could
occur even in the absence of MAGUKSs. Given that ADAM23 is re-
cruited into large clusters of Kv1 channel-PSD-95 in COS7 cells
(Figure S3E), it is speculated that the LGI3-ADAM23-Kv1 chan-
nel complex is co-clustered with MAGUKSs at the JXP. Future
structural analysis will address whether and how the LGI3-
ADAM23 complex interacts with Kv1 channels and MAGUKSs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ADAM23 Yokoi et al.®® N/A

Rabbit polyclonal anti-ADAM23 Abcam Cat# ab28302;
RRID: AB_722575

Rabbit polyclonal anti-ADAM22 (extracellular) Muona et al.”® N/A

Rabbit polyclonal anti-ADAM11 This paper N/A

Rabbit polyclonal anti-Caspr2 Sigma-Aldrich Cat# C8737;
RRID: AB_2083511

Rabbit polyclonal anti-FH tag Yokoi et al.** N/A

(DYKDDDDKGGHHHHHH)

Rabbit polyclonal anti-LGI2
Rabbit polyclonal anti-LGI3
Rabbit polyclonal anti-LGl4
Rabbit polyclonal anti-Olig2

Rabbit polyclonal anti-N-cadherin

Rabbit monoclonal anti-HA-Tag (Clone C29F4)
Mouse monoclonal anti-ADAM22 (Clone N46/30)
Mouse monoclonal anti-B-catenin (Clone 14)
Mouse monoclonal anti-Caspr1 (Clone K65/35)
Mouse monoclonal anti-Caspr2 (Clone K67/25)
Mouse monoclonal anti-APC (Clone CC-1)
Mouse monoclonal anti-FLAG (Clone M2)
Mouse monoclonal anti-Hisx6 (Clone 9F2)
Mouse monoclonal anti-Kv1.1 (Clone K36/15)
Mouse monoclonal anti-Kv1.2 (Clone K14/16)
Mouse monoclonal anti-Kv1.3 (Clone L23/27)
Mouse monoclonal anti-Kv1.4 (Clone K13/31)

Mouse monoclonal anti-LGI1
Mouse monoclonal anti-MBP (Clone 1)

Mouse monoclonal anti-N-Cadherin (Clone 32)

Mouse monoclonal anti-PSD-95 (Clone 7E3-1B8)
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At | as Antibodies

Fukata et al.”®

This paper

Millipore

Santa Cruz Biotechnology
Cell Signaling Technology
NeuroMab

BD Biosciences
NeuroMab

NeuroMab

Millipore

Sigma-Aldrich

Fuijifilm Wako pure chemicals
NeuroMab

NeuroMab

NeuroMab

NeuroMab

Yokoi et al.*®

Millipore

BD Biosciences

Thermo Fisher Scientific

Cat# HPA017140; RRID: AB_1852833
N/A
N/A

Cat# AB9610
RRID: AB_570666

Cat# sc-7939;
RRID: AB_647794

Cat# 3724;
RRID: AB_1549585

Cat# 75-083;
RRID: AB_10675128

Cat# 610153;
RRID: AB_397554

Cat# 75-001;
RRID: AB_2083496

Cat# 75-075;
RRID: AB_2245198

Cat# OP-80;
RRID: AB_2057371

Cat# F3165;
RRID: AB_259529

Cat# 010-21861;
RRID: AB_2921308

Cat# 75-105;
RRID: AB_2128566

Cat#75-008;
RRID: AB_2296313

Cat# 75-009;
RRID: AB_2133637

Cat#75-010;
RRID: AB_2249726

N/A

Cat# MAB382;
RRID: AB_94971

Cat#610920;
RRID: AB_2077527

Cat# MA1-046;
RRID: AB_2092361
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse monoclonal anti-V5 (Clone SV5-Pk1)

Mouse monoclonal anti-HA (Clone 16B12)

Rat monoclonal anti-MBP (Clone 12)

Rat monoclonal anti-FLAG (Clone L5)

Thermo Fisher Scientific

Covance

Abcam

Novus

Cat# R960-25;
RRID: AB_2556564

Cat#MMS-101P;
RRID: AB_10064068

Cat# ab7349;
RRID: AB_305869

Cat# NBP1-06712; RRID: AB_1625981

Guinea pig polyclonal anti-ADAM22 Yokoi et al.*® N/A

Guinea pig polyclonal anti-Ankyrin-G Synaptic Systems Cati# 386005;
RRID: AB_2737033

Guinea pig polyclonal anti-LGI1 Yokoi et al.*® N/A

Guinea pig polyclonal anti-vGIuT1 Millipore Cat# AB5905;
RRID: AB_2301751

Guinea pig polyclonal anti-vGIuT2 Millipore Cat# AB2251;
RRID: AB_2665454

Human recombinant monoclonal Kornau et al.”” N/A

anti-LGI1 (clone AB060-110)

Bacterial and virus strains

Escherichia coli DH5 alpha cells Takara Bio Cat# 9057

Escherichia coli, Stellar Competent Cells Takara Bio Cat# 636763

Chemicals, peptides, and recombinant proteins

Papain Worthington Cat# LS003126

B-27 Thermo Fisher Scientific Cat# 17504044

GlutaMax Thermo Fisher Scientific Cat# 35050061

Horse serum, heat inactivated Thermo Fisher Scientific Cat# 26050088

Fetal bovine serum Sigma-Aldrich Cat# 172012

Polyethylenimine Sigma-Aldrich Cat# P3143

Rat tail Type | Collagen Corning Cat# 354236

DNase | from bovine pancreas Type IV Sigma-Aldrich Cat# D5025

Lipofectamine
Plus reagent

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 18324012
Cat# 11514015

Poly-D-lysine hydrobromide Sigma-Aldrich Cat# P6407
Hoechst 33342 Thermo Fisher Scientific Cat# H3570
Fos-Choline-14 Anatrace Cat# F312S
Anti-FLAG M2 affinity gel Merck Millipore Cat# A2220
FLAG peptide Sigma-Aldrich Cat# F3290
Ni-NTA Agarose Qiagen Cat# 30210
Sequencing Grade Modified Trypsin Promega Cat# V5113
Critical commercial assays

RNAscope Fluorescent Multiplex Reagent kit ACD 320850
RNAscope Target Probe - Mm-Lgi1 ACD 523191
RNAscope Target Probe - Mm-Lgi2 ACD 580991
RNAscope Target Probe - Mm-Lgi3 ACD 446531
RNAscope Target Probe - Mm-Mbp-C2 ACD 451491-C2
RNAscope Duplex Positive Control ACD 321651
Probe - Mm PPIB-C1/POLR2A-C2

RNAscope 2-plex Negative Control Probe ACD 320751
Deposited data

Mass spectrometry data This study ProteomeXchange: PXD047790

JPOST: JPST002419
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

COs7 ATCC Cat# CRL-1651
HEK293T ATCC Cat# CRL-3216
Rat primary hippocampal neurons N/A N/A

