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Abstract

Synapses are precisely established, maintained, and modified throughout life by molecules called synaptic organizers, which
include neurexins and neuroligins (Nlgn). Despite the importance of synaptic organizers in defining functions of neuronal
circuits, the cellular and subcellular localization of many synaptic organizers has remained largely elusive because of the paucity
of specific antibodies for immunohistochemical studies. In the present study, rather than raising specific antibodies, we generated
knock-in mice in which a hemagglutinin (HA) epitope was inserted in the Nign/ gene. We have achieved high-throughput and
precise gene editing by delivering the CRISPR/Cas9 system into zygotes. Using HA-Nign/ mice, we found that HA-Nlgn1 was
enriched at synapses between parallel fibers and molecular layer interneurons (MLIs) and the glomeruli, in which mossy fiber
terminals synapse onto granule cell dendrites. HA immunoreactivity was colocalized with postsynaptic density 95 at these
synapses, indicating that endogenous Nlgnl is localized at excitatory postsynaptic sites. In contrast, HA-Nlgnl signals were
very weak in dendrites and somata of Purkinje cells. Interestingly, HA-immunoreactivities were also observed in the pinceau, a
specialized structure formed by MLI axons and astrocytes. HA-immunoreactivities in the pinceau were significantly reduced by
knockdown of Nlgn1 in MLIs, indicating that in addition to postsynaptic sites, Nlgn1 is also localized at MLI axons. Our results
indicate that epitope-tagging by electroporation-based gene editing with CRISPR/Cas9 is a viable and powerful method for
mapping endogenous synaptic organizers with subcellular resolution, without the need for specific antibodies for each protein.
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Introduction an ~80% reduction in inhibitory transmission at molecular

layer interneuron (MLI)-PC synapses, without affecting ex-

Changes in neuronal connectivity, which can be assessed by
various imaging techniques in the living human brain, are
thought to underlie certain neurodevelopmental and neuropsy-
chiatric disorders [1, 2]. At the molecular level, synaptic con-
nections are formed, maintained, or eliminated by molecules
collectively referred to as synaptic organizers, which
include various secreted factors and cell adhesion mole-
cules, such as neurexins (Nrxns) and neuroligins (Nlgns) [3,
4]. Interestingly, the same synaptic organizers can regulate
different aspects of synaptic properties, in a context-
dependent manner. For example, a triple knockout of the
Nigni—Nlgn3 genes in cerebellar Purkinje cells (PCs) caused
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citatory transmission at parallel fiber (PF; axons of granule
cells)-PC synapses [5]. In contrast, the triple knockout of
Nlignl—-NIign3 genes in MLIs did not affect inhibitory synapses
between MLIs, but reduced excitatory synaptic transmission
mediated by N-methyl-D-aspartate (NMDA)-type glutamate
receptors at PF-MLI synapses [6]. Thus, it is likely that even
in the same neurons, distinct sets of synaptic organizers are
differentially transported to and localized at specific synapses.
Therefore, the first step to understand how specific neuronal
circuits are regulated is to precisely map various synaptic or-
ganizers with subcellular resolution at each synapse.

Despite decades of research, however, the number of anti-
bodies that can be used for immunohistochemical detection of
endogenous synaptic organizers is surprisingly limited. For
example, all seven antibodies used for detecting Nlgnl in
earlier studies show non-specific immunoreactivities in
Nlignl knockout brain tissues [5]. The paucity of specific an-
tibodies for immunohistochemical studies is partly because
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synapses contain abundant proteins that share intricate molec-
ular interactions with each other, which might mask certain
epitopes of synaptic organizers [7]. In addition, a high degree
of amino acid sequence similarity among various isoforms of
synaptic organizers makes it difficult to develop specific anti-
bodies. An alternative approach to localize synaptic orga-
nizers is to overexpress proteins fused with epitope tags or
fluorescent proteins. A caveat of this approach is that overex-
pression can cause mistargeting of the expressed protein and
potential changes in synaptic functions. A better option is to
insert a sequence encoding an epitope tag or fluorescent pro-
tein into a gene of interest using gene knock-in technologies
[8]. However, generation of knock-in mice using conventional
homologous recombination methods in embryonic stem cells
is labor-intensive and time-consuming, prohibiting high-
throughput mapping of endogenous synaptic proteins.

Recent advances in genome editing using the clustered
regularly interspaced short palindromic repeats (CRISPR)-as-
sociated endonuclease Cas9 have enabled efficient insertion
of an epitope into precise genomic locations by co-injection of
Cas9 mRNA, guide RNAs (gRNAs), and donor DNAs into
zygotes [9]. However, microinjection is a special skill and it is
time-consuming to produce mutant mice on a large scale. By
delivering the CRISPR/Cas9 editing machinery through in
utero electroporation, in vivo genome editing was also able
to insert a sequence encoding an epitope tag to a gene of
interest [10]. Although the latter technique provides a high-
throughput platform for determining the subcellular localiza-
tion of endogenous proteins in single neurons, mapping of
synaptic organizers at the level of neuronal circuits and in
various brain regions requires global genome editing in zy-
gotes. In the present study, we employed a high-throughput
electroporation method to introduce the editing machinery
into zygotes [11, 12]. As a proof-of-principle of this approach,
we generated a knock-in mouse line in which a hemagglutinin
(HA) epitope was inserted in the Nignl gene by electropora-
tion-based gene editing with CRISPR/Cas9 and per-
formed cellular and subcellular immunohistochemical
analyses of endogenous Nlgnl proteins in cerebellar cir-
cuits. We found that Nlgnl was highly expressed at PF-MLI
synapses in the molecular layer and the cerebellar glomerulus
in the granular layer, with very low expression in
Purkinje cells. Furthermore, we found that Nlgnl ex-
pression in MLI axons occurs at the cerebellar pinceau
formation.

