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Abstract

Reelin, an extracellular matrix protein, is sealelty Cajal-Retzius cells and plays crucial roleshie
development of brain structures and neuronal fonsti Reductions in Reelin cause the brain dysfonsti
associated with mental disorders, such as schizophrA recent genome-wide copy number variaticelyasis of
Japanese schizophrenia patients identified a naleetion in RELN encoding Reelin. To clarify the
pathophysiological role of thRELN deletion, we developed transgenic mice carryird¥a_N deletion Reln-del)
and found abnormalities in their brain structuned social behavior. In the present study, we peréal anin vitro
analysis of Reelin expression, intracellular Redlignaling, and the morphology of primary cultureattical
neurons from wild-type (WT) anBeln-del mice. Reelin protein levels were lowerRen-del neurons than in WT
neurons. Dabl expression levels were significamtiper inReln-del neurons than in WT neurons, suggesting that
Reelin signaling was decreased Rein-del neurons. Reelin was mainly expressedy{aminobutyric acid
(GABA)-ergic inhibitory neurons, but not in parvalbin (PV)-positive neurons. A small proportion of
C&’*/calmodulin-dependent protein kinase ol subunit (CaMKIb)-positive excitatory neurons also expressed
Reelin. In comparisons with WT neurons, significdatreases were observed in neurite lengths amdtopoints
as well as in the number of postsynaptic densibygim 95 (PSD95) immunoreactive punctaiaein-del neurons. A
disintegrin and metalloproteinase with thrombospomdotifs-3 (ADAMTS-3) is a protease that inactestReelin
by cleavage at the N-t site. The knockdown of ADABAT by short hairpin RNAs suppressed Reelin cleawag

conditioned medium and reduced Dabl expressiomadtidg that Reelin signaling was enhanced in thmary
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cultured cortical neurons of WT and heterozygBa-del. Accordingly, the inhibition of ADAMTS-3 mayeba

potential candidate in the clinical treatment dfisophrenia by enhancing Reelin signaling in thedrbr

Keywords

Redlin, Schizophrenia, Cortex, Neuron, Dabl, ADAMTS-3

1. Introduction

Reelin is a large secreted protein that is necg$sathe development of brain structures and fiomctin

the developing brain, Reelin is mainly expressedCajal-Retzius cells that are present on the serfafcthe

neocortex (Meyer et al., 1999), and Reelin regslaguronal migration (Hartfuss et al., 2003) amdftiimation of

proper cortical layers (Curran and D'Arcangelo, 899n the adult brain, Reelin is primarily expredsin

y-aminobutyric acid (GABA)-ergic neurons (Pesoldakt 1999). Secreted Reelin stimulates Src fanyilpdine

kinases (SFKs) and promotes the tyrosine phospditargl of intracellular Dabl (Bock and Herz, 2008)ough

binding to very low density lipoprotein receptor(LR) and apolipoprotein E receptor 2 (ApoER2) (Bayon et

al., 2003). Phosphorylated Dab1 activates the doeers pathway, leading to the development of syogdsticity

(Weeber et al., 2002), neurite growth (Niu et 2004), dendritic spines (Niu et al., 2008), andraral migration

(Tissir and Goffinet, 2003).

Previous studies suggested that decreases in Regiression were associated with neuropsychiatric

disorders, such as schizophrenia, autism, and Aehé& disease (Wasser and Herz, 2017). Reelireprand
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MRNA expression levels were lower in schizophrgratients than in non-psychiatric patients (Impagfiatet al.,
1998). A recent genome-wide copy number variatONV) analysis of Japanese schizophrenia patieetgiited
a novel deletion iRELN encoding Reelin (Kushima et al., 2017). A maleguaitwith the exonic deletion &RELN
exhibited positive and negative symptoms with ctgaiimpairment, and the amount of Reelin was deszd in
his serum (Sobue et al., 2018). We developed gafigtimodified mice that mimic th&ELN deletion of the
Japanese schizophrenia patidReii-del). The cerebellum of homozygoRBdan-del mice Rel n-der") was markedly
atrophied and cortical layers were abnormal. Hetgyous Reln-del mice Reln-de[”’) showed several
abnormalities in seeking behavior for social ngvéBawahata et al., 2020). However, the mechanisidsrlying
the behavioral abnormalities and neuronal charatity ofReln-del mice have not yet been elucidated.