Mouse primary cortical neurons N/A N/A
Experimental models: Organisms/strains

Mouse: Lgi3-FH knock-in This paper N/A

Mouse: Lgi3 knockout This paper N/A

Mouse: Lgi1 knockout Fukata et al.® N/A

Mouse: Thy1-Lgi1-FH transgenic Fukata et al.”® N/A

Mouse: B57BL/6N Japan SLC N/A

Mouse: B6D2F1 Japan SLC N/A

Mouse: Actb-iCre Zhou et al.”® N/A

Mouse: Rosa26-LSL-Cas9 knock-in

Mouse: Rosa26-L-Cas9 knock-in
Mouse: Lgi3-LoxP
Mouse: Mbp-Cre transgenic

The Jackson Laboratory

This paper
Marafi et al.”®

RIKEN BRC

Niwa-Kawakita et al.”®

Cat# 026175;
RRID: IMSR_JAX:026175

N/A
MGl: 7331635
Cat# RBRC01461

Oligonucleotides

Primers for Lgi3-FH knock-in mouse genotyping:
Forward: GGCGACAGAAATTTGTACGGTTC
Reverse: CCAGGCCCACTTCTTTGTG

Primers for Lgi3 knockout mouse genotyping:
Forward: GTTCTCAGAAACAGTTTGTGGCTC
Reverse: CCACTTCTTTGTGTATGTGTGTG

Primers for LGI1 knockout mouse genotyping:
WT Forward: CAGATCCTTTGTGAGATCTGGTT
KO Forward: AGCGCATCGCCTTCTATCGCCTTC

Common Reverse: AGAAGGCTTATCCGAATACATGCC

Primers for Thy-1 LGI1-FH Tg mouse genotyping:
Forward: GCTTGACCAGATTCATTGGCGACT
Reverse: CTAATGGTGATGGTGATGATGACC

Primers for Actb-iCre mouse genotyping:
Forward: AATCAGCCCCTTCCACATGG
Reverse: CCGTAAGTTATGTAACGCGG

Primers for Rosa26-LSL-Cas9 knock-in
Forward: CTAGGCCACAGAATTGAAAGATCT
Reverse: GTAGGTGGAAATTCTAGCATCATCC
Wild-type allele:

Forward: AAGGGAGCTGCAGTGGAGTA
Reverse: CAGGACAACGCCCACACA

Primers for Lgi3-LoxP mouse genotyping:
Forward: AACTCCAACTGTGGCCGTGCAG
Reverse: CCTGTGAGTGTCTACCTAGCC
Common Reverse: GGCAGGAGTCTGGTCCATGC

Primers for Mbp-Cre Tg mouse genotyping:
Forward: AATGCTTCTGTCCGTTTGCC
Reverse: CTACACCAGAGACGGAAATC
Internal control:

Forward: CTAGGCCACAGAATTGAAAGATCT
Reverse: GTAGGTGGAAATTCTAGCATCATCC

This paper

This paper

Fukata et al.”®

Fukata et al.”®

Zhou et al.”®

This paper

Niwa-Kawakita et al.”®

RIKEN BRC #BRC01461

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pX330 Addgene Cati#t 42230
pX330: mouse Lgi3-exon8-gr#1 for This paper N/A
Lgi3-FH knock-in (for genome-editing)

pCAGGS: LGI1-HA Fukata et al.”® N/A
pCAGGS: LGI1-V5 Fukata et al.”® N/A
pCAGGS: LGI2-V5 This paper N/A
pCAGGS: LGI1-V5 E383A This paper N/A
pCAGGS: LGI3-HA Fukata et al.® N/A
pCAGGS: LGI3-V5 This paper N/A
pCAGGS: LGI3-V5 D331N This paper N/A
pCAGGS: LGI4-V5 This paper N/A
pCAGGS: ADAM23 Fukata et al.” N/A
pCAGGS: N-cadherin This paper N/A
pCAGGS: DPP10-HA Ohkawa et al.* N/A
PEGFP-N3: Kv1.1-HA Fukata et al.”® N/A
pEF-Bos: Kv1.2-HA This paper N/A
pEF-Bos: Kvp2-myc Fukata et al.”® N/A

pGW: Kv1.4-HA This paper N/A

pGW: PSD-95-FLAG Fukata et al.” N/A
pCAGGS: mCherry Otsuka et al.?’ N/A
pCAGGS-ChR2-Venus Addgene Cat# 15753

Software and algorithms

Mascot version 2.6.1

Proteome Discoverer software version 2.2

Leica LAS AF
Leica Application Suite X
Carl Zeiss ZEN software

Image Studio

Image Studio Lite

Fiji/imageJ

PyMOL

Axograph

Ekuseru-Tokei 2012 software
ClustalWw2

Igor Pro 9

Matrix Science

Thermo Fisher Scientific

Leica Microsystems
Leica Microsystems
Carl Zeiss

LI-COR
LI-COR
Schneider et a
Schrédinger, LLC
AxoGraph
BellCurve
EMBL-EBI
WaveMetrics

|-82

http://www.matrixscience.com/
mascot_support_v2_6.html

https://www.thermofisher.com/store/
products/OPTON-30945#/OPTON-30945

https://www.leica-microsystems.com/
https://www.leica-microsystems.com/

https://www.zeiss.com/microscopy/
us/home.html

https://www.licor.com/bio/jp/
https://www.licor.com/bio/jp/
https://imagej.net/software/fiji/
https://pymol.org/2/

https://axograph.com/

https://bellcurve.jp/
https://www.ebi.ac.uk/Tools/msa/clustalw2/

https://www.wavemetrics.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Masaki

Fukata (fukata.masaki.h6@f.mail.nagoya-u.ac.jp).

Materials availability

All unique/stable reagents generated in this study are available from the Lead contact upon reasonable request.
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Data and code availability
® The raw mass spectrometry data have been deposited to the ProteomeXchange Consortium (http://www.proteomexchange.
org/) via the jPOST partner repository (https://repository.jpostdb.org/) with the accession numbers: PXD047790 for
ProteomeXchange and JPST002419 for jPOST.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the Lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mouse strains used in this study include: Lgi3-FH knock-in (generated in the present study), Lgi3 KO (generated in the present study),
Lgi1 KO,?® Thy1-Lgi1-FH transgenic,?® Lgi3-LoxP’*"® (MGI: 7331635), Mbp-Cre transgenic (RIKEN BRC), Rosa26-LSL-Cas9 knock-
in (The Jackson Laboratory), and Actb-iCre knock-in mice,”® and C57BL/6N and B6D2F1 female mice (Japan SLC). They were bred
and maintained in the animal facility of National Institute for Physiological Sciences. There was no randomization of mice before anal-
ysis, and the mice used in this study were selected based purely on availability including male and female mice (except for female
mice to obtain embryonic mice and obtain fertilized eggs). Genotyping was performed using PCR primers as listed in Key resources
table. All animal studies were reviewed and approved by the ethics committees at National Institutes of Natural Sciences and were
performed according to the institutional guidelines concerning the care and handling of experimental animals.

Rat or mouse primary neuronal culture
Primary hippocampal neurons were obtained from rat embryos at embryonic day 19 and seeded onto poly-L-lysine-coated 12 mm
coverslips in 24-well plates in neurobasal medium supplemented with B-27 and 2 mM glutamax and 10% fetal bovine serum. After
3-h incubation, the media was changed to neurobasal medium supplemented with 2 mM glutamax and B-27.

Mouse cortical neurons were prepared from mouse embryos at embryonic day 16-17 and seeded onto 0.1% polyethylenimine and
50 pg/mL collagen |-coated 12-well plates.

Cell lines
HEK293T and COS7 cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum. Cells were
transfected using Lipofectamine plus (Thermo Fisher Scientific).