Materials and Methods
Animals

All procedures related to animal care and treatment were per-
formed in accordance with the guidelines approved by the
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animal resource committees of Keio University. Mice were
housed in a 12:12 h light-dark cycle with food and water
available ad libitum. A combination anesthetic (0.3 mg/kg of
medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of
butorphanol) [13] was administered by intraperitoneal injec-
tion before surgery or transcardial perfusion. We used
B6D2F1 (C57BL/6 x DBA2 F1) mice (SLC, Shizuoka,
Japan) at 2—6 months of age. ICR mice (SLC) were used as
controls.

Generation of HA-Tagged Nign1 Knock-in Mice

B6D2F1 female mice (4 weeks old) were super-ovulated by
intraperitoneal injection of pregnant mare’s serum gonadotro-
pin (PMSG, 5 IU; ASKA Animal Health, Tokyo, Japan).
Forty-eight hours later, mice were injected with human chori-
onic gonadotropin (hCG, 5 IU; ASKA Animal Health) and
mated with B6D2F1 males. Zygotes were collected from the
oviducts of female mice at embryonic day (E) 0.5. The cover-
ing cumulus cells were removed by incubation in 1%
hyaluronidase/M2 medium (Millipore Sigma, MA, USA).
SpCas9 protein (250 ng/ul; PNA Bio, Newbury Park, CA,
USA), Nignl-crRNA (5 pmol/ul, 5’-UC ACG UAC UCU
CUC AAA AGU GUU UUA GAG CUA UGC UGU UUU
g-3"), trans-activating crRNA (5 pmol/ul; Fasmac, Kanagawa,
Japan), and 200-bp single-stranded oligodeoxynucleotide
(ssODN, 500 ng/ul; 5'-GAG CTA TGA TGG CAT GTG
TGG TCC ACA GGG GAT CCG GTG CCC CAT TGA
CTC TCT GCT TGT TGG GAT GTT TGC TAC AGA
CTT TTC ACG TAC TCT CTC AAA AGT ACC CAT
ACG ACG TGC CAG ACT ACG CTT TGG ATG ATG
TAG ACC CAT TGG TTA CTA CTA ACT TTG GCA
AGA TTA GGG GAA TTA AGA AAG AA-3'; Integrated
DNA Technologies, IA, USA), which harbored a sequence
encoding an HA tag flanked by homologous arms correspond-
ing to exon 3 of Nignl, were incubated at 37 °C for 15 min
before electroporation. Electroporation was performed using
platinum block electrodes (150 mA, [1 msec On +100 msec
Off] for 2 pulses; GE-101, BEX, Tokyo, Japan) connected to
CUY21EDIT II (BEX). Zygotes were incubated at 37 °C in
5% CO, till they reached the two-cell stage and transferred
into oviducts of pseudopregnant ICR females.

To investigate CRISPR/Cas9-mediated mutation in
the Nlgnl gene, genomic DNA was prepared from
mouse tails. The genomic regions flanking the gRNA
target were amplified by PCR using specific primers:
5'- ACC ACC ATT CCA TCT TTC TCC -3’ and 5’-
ACG TAT GAT GAA ACC ACA TCC -3'. The PCR
amplicons were cloned into the pMD20 vector (Takara
Bio, Shiga, Japan). The genomic region was sequenced
from plasmids isolated from each mouse or directly from
PCR amplicons. The results of sequencing were analyzed by
CRISP-ID (http://crispid.gbiomed.kuleuven.be/) [14].
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DNA Constructs

The cDNA encoding an HA tag (YPYDVPDYA) was
added immediately after the signal sequence of mouse
Nlgnl cDNA, which lacked the insertion of the splice
sites A and B (a gift from Dr. P. Scheiffele, University
of Basel, Basel, Switzerland), and cloned into the
pCAGGS vector (provided by Dr. J. Miyazaki, Osaka
University, Osaka, Japan). The extracellular acetylcho-
linesterase (AChE) domain (amino acids 48-630 of
mouse Nlgnl) was deleted to generate AAChE-Nlgnl.
Nlgnl-Fc or HA-Nlgnl-Fc was generated by adding the
immunoglobulin Fc fragment of human IgGl to the 3’
end of the extracellular domain of Nlgnl (amino acids
1-696). All mutations, which were introduced by two-
step PCR amplification, were confirmed by sequencing.

Surface Biotinylation Assays in HEK293 Cells

Nlgnl constructs were transfected into HEK293 cells by
the calcium phosphate method. One day after transfec-
tion, the cells were incubated with 0.5 mg/ml Sulfo-
NHS-LC-Biotin (Thermo Fisher Scientific, MA, USA)
in isotonic bicarbonate buffer for 10 min and incubated
with 1 M Tris (pH 7.5) to quench the biotinylating
reaction. Cells were collected in TNE-SDS buffer
(50 mM Tris, 10% NP40, 20 mM EDTA, 0.1% SDS)
containing a protease inhibitor cocktail (set V; Millipore
Sigma) and incubated for 30 min at 4 °C. Debris was
removed by centrifugation, and the supernatants were
incubated with NeutrAvidin agarose beads (Thermo
Fisher Scientific) for 1 h at 4 °C. The beads were
washed five times with lysis buffer and the bound proteins
were eluted with sample buffer.