Reelin supplementation improves neuronal functiorivo andin vitro. A microinjection of the Reelin
protein into the brain enhanced learning and memsygaptic plasticity, and dendritic spine densityadult
wild-type (WT) mice (Rogers et al., 2011), and ioy®d deficits in associative learning and memoncfion as
well as pre-pulse inhibition ifReeler mice with a 50% reduction in Reelin expressiond&s et al., 2013).
Maternal immune activation (MIA), a schizophreni@naal model induced by the administration of pobgmic:
polycytidylic acid (poly I:C) during pregnancy, sked impaired recognition and increased anxietyikbaviors,
and an injection of Reelin into the hippocampus lareged these behavioral abnormalities (Ibi ef 2020).
Reelin supplementation to cultured hippocampal orsirincreased dendritic spine density (Kim et 2015).
Reelin also enhanced glutamic acid-induced caldifiox to activate the NMDA receptor function ofipary

cortical neurons (Chen et al., 2005). Furthermtire,dendrite length and branch number of cultuipddtampal
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neurons were significantly increased in Reelin-aombg medium (Niu et al., 2004). Collectively, seefindings

indicate that neural deficits and brain dysfundioassociated with reductions in Reelin expressi@rew

ameliorated by the supplementation of Reelin ihtokrain.

Endogenous Reelin is mainly inactivated by a déginh and metalloproteinase with thrombospondin

motifs-3 (ADAMTS-3). ADAMTS-3 is an enzyme that spfecally cleaves Reelin between Pro1243 and Alatl24

called the N-t site (Koie et al., 2014). Reelin detgtion was markedly suppressed in the brainsooéitonal

knockout (cKO) mice of ADAMTS-3, whereas the levefsactive Reelin, which is capable of receptordimg,

were elevated (Ogino et al., 2017). Furthermore nilimber and length of dendritic branches wereeassd in the

ADAMTS-3 cKO mice (Ogino et al., 2017). Therefotae inhibition of ADAMTS-3 activity in the brainsfo

patients with neuropsychiatric disorders, such esizephrenia, may enhance Reelin signaling, leading

improvements in neuronal morphology and functiamg,ahus, clinical symptoms. However, since no bitbrs

specific for ADAMTS-3 have been identified, ADAMT®-needs to be continuously inhibited using a new

approach to test this hypothesis.

In the present study, we generated a primary @lliofr cortical neurons fronReln-del mice to

characterizeReln-del neurons as a new schizophrenia madeVitro. We found that Reelin production and

intracellular signaling were decreasedR#n-del neurons. In additiofReln-del neurons exhibited some deficits in

neurite development and synapse formation. Theeptesesults also demonstrated that the ADAMTS-3

knockdown method by short hairpin RNAs (shRNAs)mepsed secreted Reelin degradation in WTReho-del

neurons.
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2. Materials and methods
2.1. Animals

C57BL/6J mice were obtained from Japan SLC Incniei@atsu, JapaniReln-del mice were generated
in a C57BL/6J genetic background as described pusly (Sawahata et al., 2020). WT littermates wesed as
controls. All animal experiments in the presentgtwere approved by the Animal Care and Use Coramidif
Nagoya University, and complied with the Principlesthe Care and Use of Laboratory Animals by thpanese

Pharmacological Society and the National Institafedealth Guide for the Care and Use of Laborafarymals.