METHOD DETAILS

Plasmid constructions for protein expression in the heterologous cells

The cDNAs of ratLgi1 (NM_145769), mouse Lgi2 (NM_001310604.1), rat Lgi3 (NM_001107277), mouse Lgi4 (NM_144556.2), rat Kcna1
(Kv1.1,NM_173095.3), rat Kcna2 (Kv1.2, NM_012970.3), rat Kcnab2 (Kv2, NM_017304.2) and mouse Adam23 (NM_011780.3) were
cloned from rat or mouse brain total RNA by RT-PCR. The cDNAs encoding rat Lgi7 (residues 1-557) with 3'UTR, mouse Lgi2 (residues
1-542), rat Lgi3 (residues 1-548), and mouse Lgi4 (residues 1-537) tagged with V5 or HA, mouse Adam23 (non-tag), mouse Cdh2
(N-cadherin), and human DPP10 tagged with HA were subcloned into the pCAGGS vector. Rat Kcna1 (Kv1.1) tagged with HA was
subcloned into the pEGFP-N3 vector (EGFP is not expressed). Rat Kcna2 (Kv1.2) tagged with HA and rat Kcnab2 (KvB2) tagged
with Myc-tag were subcloned into pEF-BOS vector. Rat Kcna4 (Kv1.4) extracellularly tagged with HA and rat Dig4 (PSD-95) tagged
with FLAG were subcloned into pGW vector. Indicated mutations were introduced by site-directed mutagenesis. All PCR products
were analyzed and confirmed by DNA sequencing.

Secretion test of LGl mutant proteins

cDNAs for wild-type or variants of LGl proteins were transfected into HEK293T cells. At 24 h after transfection, cells were washed with
serum-free DMEM and cultured for an additional 24 h under serum-free conditions. Cell lysates and conditioned media were analyzed
by Western blotting. For Western blotting, chemical luminescent signals were detected with a cooled CCD camera (the FUSION Solo
system, Vilber-Lourmat).

Generation of Lgi3-FH knock-in and Lgi3 loss-of-function mutant (Lgi3 /") mouse

To generate the Lgi3-FH knock-in mouse, the single guide RNA (sgRNA) target sequence of mouse Lgi3 (NM_145219), 5-ACTGGTG-
TACCGACATGTTG-3’ (sgRNA#1), was subcloned into the pX330 (Addgene 42230) vector, which expresses Cas9 and sgRNA. For a
homology-directed repair (HDR) template DNA, the ~1.5 kb homology sequence flanking each side of the target sequence for mouse
Lgi3 was isolated by genomic PCR, and then the sequence encoding FH tag (5'-GGATCCGAATTCGACTACAAGGATGACGACGAC
AAGGGAGGTCATCATCACCATCACCAT-3') was inserted after the nucleotide position 1644 of the mouse Lgi3 coding sequence.
This corresponds to the position just after the last amino acid of Ala548 in the mouse LGI3. This template was identical to the
corresponding Lgi3 locus, except for four silent mutations (CGA CAT GTT GTG ->CGG CAC GTG GTC) to prevent the gene editing
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by the same sgRNA#1. The pX330 plasmid harboring sgRNA#1 and the linearized HDR template DNA were co-injected into fertilized
eggs, collected from superovulated B6D2F1 female mice (F1 hybrid between C57BL/6N and DBA/2) mated with C57BL/6N male
mice. To select the desired founder mice, obtained FO pups were screened by the genomic PCR analysis and subsequent direct
sequencing analyses using primer pairs located outside the homology arms. Besides the Lgi3-FH knock-in mouse, a mouse
harboring an allele with an in-frame deletion (c.1356_1634del, p.Glu452_Val544del) in the last exon (exon 8) of Lgi3 was also selected
as a candidate for a loss-of-function mutant mouse (Lgi3’/’ mouse). Then, the founder mice harboring the knock-in or deletion allele
were back-crossed with C57BL/6N mice. No genomic integration of the Cas9-cassette was confirmed by genomic PCR.

Generation of Lgi1*/;Lgi3 '~ mouse

Lgi1 heterozygous KO mice (Lgi1*'~)*® were crossbred with Lgi3~’~ mice to generate the Lgi1*'~;Lgi3"/~ mouse. The obtained
Lgi1*'~;Lgi3*'~ mice were bred with Lgi3~/~ mice to generate Lgi?*'~;Lgi3~'~ mice. Lgi1*'~;Lgi3~'~ mice are viable with no obvious
developmental defects.

Generation of Lgi3 oligodendrocyte-specific conditional knockout mouse

Lgi3-LoxP mouse in which two LoxP sites were inserted upstream and downstream of the first exon was previously generated using
a standardized gene recombination approach.”>”® Oligodendrocyte-specific deletion of Lgi3 gene was achieved by crossing the
Lgi3"°xp’* mouse with Mbp-Cre transgenic driver mouse in which Cre recombinase was expressed by Mbp promotor (RIKEN
BRC’®) generating Lgi3->F*;Mbp-Cre offspring. Lgi3“>"'*;Mbp-Cre mice were cross-bred with Lgi3-*""+ or Lgi3-**/->*F mice
obtained from intercrossed Lgi3-*"* mice breeding. We noticed that germline or early developmental recombination occurred
in the offspring leading to the deletion of one of the floxed exon 1 (AE1) and resulting in Lgi3-*2&1. Thus, we used littermates of
Lgi3-oP/AE1:\bp-Cre and Lgi3-*P/AE" (control) for the experiments to examine whether LGI3 is mainly expressed in oligodendro-
cytes in the mouse brain (Figure 1F).

Generation of Rosa26-Cas9 knock-in mouse

Rosa26-LSL-Cas9 knock-in mice which have a floxed-STOP cassette preventing expression of the downstream bicistronic se-
quences of Cas9 and EGFP in Rosa26 locus (The Jackson Laboratory) were cross-bred with Actib-iCre knock-in mice (Cre recom-
binase is expressed under the control of the human beta-actin gene promoter)’® to delete floxed-STOP cassette and systematically
express Cas9 gene (Rosa26°2%%*;Actb-iCre). Actib-iCre allele was removed by intercrossing for maintaining the mouse colony and
Rosa26-L-Cas9 knock-in mice (Rosa26°25%C2%%) were used for the experiments.

Biochemical analysis of mouse tissue and primary neuron lysates

Mouse tissues and organs were dissected and homogenized in 4 volumes of buffer H [20 mM Tris-HCI (pH8.0), 2 mM EDTA, 320 mM
sucrose, 200 ng/mL PMSF]. Mouse cortical neuron lysates were collected with buffer A [10 mM PBS (pH7.5), 5 mM EDTA, 4% SDS,
100 ng/mL PMSF]. Protein concentration was determined by the BCA protein assay (Thermo Fisher Scientific). For comparison of
protein levels, equal amounts of protein were subjected to Western blotting.