Cell-Based Binding Assay

Fc-Nlgnl proteins were collected from the culture media of
HEK293 cells 3 days after transfection. The protein concen-
tration in the media was quantified by immunoblot anal-
yses with anti-Fc antibody. HEK?293 cells transfected
with pCAGGS-Nrxnlf3 [15] were incubated with Fc-
Nlgnl proteins for 4 h in 96-well plates. The cells were
fixed with phosphate buffered saline (PBS) containing
4% paraformaldehyde (PFA) for 10 min. After pre-
incubation with blocking buffer (2% bovine serum albu-
min (BSA), 2% normal goat serum, detergent-free), cells
were treated with rabbit anti-Fc primary antibody for
2 h, followed by HRP-conjugated anti-rabbit secondary
antibody for 1 h. Chemiluminescence signals were obtained
using a peroxidase substrate (SeraCare Life Science, MA,
USA) for 10 min, and detected using a plate reader (Tecan,
Minnedorf, Switzerland).

Artificial Synapse Formation Assay

Hippocampal cultures were prepared from E17 mice as previ-
ously described [16]. An artificial synapse formation assay
was performed by co-culturing with HEK293 cells expressing
Nlgnl or an empty vector, from 7 to 10 days in vitro (DIV), in
the presence of 10 pM 5-fluoro-2-deoxyuridine, as described
previously [17].

Immunoprecipitation

The cerebellum was dissected from anesthetized adult mice
and homogenized in lysis buffer (20 mM Tris-HCI, 150 mM
NaCl, pH 8.0) containing the protease inhibitor cocktail
(cOmplete ULTRA, Roche, Basel, Switzerland). The ho-
mogenates were lysed with 1% Triton, and the soluble
fraction was collected by centrifugation at 100,000xg.
Protein concentration was calculated with a BCA assay
kit (Pierce, Thermo Fisher) and standardized. Five hun-
dred microliters of the soluble fraction was pre-cleared
by Protein G sepharose (GE Healthcare, 1L, USA) for
1 h, followed by overnight incubation with 1 pg prima-
ry antibody. Proteins were incubated with protein G-
sepharose for 1 h, and bound proteins were separated and
eluted by sample buffer containing 2-mercaptoethanol.
Samples were analyzed by immunoblotting.

Immunohistochemistry

Mice were transcardially perfused with 4% PFA in 0.1 M
phosphate buffer. Sagittal sections (50 um thickness) of cere-
bellar vermis were prepared using a microslicer (DTK-1000,
Dosaka EM, Kyoto, Japan). For staining of synaptic proteins,
sections were treated with 1 mg/ml pepsin in 0.2 N
HCI/PBS for 5 min at 37 °C. Sections were incubated
with 10% normal donkey serum, followed by primary
antibodies overnight, and then Alexa 405-, 488-, 647-
(Molecular probe, Thermo Fisher), and Alexa 555
(Abcam, Cambridge, UK)-labeled species-specific sec-
ondary antibodies or 4',6-diamidino-2-phenylindole (DAPI)
for 1 h. Fluorescence images of confocal and super-
resolution structured illumination microscopy (SIM) were
captured using an SD-OSR microscope system (Olympus,
Tokyo, Japan) equipped with a CSU-W1 scan unit
(Yokogawa Electronics, Tokyo, Japan) and an ORCA-Flash
4.0 CMOS camera (Hamamatsu Photonics, Shizuoka, Japan).
For measurement of HA puncta, Fiji software [ 18] was used to
select puncta and to measure the intensity and size of the
puncta.

For immunostaining of the synapse formation assay,
cells were fixed in 4% PFA for 10 min, followed by
100% methanol at —20 °C. The cells were treated with
blocking buffer (2% BSA, 2% normal goat serum, 0.1%
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Triton-X100), followed by the primary antibody for 2 h
and Alexa-conjugated secondary antibody for 1 h.
Immunofluorescence images were captured using a
CCD camera (DP80, Olympus) attached to a fluores-
cence microscope (BX51, Olympus). For measurement
of vGIuT1 intensity, fluorescent intensity was averaged in
Nlgnl or GFP-positive cell areas.

Primary Antibody

The following primary antibodies were obtained commer-
cially: anti-vGIuT1 (Goat, Frontier Science, Hokkaido,
Japan), anti-Nlgnl (mouse, NeuroMab, CA, USA), anti-
Human IgG (Fc-specific, rabbit, Millipore Sigma), anti-
HA.11 (mouse monoclonal, BioLegend, CA, USA), anti-
HA (Rat, Roche), anti-HA (Rabbit monoclonal, Cell
Signaling Technology, MA, USA), anti-Car8 (rabbit,
Frontier Science), anti-parvalbumin (goat, Frontier
Science), anti-PSD95 (guinea pig, Frontier Science), anti-
MAP2 (mouse, Millipore), anti-3-phosphoglycerate dehy-
drogenase (3-PGDH; guinea pig, Frontier Science), anti-
GFP (guinea pig, Frontier Science), and anti-GFP (rabbit,
Frontier Science).

Gene Knockdown Using Adeno-Associated Virus

To knockdown Nlgnl, we constructed shRNA using the spe-
cific target sequence of Nlgnl that has been described previ-
ously [19]: GGA AGG UAC UGG AAA UCU G. The
shRNA was inserted under the H1 promoter of the pAAV-
CAG-GFP vector (#37825; Addgene, MA, USA). As a nega-
tive control, no shRNA was inserted. To test knockdown effi-
ciency of shRNA constructs, HEK293 cells were co-
transfected with AAV-DJ vector and pCAGGS-HA-Nlgnl.
Cells were lysed with TNE-SDS buffer 3 days after transfec-
tion, and the HA-NlIgnl levels were analyzed by
immunoblotting.

To produce virus particles, the shRNA construct,
pAAV-DJ (Cell Biolabs, Inc., CA, USA), and pHelper
(AAV Helper-Free system, Agilent Technologies, CA,
USA) were co-transfected into AAV293 cells (Agilent
Technologies) with lipofectamine 2000 (Invitrogen,
Thermo Fisher) and incubated for 3 days in the pres-
ence of 1 uM tricostatin A. After three freeze-thaw
cycles, cells were centrifuged at 600xg for 30 min to
remove debris. Virus particles were purified from the
supernatant with the AAV purification kit (VIRAPUR,
CA, USA) and concentrated by filter units (Millipore
Sigma) according to manufactures’ protocols. Two mi-
croliters of the virus solution were injected into the
cerebellum as described previously [20], and mice were
sacrificed at 14 to 21 days after the injection (dpi 14-21) for
immunohistological analyses.
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Results

Addition of HA Tag Does Not Affect Nlgn1 Location
and Function In Vitro

HA-NIgnl, in which an HA epitope was added at the N-
terminus of Nlgnl after the signal sequence, was previously
shown to be transported to postsynaptic sites and induce syn-
apses when overexpressed [19, 21]. However, whether addi-
tion of an HA tag affects trafficking and function of Nlgnl
was unclear. To address this question, we first examined traf-
ficking of HA-Nlgn1 by cell-surface biotinylation assays in
HEK293 cells. Immunoblot analyses using anti-Nlgn1 anti-
body revealed that Nign1 and HA-Nlgn1 were similarly local-
ized on the cell surface (Fig. 1a).

Next, we examined whether addition of the HA tag affected
binding of Nlgnl to its receptor Nrxn, using cell-based bind-
ing assays. The extracellular domain of Nlgnl or HA-Nlgn1
was fused to the Fc fragment of IgG to prepare soluble Nlgn
proteins and then added to HEK293 cells expressing Nrxn1 3.
Chemiluminescent-based quantification of cell surface Fc-
proteins revealed that Nlgnl-Fc and HA-NIgnl-Fc bind to
Nrxnl 3 on HEK293 cells in a similar manner (Fig. 1b).

Finally, we tested the effect of the HA tag on synaptogenic
activities of Nlgn1 by performing an artificial synapse forma-
tion assay [22]. Hippocampal neurons were co-cultured with
HEK?293 cells expressing green fluorescent protein (GFP),
plus Nlgnl or HA-Nlgnl. Immunocytochemical analyses of
presynaptic terminals using an antibody against vesicular glu-
tamate transporter (vGluT1), a presynaptic marker for gluta-
matergic synaptic vesicles, revealed that Nlgnl and HA-
Nlgnl, but not GFP alone or Nlgnl lacking the extracellular
AChE domain (Nlgnl-AAChE), induced the formation of
presynaptic structures on HEK293 cells (Fig. 1c¢); the effect
induced by Nlgnl and HA-Nlgn1 was similar. Together, these
results indicate that addition of the HA tag to the N-terminus
does not affect cell surface trafficking, binding, or
synaptogenic activity of Nlgnl, at least in vitro.

Generation of HA-NIgn1 Knock-in Mice
by Electroporation

To achieve efficient genome editing in mouse zygotes, we first
optimized the electroporation conditions by monitoring the
fluorescence intensity of GFP, which was introduced as
mRNA, and the rate of embryo survival to the blastocyst stage
[11]. Although acidic Tyrode’s solution treatment was used
earlier [12], we found that a short current pulse (150 mA for
1 msec) repeated twice in 100 msec was sufficient to introduce
mRNA into mouse zygotes without the Tyrode’s treatment
(Fig. 2a). Using these conditions, we introduced pre-
assembled SpCas9/gRNA complex and a donor ssODN into
66 zygotes in a single electroporation (Fig. 2b). Sixty-three
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Fig. 1 Addition of an HA tag does not affect Nlgn1 location and function
in vitro. a Cell-surface biotinylation assays. HEK293 cells expressing
Nlgnl or HA-Nlgnl were cell-surface biotinylated. Total cell lysates
(input) and the biotinylated fraction (surface) were subjected to
immunoblot assays using anti-Nlgnl antibody (left). The right graph
indicates the quantified ratio of surface to total immunopositive bands
from HEK293 cells expressing Nlgnl (with and without biotinylation)
and HA-Nlgnl. n.s, not significant based on the Kruskal-Wallis test and
Steel-Dwass post hoc test. n =3 independent experiments. b Cell-based
binding assays. The extracellular domain of Nlgnl or HA-Nlgnl was
fused to the Fc fragment to prepare soluble Nlgnl proteins and then
added to HEK293 cells expressing Nrxnlf (left). The right graph
indicates chemiluminescent-based quantification of cell surface Fc-

zygotes that survived to the two-cell stage were transferred
into pseudopregnant females. Genomic DNA sequencing re-
vealed that six mice, out of 18 FO mice, contained the HA-
encoding sequence at the targeted site of the Nignl gene
(Fig. 2¢). Germline transmission of the HA-Nlgnl gene was
also confirmed by genomic sequencing of the F1 offspring.

To confirm the expression of the HA-Nlgnl protein, we
first performed immunoblot assays using anti-Nlgn1 antibody.
We detected Nlgnl-immunopositive ~ 100 kDa bands after
immunoprecipitation of brain lysates with anti-HA antibody
only from HA-NIgnl mice, but not wild-type mice (Fig. 2d).
Similarly, anti-Nlgnl antibody immunoprecipitated HA-
immunopositive ~ 100 kDa bands only in HA-Nign 1, but not
in wild-type mice (Fig. 2e, middle two lanes), indicating that
HA-NIgn1 proteins are specifically expressed in HA-Nignl
mice.