Subcellular fractionation to isolate crude myelin and synaptosomal fractions

Subcellular fractionation of the mouse brain was performed according to well-established discontinuous sucrose density gradient
protocols.®® Mouse brains were homogenized in 3 volumes of buffer containing 10 mM HEPES (pH7.4), 2 mM EDTA, 320 mM
sucrose, 200 pg/mL PMSF on ice with the Potter homogenizer. The molarity of homogenate was adjusted to 1.25 M sucrose, by
the addition of 2.0 M sucrose containing 10 mM HEPES (pH7.4). Homogenate was then layered with 1.0 and 0.32 M sucrose con-
taining 10 MM HEPES (pH7.4). After a 100,000 g overnight centrifugation at 4°C, the 0.32/1.0 M interface (crude myelin fractions) and
1.0/1.25 M interface (crude synaptosomal fractions) were collected. Each fraction was re-homogenized and protein concentrations
were determined by the BCA protein assay. Twenty pg of proteins of each fraction was analyzed by Western blotting.

Tandem affinity purification (TAP) of LGI3-FH from the knock-in mouse brain

LGI3-FH was purified from the Lgi3™F mouse brain as previously described?® with some modifications. Whole brains from three
wild-type or Lgi3™*F" mice (P100-102) were homogenized in buffer H at 4°C. After centrifugation at 20,000 g for 1 h, the pellets (crude
membrane fraction) were resuspended and incubated for 1 h in extraction buffer [20 mM Tris-HCI (pH 8.0), 2 mM EDTA, 150 mM
NaCl, 50 pg/mL PMSF] containing 2% Fos-Choline-14 (FC-14, Anatrace). After centrifugation at 100,000 g for 1 h, the supernatant
was incubated with anti-FLAG M2 agarose. The first eluate was obtained with 20mM Tris-HCI (pH 7.5) buffer containing 150mM NaCl,
1% Triton X-100, 20 mM imidazole, and 0.25 mg/mL FLAG peptide. The eluate was mixed with Ni-NTA beads, and the second eluate
was obtained with 20 mM Tris-HCI (pH 7.5) buffer containing 150 mM NaCl, 0.5% Triton X-100, and 250 mM imidazole. The purified
proteins were separated by SDS-PAGE, and subjected to silver staining or Western blotting.

Mass spectrometry

The proteins in the TAP eluates from the wild-type and Lgi3™ ™ mouse brains were concentrated by Trichloroacetic acid/acetone
precipitation and redissolved in the denaturing buffer containing 7 M guanidine hydrochloride, 0.5M Tris-HCI (pH 8.5), and 10 mM
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EDTA. Then, proteins were reduced with dithiothreitol and alkylated with iodoacetamide, concentrated, and digested with trypsin at
37°C overnight (in-solution digestion). The obtained peptides were separated via nano-flow liquid chromatography (EASY-nLC1000,
Thermo Fisher Scientific) using a reverse-phase C18 column (0.075 A~ 125 mm; Nikkyo Technos). The liquid chromatography eluent
was coupled to a nano ion spray source attached to an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). For shot-gun
analysis including protein identification, label-free quantification, and volcano plot analyses, we used the Mascot2.6.1 (Matrix Sci-
ence) and Proteome Discoverer2.2 software (Thermo Fisher Scientific). Two biological replicates (two sets of purifications) were in-
jected twice on the mass spectrometer to obtain four technical replicates. Peptide and protein identifications were calculated with
protein false discovery rate (FDR) < 0.01. No filtering was applied and obtained protein lists with a high FDR confidence (<0.01) from
control and Lgi3™FH replicates were used for statistical analysis to compare protein abundances based on peak intensity. To make
the volcano plots, keratins and trypsin were excluded from the list. Analyses were supported by NIBB Trans-Omics Facility.

Cell-surface binding assay

COST7 cells were seeded onto three poly-d-lysine coated 12-mm coverslips in each well of a 6-well plate (2x10° cells/well) and co-
transfected with LGI1-V5 or LGI3-V5 with ADAM23. At 24 h after transfection, the surface-bound LGls-V5 were live-stained with the
anti-V5 antibodies for 30 min at 37°C. Then, the cells were fixed with 4% paraformaldehyde/120 mM sucrose/100 mM HEPES (pH
7.4) at room temperature (RT) for 10 min and blocked with PBS containing 10 mg/mL BSA for 10 min on ice. The surface-bound LGls-
V5 were visualized with Alexa Fluor 488-conjugated secondary antibodies. Then, fixed cells were permeabilized with 0.1% Triton
X-100 and incubated with anti-ADAM23 for total ADAM23 staining, followed by Cy3-conjugated secondary antibodies and
Hoechst33342 (Invitrogen). To examine the direct interaction of LGI3 with Kv1.1 or Kv1.2, COS7 cells were cotransfected with
LGI3-V5, Kv1.1, and Kvp2 or LGI3-HA, Kv1.2, and KvB2. Kvp2 promotes the surface expression of Kv1 channels.?* Surface-ex-
pressed Kv1.1 and surface-bound LGI3-V5 were live-stained with anti-Kv1.1 and anti-V5 antibodies, and visualized with Alexa Fluor
555- and Alexa Fluor 488-conjugated anti-mouse 1gG2b and IgG2a secondary antibodies, respectively. Likewise, surface-bound
LGI3-HA was live-stained with anti-HA antibodies and visualized with Alexa Fluor 488-conjugated anti-Rb IgG secondary antibody
after fixation with 4% PFA. After permeabilization, the total Kv1.2 was stained with anti-Kv1.2 antibody and visualized with Alexa Fluor
555-conjugated anti-mouse IgG2b secondary antibody. Fluorescent images were acquired with a confocal laser scanning micro-
scopy system (LSM5 Exciter, Carl Zeiss) equipped with a Plan Apochromat 63x/1.40 oilimmersion objective lens. Microscope control
was performed with Carl Zeiss ZEN software.

Cell surface colocalization and co-clustering assay

For cell surface colocalization analysis, COS7 cells were seeded onto three poly-d-lysine coated 12-mm coverslips in each well of a
6-well plate (2x10° cells/well) and cotransfected with ADAM23 and Kv1.4-HA or DPP10-HA, or with Kv1.4-HA and N-cadherin. Kv1.4
has a highly conserved amino acid sequence with Kv1.1 and Kv1.2 (~65 % identity) involving a similar PDZ-binding motifs (PBM) that
directly interact with PDZ domains of PSD-95 and is more efficiently expressed at the cell surface than Kv1.2 in vitro.?® At 24 h after
transfection, the cells were fixed with 4% paraformaldehyde/120 mM sucrose/100 mM HEPES (pH7.4) at room temperature (RT) for
10 min and blocked with PBS containing 10 mg/mL BSA for 10 min on ice. The surface-expressed proteins were stained with the anti-
ADAMZ23, anti-HA, and anti-N-cadherin antibodies for 60 min at RT. Then the cells were incubated with Alexa Fluor 488 or Cy3-con-
jugated secondary antibodies for 60 min at RT.

For cell surface co-clustering assay, COS7 cells were cotransfected with the indicated combination of ADAM23, N-cadherin,
Kv1.4-HA, and PSD-95-FLAG. At 24 h after transfection, the cells were fixed with 4% paraformaldehyde/120 mM sucrose/
100 mM HEPES (pH7.4) at room temperature (RT) for 10 min and blocked with PBS containing 10 mg/mL BSA for 10 min on ice.
The surface-expressed ADAM23, Kv1.4-HA, and N-cadherin were stained with the anti-ADAM23, anti-HA, and anti-N-cadherin an-
tibodies, respectively for 60 min at RT. After washing the cells with PBS followed by blocking, cells were incubated with Alexa Fluor
488 or Cy3-conjugated secondary antibodies for 60 min at RT. Then, cells were permeabilized with 0.1% Triton X-100 and incubated
with anti-FLAG antibody for 60 min at RT, followed by Alexa Fluor 647-conjugated secondary antibody. Fluorescent images were
acquired with a confocal laser scanning microscopy system (TCS SP5 Il, Leica) equipped with an HCX PL APO 63x/1.40 oil immersion
objective lens. Microscope control and all image analyses were performed with Leica LAS AF software.

Immunohistochemistry/fluorescence analysis
Lgi3™ H or Lgi3~'~ mice and their control wild-type (or C57BL/6) mice were treated with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain was removed and immersed in the
same fixative for 12 h at 4°C, cryoprotected in 20% sucrose in PBS overnight at 4°C, embedded in OCT compound, and frozen at
—80°C. The 30-um free-floating sections were cut on a cryostat (CM1950, Leica). Antigen retrieval was performed by incubating the
sections in 10 mM citrate buffer (pH 6.0) at 80°C for 30 min followed by rinsing with PBS. The sections were blocked for 1 h in PBS
containing 10% normal goat serum and 0.3% Triton X-100 at 4°C and then incubated in the mixture of indicated primary antibodies
(see Key resources table) for 36—48 h at 4°C. After washing with PBS containing 0.3% Triton X-100, signals were visualized with Alexa
Fluor 488, Cy3, and Alexa Fluor 647-conjugated secondary antibodies.

Alternatively, freshly dissected brains and sciatic nerves of Lgi3™ ™ or Lgi3~/~ mice and their littermate controls were frozen in
n-hexane cooled on dry ice, and embedded in OCT compound. Then, the frozen sections (7-um in thickness) were cut on a cryostat
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and fixed with acetone for 20 min on ice (on glass slides). Fixed sections were rehydrated and blocked for 1 h at RT in PBS containing
10% normal goat or donkey serum, and were incubated in the mixture of indicated primary antibodies (see Key resources table) for
1hatRT, followed by the mixture of Alexa Fluor 488, Cy3, and Alexa Fluor 647-conjugated secondary antibodies. Specific reactivities
of anti-LGI1 antibody were previously described.”” Fluorescent images were acquired with a confocal laser scanning microscopy
system (TCS SP5 I, Leica) equipped with an HCX PL APO 63x/1.40 oil immersion objective lens. Microscope control and all image
analyses were performed with Leica LAS AF or LAS X software, and images were acquired with the same laser power and detector
settings for comparison.

For imaging the protein distribution in the whole brain, fresh frozen brain sections were incubated with the indicated primary
antibodies and subsequently with IRDye 680CW or IRDye 800CW conjugated secondary antibody, and scanned at a wavelength
of 700 or 800 nm, respectively, by an infrared scanning system (Odyssey CLx, LI-COR). Scanning system control and all image
analyses were performed with Image Studio and Image Studio Lite software (LI-COR).

For quantifications of the oligodendrocyte lineage cell density in CC, nine different images were obtained from three slices of each
animal using confocal microscopy (TCS SP5 I, Leica). The scanned target area of the tissue was measured using Fiji/Imaged soft-
ware (https://imagej.net/Fiji) and the number of CC-1 or Olig2 positive cells was manually counted. Cell densities were calculated as
cell number/mm?2. For each group, three different animals were used for the quantification.

For quantifications of the perinodal architecture, the number and size of the paranodal Caspr1 clusters were measured using
“analyze particles” plugin of Fiji/lmagedJ software with the original grayscale images. The same settings of thresholding and range
were applied for comparison. The number and the longitudinal length of the juxtaparanodal clusters were manually measured by us-
ing Fiji/lmaged. The juxtaparanodal clusters were defined as the clusters flanked by paranodal Caspr1 clusters.

Three to ten images per slice were obtained from each animal. For each group, three different animals were used for the quanti-
fication, except for Figures S7D and S7E (described in Figure legends). Adjustments of the brightness, contrast, and input levels on
Adobe Photoshop were equally applied across the whole image and among images to be compared in the Figures. For quantification
of protein density of the juxtaparanodal Kv1 channels, circular regions of interest of 0.134 um? (common minimum area) were made in
the proximal area of JXP (immediately adjacent to the paranodal clusters) and the mean intensity was measured by using Fiji/lImageJ
software. For colocalization analysis of LGI3 or LGI1 with vGlut1 and vGlut2 (vGlut1/2), Manders co-localization coefficient was ob-
tained by “BIOP-JACoP” plugin of Fiji/lmaged software. For quantification of the density of Kv1.2 expressed at the presynapse in the
cortex, vGlut1/2-positive puncta were identified by “analyze particles” plugin of Fiji/imagedJ software, and the fluorescent intensity of
Kv1.2 overlapping vGlut1/2-puncta was measured. For quantification of the juxtaparanodal cluster formation on the Adam23 or
Adam22 knock-out axons achieved by AAV-mediated CRISPR-Cas9 system (see “AAV vector preparation and infection” and “Ste-
reotaxic injection of AAV vector”), AAV-infected axons were identified by mCherry reporter expression. Then, the number of the para-
nodal Caspr1 clusters and adjacent juxtaparanodal clusters on the mCherry-positive axons were manually counted by using Fiji/
ImagedJ. We observed the contralateral cortex to the AAV-injected hemisphere (Figure 6F) since the mCherry-positive axons were
sparsely identified and not masked by somatodendritic mCherry signals in contrast to the ipsilateral hemisphere.

STED superresolution imaging and image analysis

Immunohistochemistry: 4% paraformaldehyde-fixed mouse brain blocks embedded in the OCT compound were prepared as
described above. Frozen sections (7-um in thickness) were cut on a cryostat and placed on precoated slides. Antigen retrieval
was performed by incubating the sections in 10 mM citrate buffer (pH 6.0) at 95°C for 15 min. After rinsing with PBS, the sections
were blocked for 1 h in PBS containing 10% normal goat serum and 0.3% Triton X-100 at 4°C, and then incubated in the mixture
of indicated primary antibodies (see Key resources table) at 4°C overnight. After washing with PBS containing 0.3% Triton X-100,
sections were incubated in the mixture of fluorescent secondary antibodies for 2 h at RT. Immunocytochemistry: rat primary cultured
hippocampal neurons (12 DIV) were fixed with 4% paraformaldehyde for 20 min at RT and permeabilized with 0.1% Triton X-100 for
10 min on ice. After washing with PBS, neurons were blocked with PBS containing 10 mg/mL BSA for 10 min on ice and incubated
with anti-Kv1.1 antibody at 4°C overnight. After washing with PBS, neurons were incubated in the fluorescent secondary antibodies
at 4°C overnight. Specimens were mounted in ProLong Diamond (Thermo Fisher Scientific). For two color-STED imaging with
660-nm or 775-nm depletion laser, Alexa Fluor 488- and 555-conjugated secondary antibodies (Thermo Fisher Scientific) or Alexa
Fluor 594- (Thermo Fisher Scientific) and STAR 635P- (Abberior Instruments) conjugated secondary antibodies were used, respec-
tively. For single-color STED imaging, 775-nm depletion laser and STAR 635P-conjugated secondary antibodies were used. Gated-
STED imaging was performed using Leica TCS SP8 gated STED superresolution system combined with Leica HyD detectors
(supported by Exploratory Research Center on Life and Living Systems, ExCELLS). Single optical slices were acquired with an
HC PL APO 100x/1.40 Oil STED WHITE objective lens (5% or 10x zoom; 1,024 x 1,024-pixel format; 100 Hz scan speed; 2 line-aver-
aging). Alexa Fluor 488, -555, —594, and STAR 635P were excited at 488, 554, 594, and 633-nm white-light laser, respectively. Deple-
tion was accomplished with a CW 660-nm laser (set at 65% of laser power, 10% for z-depletion; and time-gating of HyD detectors at
0.5-3 ns) or a pulsed 775-nm laser (set at 20-30% of laser power, 10% for z-depletion; and time-gating of HyD detectors at
0.3-10 ns). The acquired images were processed with Lightning deconvolution (Leica) to obtain the maximum resolution. The sub-
cluster size of juxtaparanodal proteins was defined as the full width at half maximum (FWHM) across the fluorescence signals by us-
ing FWHM tool in LASX software (Leica). To avoid artifacts in measurements, the spatially confined signals which were recognized as
subcluster-shape before and after Lightning deconvolution were measured. Subclusters which were sparsely identified and
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separated from each other in the distal JXP were selected for the measurements. To show close or overlapping localization between
juxtaparanodal proteins, intensity line profiles were drawn across the juxtaparanodal protein clusters by using the LASX software.
The specificity of obtained signals for LGI3-FH was validated by using wild-type mice as a negative control. The length of juxtapar-
anodal Kv1.1 clusters in the mouse cortex was manually measured by using Fiji/lmaged and compared between wild-type and
Lgi3~'~ mice. To identify the periodic nanostructure of Kv1.1 at the AIS in the rat primary cultured neurons, intensity line profiles
were drawn across the juxtaparanodal protein clusters by using Fiji/Imaged.