A concern with using CRISPR/Cas9-based gene editing is
that the epitope tag may be inserted in coding sequences of
unrelated genes. We assessed this possibility by immunoblot-
ting with anti-HA antibody after immunoprecipitation of HA-
tagged proteins to enrich and detect HA-tagged proteins in
brain lysates. We only detected ~ 100 kDa bands correspond-
ing to Nlgnl and non-specific bands corresponding to anti-
bodies in HA-Nlgnl knock-in mice (Fig. 2e). Taken together,
we obtained HA-NIgni knock-in mice efficiently by CRISPR/
Cas9-based gene editing using electroporation into zygotes.
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=
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— 04
vGIuT1 containing E
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GFP AAchE Nign1HA-NIgn1

proteins in HEK293 cells expressing CD4, Nlgnl, or HA-Nlgnl. n.s.,
not significant based on the Kruskal-Wallis test and Steel-Dwass post
hoc test. n =3 independent experiments. ¢ Artificial synapse formation
assays. Hippocampal neurons were co-cultured with HEK293 cells
expressing GFP plus Nlgnl or HA-Nlgnl. Artificial synapses formed
on HEK?293 cells were visualized by immunostaining of vGluT1 (left).
Representative images of artificial synapses (vGluT1, red) formed on
HEK?293 cells (GFP, green) are shown on the right. Scale bar, 5 um.
The bottom graph shows quantification of vGIuT1 intensity in GFP-
positive areas, in HEK293 cells expressing GFP alone, Nlgnl-AAChE,
Nlgnl, or HA-Nlgnl. n.s., not significant based on the Kruskal-Wallis test
and Steel-Dwass post hoc test. n>100 cells from three independent
experiments. Data in all graphs represent means +SEM

Nign1 Is Enriched in MLIs and GCs but Not in PCs
in the Cerebellum

To analyze cellular localization of endogenous Nlgnl in the
cerebellum, we performed immunohistochemical analyses
using antibodies against HA, carbonic anhydrase 8 (Car8, a
marker for PCs), and parvalbumin (PV, a marker for PCs and
MLlIs), together with nuclear staining with DAPL. HA immu-
noreactivity was observed throughout the cerebellum of HA-
Nlignl mice, but not in wild-type mice (Fig. 3a), indicating the
specificity of the anti-HA antibody for immunohistochemical
studies. In the molecular layer, HA immunoreactivity was
highly enriched in Car8-negative but PV-positive dendrites
and somata in the superficial layer (Fig. 3a, box 1) and the
deep layer, near PCs (Fig. 3a, box 2), indicating Nlgnl
expression in both stellate- and basket-cell types of
MLIs. In contrast, HA-Nlgnl immunoreactivity was
very weak in Car8- and PV-positive PCs (Fig. 3a, box
3). Indeed, ~80% of HA-immunopositive puncta were
negative for Car8 in the molecular layer (Fig. 3b), indicating
that Nlgnl was mostly located in the MLIs. Nlgnl was also
observed in cerebellar glomeruli (Fig. 3a, box 4), in
which mossy fiber terminals synapse onto granule cell
dendrites. These results indicate that cell-specific local-
ization of endogenous Nlgnl can be mapped in the cerebel-
lum of HA-Nignl mice.
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Fig. 2 Generation of HA-Nignl knock-in mice by electroporation-based
gene editing with CRISPR/Cas9. a Schematics of electroporation-based
introduction of the CRISPR/Cas9 editing machinery into zygotes. b
Schematics of the knock-in strategy. A donor ssODN (200 bp) and the
gRNA were designed to knock-in a sequence encoding an HA tag
immediately after the signal sequence located at exon 3 of the Nignl
gene. ¢ Representative genomic DNA sequencing data indicating the
correct knock-in of the HA tag. d Expression of the HA-Nlgn1 protein
in HA-Nignl mice. A representative immunoblot shows Nlgnl-
immunopositive bands in cerebellar lysates solubilized by Triton-X

Subcellular Localization of Nign1

To determine subcellular localization of endogenous Nlgn1 in
vivo, we next performed immunohistochemical analysis of the
HA-Nign1 cerebellum using HA, PSD95 (postsynaptic densi-
ty 95; an excitatory postsynaptic marker) and vGluT1 (a
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IB: HA

(10% input, left two lanes) from both wild-type (WT) and HA-Nignl
mice. The Nlgnl-immunopositive band was also detected after
immunoprecipitation of the lysates using anti-HA antibody (IP, right
two lanes), only in HA-Nignl mice. e A representative immunoblot
shows HA-immunopositive bands at ~100 kDa in cerebellar lysates
(lane 2), and those after immunoprecipitation with anti-Nlgnl (lane 4)
or anti-HA (lane 6) antibodies, in HA-Nlgnl, but not in WT, mice. No
apparent proteins were detected by anti-HA antibody, except for non-
specific bands caused by the addition of antibodies (Ab, ~25 and ~
50 kDa bands) for immunoprecipitation

marker for parallel fiber terminals). We found that HA and
PSD95 immunoreactivities were colocalized in the MLIs
and the cerebellar glomeruli (Fig. 4a). In a higher magnifica-
tion of an MLI (Fig. 4b, asterisk), which was co-
immunostained for microtubule-associated protein 2
(MAP2), HA signals were mostly located on the soma and
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Fig. 3 Cellular localization of Nlgnl in the cerebellar cortex. a
Immunohistochemical analyses using antibodies against HA (red), Car8
(green, a marker for PCs), and PV (blue, a marker for PCs and MLIs),
together with nuclear staining DAPI (white). HA signals were observed in
HA-Nignl (lower panels), but not in wild-type (WT, upper panels) mice.
ML molecular layer, PCL Purkinje cell layer, GL granular layer. Scale
bar, 20 um. Areas indicated by boxes are enlarged in the corresponding
panels (1: stellate cell, 2: basket cell, 3, Purkinje cell, 4: glomerulus).

dendrites (Fig. 4b, middle panels), and colocalized with
PSD95 and vGluT1 signals (Fig. 4b, arrowheads in right
panels, which show enlarged views of dotted boxes in the
middle panel). Super-resolution microscopic analysis fur-
ther revealed that, although HA, PSD95, and vGIuT1 sig-
nals were colocalized, HA signals were located closer to
PSD95 puncta (Fig. 4c). Similarly, we found that HA,
PSD95, and vGIuTl1 signals were colocalized in the

b

*kk

o
o)

/ total puncta
o
N

Fraction of HA puncta

Car8(+) Car8(-)

Scale bar, 10 pm (boxes 1, 2, 4) and 20 pm (box 3). Note that relatively
weak HA signals were observed in pinceau formation (dotted area in box
3), but not the cell body of Purkinje cells. b Quantification of the intensity
of HA-immunopositive puncta in Car8—immunopositive [Car8(+)] and —
immunonegative areas [Car8(—)]. Data represent means + SEM. ***¥p <
0.001 based on the Mann-Whitney U test. n=9 samples from three
animals

glomerulus of granule cells (Fig. 4d, arrowheads in the
enlarged view). These results indicate that endogenous
Nlgnl is localized at the excitatory postsynaptic sites of
PF-MLI and mossy fiber-granule cell synapses in the
cerebellum.

Interestingly, we found HA-immunoreactive puncta in the
basket-shaped pinceau (Fig. 3a, box 3, dotted line; Fig. 4e,
dotted line), a specialized structure that modulates PC outputs
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<« Fig. 4 Subcellular localization of Nlgnl. a Immunohistochemical
analyses of HA-Nignl cerebellum using antibodies against HA (red)
and PSDO95 (green) showing that the HA-Nlgnl and PSD95 signals
grossly overlap in the cerebellar cortex. ML molecular layer, PCL
Purkinje cell layer, GL granular layer. Scale bar, 20 pm. b Enlarged
views of PF-MLI synapses immunostained for MAP2 (white), HA
(red), PSD95 (green), and vGIuT1 (blue). Boxes shown in the middle
panel are further magnified in the panels to the right. HA-Nlgnl was
colocalized with PSD95 and vGluT1(arrowheads) in the dendrite
(upper) and the soma (lower) of MLIs. Asterisks, nuclei of a MLI.
Scale bar, left, 5 um, right, magnified views, 2.5 pm. ¢ Super-
resolution microscopic analysis of subcellular localization of Nlgnl at
PF-MLI synapses. The right graph indicates HA (red), vGluT1 (blue),
and PSD95 (green) immunoreactivities along the line indicated in the left
panel. Scale bar, 0.5 um. d Enlarged views of the glomerulus
immunostained for HA (red), PSD95 (green), and vGIuT1 (blue).
Boxes shown in the top panels are magnified below. Arrowheads show
colocalization of HA, PSD95, and vGluT1 immunoreactivities. Scale bar,
top, 5 um, magnified views, 1 pm. e. Enlarged views of the pinceau
formation immunostained for HA (red), 3-PGDH (green), and PV
(blue) in wild-type (WT, top panels) and HA-Nignl (bottom panels)
mice. Scale bar, 5 um

through electrical inhibition [23]. The pinceau is formed
by finger-like processes of basket cell axons that do not
make synapses with PC axon initial segments, which are
separated by astrocytic elements [24, 25]. HA immunopositive
puncta were located in the proximity of puncta immunopositive
for PV, a marker for MLI axons in pinceau, and 3-
phosphoglycerate dehydrogenase (3-PGDH), a marker for glial
fibers (Fig. 4e). These results suggest that in addition to post-
synaptic sites, some Nlgnl proteins are localized at axons of
MLIs and/or Bergmann glia.

AAV-Mediated Nign1 Knockdown Diminishes HA
Signals in HA-NIgn1 Mice

To further validate that HA signals reflect the localization of
HA-NIgn1, we knocked down Nlgnl by adeno-associated vi-
rus-mediated co-expression of GFP and shRNA against Nign/
(AAV-sh-Nignl; Fig. 5a). Immunoblot analyses using
HEK293 cells expressing HA-Nlgnl and sh-Nign/ showed
that Nlgn1 was efficiently knocked down (Fig. 5b), as report-
ed previously [19]. Immunohistochemical analyses revealed
that AAV-mediated expression of GFP was limited to PV-
positive MLIs and PCs, but not 3-PGDH-positive Bergmann
glia (arrows) or DAPI-positive granule cells (Fig. 5¢). We
found that HA immunoreactivity mostly disappeared in the
molecular layer of HA-Nignl mice injected with AAV-sh-
Nignl, but not in those injected with control AAV (Fig. 5d).
These results indicate that HA immunoreactivities in HA-
Nlignl mice reflect the endogenous localization of Nlgnl
proteins.