Fluorescent in situ hybridization (FISH)

Double label FISH was performed with the probes targeting Lgi3 (cat#446531), Lgi1 (cat#523191), Lgi2 (cat#580991), and Mbp
(cat#451491) mRNAs by using the RNAscope fluorescent multiplex detection kit V1 (Advanced Cell Diagnostics) according to the
manufacturer’s instructions. Fresh frozen mouse brain sections (10-pum thick) were fixed with 4% paraformaldehyde, followed by tis-
sue pretreatment, probe hybridization following RNAscope fluorescence multiplex assay, and sections were counterstained with
DAPI to visualize nuclei. Fluorescent images were acquired with a confocal laser scanning microscopy system (LSM5 Exciter,
Carl Zeiss) equipped with a Plan Apochromat 63x/1.40 oil immersion objective lens. Microscope control was performed with Carl
Zeiss ZEN software. The specificity of the assay was validated by using positive (cat#321651) and negative control (cat#320751)
probes. Mbp transcripts were detected not always at the nucleus and cell body, but throughout the white matter because of intra-
cellular trafficking of Mbp mRNA in oligodendrocytes.®® Thus, we manually counted the nucleus containing Mbp transcripts (at least
more than four puncta) for the Mbp-positive cell. Similarly, the nucleus with Lgi3, Lgi1, or Lgi2 transcripts was counted. The numbers
of the positive cells were quantified and summarized in Table S1. The results from two independent experiments were pooled.

In utero electroporation

Plasmids, pCAGGS-ChR2-Venus®’ and pCAGGS-mCherry, were purified using the Endofree plasmid maxi kit (Qiagen). Plasmid
DNA was diluted to 0.6 mg/mL (ChR2) with 0.3 mg/mL (mCherry) in PBS, and Fast Green solution was added to a final concentration
of 0.03% to monitor the injection. Pregnant C57BL/6N (wild-type) or Lgi3~'~ mice with E15.5 embryos were anesthetized with keta-
mine (40 mg/kg, i.m.) and xylazine (4 mg/kg, i.m.). DNA solution (~0.5 ulL) was injected into the lateral ventricle of embryos, using
glass pipettes. To control expression sites among cortical areas, electroporation was performed with triple electrode probes.®®%'
The head of each embryo was held with a tweezers-type electrode (as negative poles), and a single electrode (as a positive pole)
was attached to the motor cortical area. Square voltage pulses (35 V in amplitude and 50 ms in duration) were applied five times
at 1 s intervals. After surgery, embryos were returned to the abdominal cavity, and the abdominal wall and skin were sutured.

Slice experiments

Brain slices were prepared from both male and female animals, expressing ChR2 and mCherry by in utero electroporation, aged be-
tween postnatal 65-85 days, as described previously.®® Brains were cut in an ice-cold solution containing (in mM): 90 N-methyl-D-
glucamine, 40 choline-Cl, 2 KCI, 1.25 NaH,PO4, 1.5 MgCl,, 0.5 CaCl,, 26 NaHCO3, and 10 gluOcose (310 £ 5 mOs/mL, pH 7.4
adjusted with HCI). Slices including motor cortical area (300-um thickness) were incubated in an oxygenated artificial cerebral spinal
fluid (ACSF) composed of (in mM): 126 NaCl, 2.5 KClI, 1.25 NaH,PO,, 1 MgCly, 2 CaCl,, 26 NaHCO3, and 10 glucose (310 £ 5 mOs/
mL, pH 7.4; bubbled with 95% 0,/5% CO,) containing 0.2 mM ascorbic acid and 4 mM lactic acid at RT. The bath solution (ACSF)
was continuously perfused in the recording chamber, where the temperature was adjusted to 30°C. Whole-cell recordings were ob-
tained from motor cortical PCs located at upper part of L5 (L5a), using pipettes filled with a solution containing (in mM): 130 potassium
methylsulfate, 0.5 EGTA, 2 MgCl,, 2 Na,ATP, 0.2 GTP, 20 HEPES, 0.1 leupeptin and 0.75% biocytin (pH 7.2, 290 + 5 mOs/mL). To
activate ChR2, blue light illumination (473 nm DPSS laser, 1-1.5 mW in intensity and 1 msec in duration) was applied through a 40x
water immersion objective lens. Irradiation area was restricted to 300-um diameter by insertion of a pinhole on the optical path. Light
illumination was applied to the medial part of white matter at approximately 100-pm horizontal distance from the recording cell (White
matter stimulation). EPSCs were recorded while membrane potentials were voltage-clamped at —60 mV. Recordings were discarded
when synaptic currents consisting of multiple peaks were evoked by a single light stimulation. The amplitude of each EPSC in the train
was measured from the level immediately before each EPSC onset. Intensity and duration of light stimulation were controlled with a
computer. In axonal loose-patch recordings, action potentials were evoked by electrical stimulation applied through a bipolar tung-
sten electrode. The electrode was placed in the middle of two cerebral hemispheres of corpus callosum (Figure 7K, inset). A current
pulse of 0.5-1.5 mA in amplitude and 50 psec in duration was used for stimulation.