Importantly, HA-immunoreactivities in the pinceau were
also significantly reduced by knockdown of Nlgnl in HA-
Nlgnl mice (Fig. 5e). Because AAV-sh-Nignl preferentially

infected MLIs and PCs, but not Bergmann glia (Fig. 5c), Nign1l
is most likely expressed in MLI axons in the pinceau. In con-
trast, knockdown of Nlgnl did not cause significant changes
in immunoreactivities of PSD95 and Kv1.2 (Fig. 5f), which
are known to be enriched in MLI axons in the pinceau [24,
25], suggesting that Nlgnl is dispensable for the recruitment
of these molecules. Together, these results demonstrate the use-
fulness of HA-Nignl knock-in mice for the cellular and sub-
cellular localization of endogenous Nlgnl.

Discussion

Despite the importance of synaptic organizers in defining
functions of neuronal circuits, the cellular and subcellular lo-
calization of many synaptic organizers has remained largely
elusive because of the paucity of specific antibodies for im-
munohistochemical studies. In the present study, taking ad-
vantage of a high-throughput electroporation-based gene
editing technique with CRISPR/Cas9, we generated a
knock-in mouse line in which an HA epitope was inserted into
the Nignl gene. Using HA-Nlgn 1 mice, we have demonstrated
the cellular and subcellular localization of endogenous Nlgnl
in cerebellar circuits (Fig. 5g), providing insights into cell- and
synapse-specific roles of Nignl.

Cell-Type Specific Localization and Function of Nign1
in the Cerebellum

In the cerebellum, the mRNAs of Nlgn1, Nlgn2, and Nlgn3,
but not Nlgn4, are highly expressed [5]. We found that endog-
enous Nlgnl is highly enriched at PF-MLI synapses (Fig. 3a,
boxes 1 and 2) and the glomerulus (Fig. 3a, box 4). Loss of
Nlgnl proteins in all, or a subset of, neurons results in reduced
levels of extra-synaptic and synaptic NMDARs [26-30].
Indeed, in PV-driven Nignl knockout mice, in which Nignl
in PCs and MLIs are lost, PF-evoked excitatory postsynaptic
currents (EPSCs) largely lacked NMDAR-dependent
components [6]. While MLIs provide very fast feed-
forward inhibition on PC activities by receiving PF in-
puts [31], activation of slow EPSCs mediated by
NMDARs may play a role in temporal and spatial inte-
gration of PF inputs onto MLIs [6]. Thus, Nlgnl ex-
pression in MLIs may be used to recruit NMDARs to
endow slower EPSC components at PF-MLI synapses.
In addition, long-term depression of synaptic transmission at
PF-PC synapses, which is thought to mediate certain forms of
motor learning in the cerebellum, is reported to depend on
nitric oxide production, followed by PF-evoked NMDAR ac-
tivation in MLIs [32]. Therefore, another role of enriched
expression of Nlgnl in MLIs may be to recruit NMDARSs near
synaptic sites to provide NO to spread plasticity across PF-PC

synapses.
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<« Fig. 5 Nlgn! knockdown diminishes HA signals in HA-Nignl mice. a
Schematics of AAV-mediated knockdown of Nlgnl. AAV encoding
GFP plus shRNA against Nlgnl (sh-Nlgnl) or no shRNA (control)
were injected into the cerebellum of adult HA-Nignl mice.
Immunohistochemical analyses were performed 14-21 days post-
injection (dpi). b Knockdown efficiency of sh-Nlgnl. Lysates of
HEK293 cells expressing HA-Nlgnl plus sh-Nlgnl or control were
subjected to immunoblot analyses using anti-Nlgnl antibody. ¢
Immunohistochemical analyses of HA-Nignl cerebellum injected with
AAV-sh-Nlgnl using antibodies against GFP (green), 3-PGDH (red),
and PV (blue), together with nuclear staining by DAPI. Note that AAV-
mediated expression of GFP was limited to PV-positive MLIs and PCs,
but not 3-PGDH-positive Bergmann glia (arrows) or DAPI-positive
granule cells. Scale bar, 20 um. d Nlgnl knockdown largely reduces
HA immunoreactivity in the molecular layer of the HA-Nignl
cerebellum injected with AAV encoding sh-Nign! (right panels), but not
control (left panels). Scale bar, 20 um. The bottom graph shows
quantification of HA signal density in these samples. **#p < 0.001 based
on the Mann-Whitney U test. n=9 regions from three animals. e
Nlgnl knockdown largely reduces HA immunoreactivity in the pinceau
formation. The area designated by the dotted line indicates the pinceau.
Scale bar, 5 um. The bottom graph shows quantification of HA signal
density in these samples. ***p <0.001 based on the Mann-Whitney U
test. n = 12 pinceau regions from 3 animals. Data represent means + SEM.
f Nlgnl knockdown does not affect molecular markers of MLI axons in
the pinceau formation. The left panels show the immunofluorescence of
PSD95 (red) and Kv1.2 (blue). The dotted line indicates the pinceau.
Scale bar, 5 pm. The right graphs show quantification of the
immunoreactivity of PSD95 and Kv1.2 in the pinceau. n.s., not
significant based on Mann-Whitney U test. n = 15 pinceau regions from
three animals. Data represents means + SEM. g Schematics of cellular
and subcellular localization of endogenous Nlgn1 in the cerebellar cortex.
Immunohistochemical studies using HA-Nignl mice indicate that
endogenous Nlgnl (left, red dots) is enriched at excitatory postsynaptic
sites at PF-MLI synapses and the glomeruli, where mossy fibers (MF)
make synapses with granule cell (GC) dendrites. In addition, Nlgn1 is
localized at MLI axons in the pinceau formation

NMDARs are highly expressed in granule cells at
mossy fiber-granule cell synapses in the glomerulus
[33]. At these synapses, induction of long-term potenti-
ation requires activation of postsynaptic NMDARs [34,
35]. Indeed, the genetic ablation of Grin2a, a subunit of
NMDARs expressed in granule cells, did not affect ba-
sic synaptic transmission, but impaired LTP at these
synapses, as well as visual adaptation of the vestibulo-ocular
reflex, which is a form of cerebellum-dependent motor learn-
ing [36]. These findings indicate that highly enriched Nlgnl
expression in the glomerulus (Fig. 3a, box 4) likely plays a
role in recruiting NMDARSs to induce synaptic plasticity at
mossy fiber-granule cell synapses.