Basic physiological properties of L5a PCs and L2/3 PCs were analyzed in recordings obtained with a current-clamp mode (Tables S4
and S5). The input resistance was determined with a transient voltage response to a brief hyperpolarizing current injection (—30 pA,
200 msec duration). Spike threshold was defined as a voltage preceding the spike when the first derivative dVm/dt > 20 mV/ms in firing
responses evoked by current pulse injection. Spike height was determined with the difference of the threshold and the peak of a spike.
Spike width was defined as the time from the threshold to the potential repolarized to the same voltage. All data were obtained and
analyzed using Axograph software (AxoGraph). Data were represented as mean + SD.
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Structural protein modeling and sequence alignment

For the prediction of three-dimensional structural models of human LGI3 (NP_644807), the homology modeling was performed by
SWISS-MODEL server (https://swissmodel.expasy.org/) using the LGI1 structure in the LGI1-ADAM22 complex [PDB 5Y31 (https://
doi.org/10.2210/pdb5Y31/pdb)] as a template. PyMOL software (Schrédinger) was employed for the three-dimensional graphics rep-
resentation. Sequence alignments were performed by ClustalW2 run by European Molecular Biology Laboratory (https://www.ebi.ac.
uk/Tools/msa/clustalw?2/).

AAV vector preparation and infection

DJ-type AAV vectors were prepared using AAV-DJ Helper Free Packaging System (Cell Biolabs). Briefly, the packaging plasmids
(PAAV-DJ and pHelper) and transfer plasmid (pAAV-U6-sgRNA-CAG-mCherry) were transfected into HEK293T cells using the cal-
cium phosphate method. A crude cell extract containing AAV vector particles was obtained from transfected cells, and AAV vector
particles were subsequently purified by serial ultracentrifugation with cesium chloride. The purified particles were dialyzed with phos-
phate-buffered saline (PBS) containing 0.001% Pluronic F-68 (Sigma-Aldrich), followed by concentration with an Amicon 10K MWCO
filter (MerckMillipore). The copy number of the viral genome (vg) was determined by real-time quantitative PCR. The following sgRNA
target sequences (5'-3') were used: Scramble, GCACTACCAGAGCTAACTCA; Adam23, GCTTACCCGAGCTCCACGTAT; Adam22,
GGTGCATAATGGGAGACACC. For validation of CRISPR-Cas9-based gene targeting, the primary cultured cortical neurons from
Rosa26%25¥C3s° mouse (3 DIV) were infected with the AAV for 11 days followed by western blotting analysis of the harvested neuron
lysates.

Stereotaxic injection of AAV vector

Adult mice (P38-46) were anesthetized with ketamine hydrochloride (100 mg/kg body weight, i.p.) and xylazine hydrochloride
(5 mg/kg body weight, i.p.). AAV DJ-sgRNA-CAG-mCherry vectors (2.1-3.0x10'® vg/ml) were injected into the two different sites
of the primary motor cortex (M1) by a glass capillary connected to a micro infusion pump (0.6 pL in each site of the M1 at 0.1 L/
min). The injection sites of the anteroposterior (AP) and mediolateral (ML) coordinates from the bregma and the dorsoventral (DV)
coordinate from the dura were as follows: AP 1.5 mm, ML 2.0 mm, DV 1.0 mm and AP 1.0 mm, ML 1.7 mm, DV 0.8 mm. Eight weeks
after injection (P94-102), mice were subjected to immunohistochemical analysis as described in “Immunohistochemistry/fluores-
cence analysis".

Animals used for behavioral experiments

Behavior analysis was performed using male mice. At the start of the rota-rod test, mice were between eleven to fifteen weeks of age.
Morris water maze test followed the rota-rod test. Mice were accustomed to the experimenter by careful handling for more than one
week before the start of experiments. At the introduction of the IntelliCage system for the series of behavioral tasks, mice were aged
between ten to fourteen weeks. No handling was performed on the mice prior to their introduction to the IntelliCage system.

Rota-rod

Motor coordination and learning were assessed with an accelerating rod apparatus (Ugo-Basile, #47650), which consisted of a plas-
tic rod (3 cm diameter, 5.8 cm long) with a gritted surface flanked by two large discs. On the first trial day, before the trials mice were
placed on the rod rotated at 5 rpm for several seconds for habituation. In the trials, mice were placed on an accelerating rotarod with
the rotation speed starting at 5 rpm and gradually increasing up to 40 rpm over 300 s. Latency until a fall was monitored for 300 s (cut-
off time). Mice were given three trials each day with 20-min rests between trials. The experiments were performed for 3 consecu-
tive days.

Morris water maze

The Morris water maze was performed as previously described.®® A circular pool with a diameter of 1 m was filled with opaque water
colored with white paint to a depth of 20 cm. Water temperature was maintained at 24°C-25°C. The escape platform with a diameter
of 11 cm was submerged 1 cm below the water surface. The visible cue for the platform consisted of a black pole (10 cm tall) with a
ball on top colored black in its lower half (3.5 cm in diameter) standing in the center of the platform. The swimming paths of animals
were recorded by a black and white charge-coupled device video camera mounted above the center of the pool using LabVIEW and
Vision software (National Instruments; RRID: SCR_014325), and analyzed by Igor Pro 9 software (WaveMetrics; RRID: SCR_000325).
Extra-maze cues were posted above the wall of the pool as spatial references.

Naive mice were first accustomed to the water without spatial cues and the visible cue for the platform on the day before the start of
water maze training. They were gently released into the pool, allowed to swim for 30 s, then guided onto the submerged platform, and
allowed to remain there for 30 s. This procedure was repeated three to four times.

In water maze training, mice were individually subjected to two blocks (30-60 min apart) of four trials (30-s intertrial interval) per day
with spatial cues. Platform location was fixed for the same group of mice trained on the same days, but altered among different
groups of mice (Six to seven mice per group). Mice were gently released into the pool with the starting position changed in each trial,
and given 60 s to reach the platform. After climbing onto the platform, mice were allowed to remain there for 30 s. If a mouse was
unable to locate the platform within 60 s, the trial was concluded, and the mouse was gently guided onto the platform and remained
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there for 30 s. After the training, mice were returned to their home cage. The escape latency was calculated as the average time of the
four trials per block to reach the platform. Mice were subjected to visible platform training for the first 3 days. Subsequently, the visible
cue for the platform was removed with the platform location kept intact. The mice were then given hidden platform training for another
6 days. On days 3 and 6 of hidden platform training, the platform was removed after training trials of the day, and a probe trial was
performed to assess spatial memory. Mice were released into the pool from the opposite side of the original platform location and
allowed to search for the platform location for 60 s, while their swimming paths were recorded. Mice were then gently guided to the
original platform location and allowed to sit on the large spatula for 30 s. The following parameters were measured for each probe trial:
(1) the percentage of time spent in each imaginary quadrant of the pool (target, left, opposite, and right quadrants); (2) the number of
center crossings of the hypothetical platform location in each quadrant; and (3) swimming speed. The escape latencies for visible and
hidden platform training were compared between the genotypes by using two-way repeated measures ANOVA, followed by Bonfer-
roni’s post hoc test where appropriate. The percentage of time spent in each imaginary quadrant of the pool and the number of center
crossings of the hypothetical platform location in each quadrant in probe trials were analyzed in each genotype by using one-way
ANOVA, followed by Tukey’s post hoc test where appropriate. The swimming speed in probe trials was compared between the
genotypes by using unpaired t test.

Behavioral analysis using IntelliCage system

The mice were implanted with Radiofrequency identification (RFID) microchips and habituated inside the 61.0 x 43.5 x 21.5 cm®
cage for over 2 weeks until introduced to the IntelliCage (TSE systems). In the IntelliCage, a total of 16 mice (n = 8 per group)
were tested in a single cage. The animal facility was maintained at 20°C-26°C temperature, 40-70% relative humidity, 12 h light-
dark cycle (7:00 ON; 19:00 OFF). All mice were fed commercial normal chow ad libitum and received water ad libitum or as a reward
unless otherwise stated.