Unlike most synapses in the central nervous system, PF-PC
synapses lack functional NMDARSs at postsynaptic sites [37].
Despite high expression levels of GluN1 mRNAs, immuno-
histochemical studies show very low GluN1 signals in PC
dendrites in the molecular layer [33]. Thus, the weak expres-
sion of endogenous Nlgnl immunopositive signals along PC
dendrites (Fig. 3a, box 3) is consistent with the role of Nlgnl
in recruiting NMDARs. Indeed, the triple knockout of Nign /—

3 genes in PCs did not affect the number of PF-PC synapses
[5], indicating that these synapses are mainly regulated by the
02 glutamate receptor (GluD2) and Cblnl as synaptic orga-
nizers [38]. In contrast, climbing fiber (CF)-evoked small
NMDAR currents have been recently reported in mature
PCs [39]. In addition, PC-specific Nignl knockout mice
showed small (~5%) reduction in CF-evoked EPSCs [5],
reflecting that Cbln1-GluD2 are not expressed at CF-PC syn-
apses [38]. Thus, postsynaptic NMDARs may be recruited by
a small amount of Nlgn1 at these synapses.

Subcellular Localization of Nign1 in the Cerebellum

Although endogenous Nlgnl was originally shown to be se-
lectively localized at excitatory postsynaptic sites [40], anti-
bodies (4C12 and 5G10) used in this study gave rise to non-
specific signals in triple Nlgn /-3 knockout mice [5]. In addi-
tion, overexpression of epitope-tagged Nlgn1 can induce both
excitatory and inhibitory synapses in vitro [19, 41]. In the
present study, we found that HA-Nlgnl was highly
colocalized with excitatory pre- (vGluT1) and postsynaptic
(PSD95) markers at PF-MLI synapses (Fig. 4b, c) and the
glomerulus (Fig. 4d) in the cerebellum. Although further
quantitative immunoelectron microscopic studies are neces-
sary, these results indicate that endogenous Nlgnl is predom-
inantly localized at the excitatory synapses.

Interestingly, we also found that Nlgn1 is localized in the
pinceau (Fig. 4e). Because HA immunoreactivity in the
pinceau was largely reduced by knocking down Nlignl in
MLIs (Fig. 5e), basket cell axons likely express Nlgnl.
Unlike axo-axonic terminals in the cerebral cortex, basket cell
axon terminals highly express Shaker-type potassium chan-
nels and their scaffolding protein PSD95 [24, 25]. Together
with the lack of sodium channels at axon terminals, these
features enable the pinceau formation to generate a strong
inhibitory electrical field without action potentials [42].
Although Nlgnl binds to PSD95 [43] and overexpression of
Nlgnl recruits PSD95 in neurons [19, 41], knockdown of
Nlgnl did not cause significant changes in the localization
of PSD95 and Kv1.2 in the pinceau (Fig. 5f), suggesting that
Nlgnl is dispensable for recruitment of these molecules.
Alternatively, other Nlgn family members may compensate
for the loss of Nlgnl [5]. Interestingly, finger-like processes
of basket cell axons are separated from PC axons by astrocytic
septate-like junctions in the pinceau [24, 25]. Because astro-
cyte morphology has recently been shown to be regulated by
Nrxn-Nlgn interaction between neurons and glia [44], Nlgnl
may also be involved in the formation of elaborate astrocytic
processes in the pinceau. Future studies are warranted to clar-
ify how Nilgnl is recruited to and functions in the pinceau
formation.
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Subpopulation of Nign1 Indistinguishable
in HA-NIgn1 Knock-in Mice

The extracellular domain of Nlgnl is shed by proteolytic
cleavage at the stalk region near the transmembrane domain
[45, 46]. If the cleaved fragment remains in the same region of
the tissue, our immunohistochemical analyses would be un-
able to distinguish the cleaved fragment from the full-length
Nlgnl because the epitope-tag was attached to the N-terminus
of Nlgnl. However, immunoblot analyses with anti-HA anti-
body after immunoprecipitation of HA-tagged proteins failed
to detect cleaved fragments of Nlgnl (< 100 kDa) (Fig. 2e).
These results indicate that, unlike during development, cleav-
age of Nlgnl may not occur frequently in the adult brain [46].
Thus, the HA immunoreactivities that we observed in the HA-
Nignl knock-in cerebellum most likely represent full-length
Nlgnl, but not its cleaved fragments.

Nlgn1 has two alternative splicing sites, A and B [47]. As
mentioned previously, these splice isoforms are indistinguish-
able in HA-Nlignl knock-in mice. Using electroporation-based
gene editing with CRISPR/Cas9, it would be possible to gen-
erate knock-in mice in which epitope tags are inserted at each
splice site. However, it remains challenging to introduce epi-
tope tags into short splice sites present in many synaptic orga-
nizers, such as Nrxn [48, 49] and receptor protein tyrosine
phosphatase & [50], because certain splice sites are in the
proximity of protein interaction domains. For example, mod-
ification near splice site B of Nlgn1 inevitably affects its bind-
ing to o-Nrxn [51, 52]. Therefore, further development of new
technologies to label endogenous synaptic organizers without
affecting their functions is highly warranted.
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