Test apparatus (IntelliCage)

IntelliCage (TSE Systems GmbH, Germany) is a fully automated testing apparatus (61.0 x 43.5 x 21.5 cm®) for monitoring behavior of
group-housed RFID-tagged mice in a home cage equipped with four triangular operant chambers (hereafter referred as corners)
(15 x 15 x 21 cm®).°® The corner entrance and the inner space is large enough for a single mouse to enter at a time. Each mouse
is recognized by the RFID antennas at its entrance, and the infrared sensors and lickometers inside the corner enable simultaneous
monitoring of each RFID-tagged mouse. Each corner holds two water bottles, and their nozzles are accessed through nose poke
holes with motorized access doors; the infrared beam-break response detector on each of the nose poke holes responds to the
mouse nose pokes which triggers the door opening/closing. Experimenters can flexibly program the rules for opening/closing of
the doors.

Experimental setup

The experimental day is defined as a period starting from the beginning of the light phase to the end of the following dark phase.
Behavioral responses of each mouse were recorded through various sensor devices of IntelliCage, associated with the animal ID,
and were used to analyze each of the spontaneous/cognitive-behavioral indices. The cage was cleaned once a week, and the general
health conditions of each mouse were checked (body weights were measured; skin, hair, eyes, mouth, tail conditions, and basic
walking movements in an open cage were visually assessed).

Exploratory behavior and basal activity

Mice were introduced to IntelliCage at 9 a.m. and allowed to habituate to the cage environment. When a mouse entered the corner,
the door in the nose poke hole opened automatically to permit drinking. Corner visits during the first 24 h were recorded and analyzed
as indices of novel environment exploration. After the recording of 24-h exploratory behavior, the door opening was triggered by a
nose poke, for the rest of the experiments (unless otherwise stated): A single nose poke would open the door for 3000 msec (on the
first day of habituation) or 2000 msec (on the following day) to allow drinking. Corner visits, nose pokes, and lickings for eleven days
are recorded and analyzed as indices of basal activity, corner preferences, nose poke hole-preferences, and movement patterns. A
wild-type mouse that was not habituated to IntelliCage (only twelve corner visits with drinking water out of twenty-one total corner
visits per two days during the habituation session) was excluded from the following experiments.

Self-paced learning and behavioral flexibility (SP-FLEX) test

In this test, each mouse was assigned a pair of corners as correct corners and had to shuttle between the two correct corners to
obtain water as a reward, while drinking was not permitted at the remaining pair of corners until the rule switched. When a mouse
nose poked at one of the correct corners, the door opened for 2000 msec to permit the liquid intake, except there were the following
restrictions: The door opened only once per visit, and a mouse was not permitted to obtain the reward in a row by re-entering in the
same corner. Success (getting a reward by a direct move from the previously rewarded corner to another rewarded corner) and failure
(visiting and nose-poking at one of the two nonrewarding corners) responses were integrated into Wald’s sequential probability ratio
test (SPRT) statistics to calculate each mouse’s probability of success. Visits without nose pokes were omitted from the calculation.
Whenever the performance of a mouse reached the set upper criteria, the assignment of rewarded and non-rewarded corners of the
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mouse was reversed. The number of trials (the sum of the above mentioned correct and failure responses) required to reach upper
criteria for the rule reversal was used to assess the efficiency of learning and behavioral flexibility; the upper criteria were set at 30%.
For the first session, each mouse was assigned one of the two pairs of diagonally positioned corners as correct corners. In the shuffle
session, the pair of correct corners was assigned from all possible corner pair combinations, which was shuffled around every
reversal. In all conditions, the chance level of this task was 20%, which was set as lower criteria to assess perseveration. The sig-
nificance level for the acceptance of each criterion was 0.05. There was no set task period, so each mouse performed the task
self-paced, therefore the timing of the rule reversal varied for each mouse. Briefly, we used the following two experimental conditions
to precisely assess the degree of learning and behavioral flexibility impairments in mice.

Experiment 1; Complete shift (CS) of rewarded corners:

Here, mice initially learned a behavioral sequence in which they were rewarded for moving back and forth between two diagonally
opposite corners (e.g., Corners A and C) out of four corners (e.g., Corner A, B, C, D). Whether the performance reached a pre-set
criterion (successful visit rate = 30%) was automatically determined by the software using sequential probability ratio statistics
that were updated for each corner visit (significance level for the acceptance of successful visit rate being greater than the criterion,
was set as 5%). When the performance reached the criterion, the two corners that had been rewarded (Corners A and C) and the two
corners that had not been rewarded (Corners B and D) were reversed. Therefore, the mouse has to adapt to the new rule of going
back and forth to the previously nonrewarded corners (Figure S8H). Note that all the rewarded corners and all the non-rewarded cor-
ners are alternated (therefore referred to as complete shift (CS) protocol). In this experiment, mice underwent only CS protocol. This
experiment lasted until all individual mice housed together finished the seventh CS (CS7) up to eight days.

Experiment 2; Shuffled condition with complete shifts (CS) and partial shifts (PS) of the rewarded corners:

Here, the mice first learned a behavioral sequence in which they are rewarded for moving back and forth between two diagonally
opposite corners (e.g., Corners A and C) similar to that in experiment 1. When their performance reached the criteria (successful visit
rate = 30%), the rewarded corners were changed such that, only one of the two previously rewarded corners was switched with a
previously non-rewarded corner. In other words, the combination of the rewarded corners and the non-rewarded corners were
partially alternating [therefore referred to as partial shift (PS) protocol]. When the mouse reaches the successful visit rate criterion
after the partial shift, all the rewarded and non-rewarded corners are alternated completely (new rewarded-corner combination)
as in the CS protocol. In this experiment, CS and PS were presented in shuffled order until their performance reached the criteria,
as shown in Figure S8H. This experiment lasted until all individual mice housed together finished the fifth PS (PS5) up to ten days
except for the following mouse: A wild-type mouse that did not reach the criteria for more than four days in the middle of the task
was excluded from the result.

In experiments 1 and 2, the number of trials required to reach a criterion of performance in the shift phases is used as a measure of
behavioral flexibility. In experiment 2, the performance in the entire shift phase including CS and PS is analyzed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of individual experiments are described in figure legends or corresponding method sections. To perform statistical
analysis, at least 3 experiments were performed for independent tissue samples or mice, except for Figures S7D and S7E, as
described in figure legends. We excluded mice if we observed any abnormality in terms of size and weight in mice before performing
experiments. The mice in this study were not randomized and were selected based purely on availability. No statistical method was
used to determine sample size, and sample sizes are consistent with those reported in similar studies. The variance between groups
was compared by F test. For comparisons of unpaired two groups, Two-tailed Student’s t test, Mann-Whitney U test, or Welch’s t test
was used. To compare paired two groups, Wilcoxon signed-rank test was used. For comparisons of multiple test subjects, one-way
repeated measures ANOVA with post hoc Tukey’s test was used. For comparisons of unpaired two groups in the behavioral analysis,
two-way repeated measures ANOVA with post hoc Bonferroni’s test was used. To compare within the group, one-way ANOVA, fol-
lowed by Tukey’s post hoc test was used. Statistical analysis was performed with Ekuseru-Toukei 2012 software (BellCurve).
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