2.2. Plasmid construction

ADAMTS-3 knockdown experiments were performed ussmRNAsS expressing a lentiviral system as
reported previously (Tsujimura et al., 2015). Tocalate the shRNA sequences for the ADAMTS-3 knowkd
lentivirus plasmids, including candidate ADAMTS-BIRINA (shRNA#1-5) and control shRNA (hon-target)
inserted into the pLKO.1-puro vector, were prepafeam MISSION® shRNA Bacterial Glycerol Stock
(Sigma-Aldrich, St. Louis, MO, USA). The target seqces for shRNA are listed in Supplementary Fig. 2

To investigate the effects of the ADAMTS-3 knockdown primary cultured cortical neurons from WT
and Reln-del"mice, the target sequences for shRNAs were aswsiloshControl as a negative control:
5'-CAACAAGATGAAGAGCACCAA-3 (Schramek et al., 2014), shADAMTS-3:

5-GTGTCATCTAACTCAGAGCAT-3' (the same sequence asRBIA#2 in Supplementary Fig. 2). These
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sequences were inserted into the shRNA and EGHRssipn vector (pLLX), which was generously prodidsy

Drs. Z. Zhou and Greenberg, M. E (Lois et al., 2Q0u et al., 2006).

2.3. Lentivirus production

HEK293T cells were plated on 100-mm culture dis{tésrning, Corning, NY, USA) and cultured in

DMEM (Sigma-Aldrich) containing 10% FBS (Gibco, Gdrad, CA, USA), 100 units/mL of penicillin, 0.1 mg_-

of streptomycin, and 0.2pg/mL of amphotericin B (Nacalai, Kyoto, Japan) undamidified air containing 5%

CO, at 37°C. HEK293T cells were transfected with shRpldsmid DNA, the envelope plasmid, and packaging

plasmid in Opti-MEM medium (Gibco) and PEI MAX -atrsfection grade linear polyethylenimine hydrodhler

(MW 40,000) (Polysciences, Inc., Warrington, FL, A)STransfected HEK293T cells were incubated atC37°

overnight, and the medium was replaced with fragture medium the next day. Twenty-four hours aftedium

replacement, the virus-containing supernatant wéleated and centrifuged at 3,000gXor 10 min followed by

6,000 xg overnight. The pellet containing the lentivirus veaspended in 206L of DPBS (Gibco). Regarding the

copy number quantification of the lentivirus, toRNA was purified by QIAamp Viral RNA mini (QIAGEN,

Hilden, Germany). RNA concentrations were measwisdg the NanoDrop 2000c spectrophotometer (Thermo,

Waltham, MA, USA). cDNA was synthesized from puwedi total RNA using the Superscript Il First-Strand

Synthesis SuperMix for qRT-PCR (Invitrogen, Euge®&, USA). Quantitative real-time reverse trandwip

(qRT)-PCR was performed using the 7300 Real-timR Bgstem (Applied Biosystems, Foster City, CA, US#A)

25 ul of reaction mixture containing 12,8 of the Power SYBR Green PCR Master Mix (Applied®/stems), 1
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ML of cDNA, and 0.5uM of primers. Data were analyzed using a standamdec prepared based on pLLX
containing EGFP. Data were analyzed using tH8“2 method. The primers used in the present study wasre
follows: EGFP forward, 5-CGTAAACGGCCACAAGTTCA-3, EGFP reverse,

5-CTTCATGTGGTCGGGGTAGC-3..

2.4. Preparation of primary cultured cortical neuronsand lentivirusinfection

Reln-del” male mice andReln-del”” female mice were crossed to generate Wadn-del”, and
Reln-del” mice. Cortical neurons were prepared from theicastof embryonic day (E) 15. Cortical tissues were
incubated in Hanks’ balanced salt solution (Gibao)h 0.25% trypsin (Gibco) and 0.01% DNase (Roche
Diagnostics GmbH, Mannheim, Germany) at 37°C fonfif. The cortices were washed with Neurobasal amedi
(Gibco), followed by trituration with an electridpgttor and micropipette. Cells were then platedb@®,000
cells/iwell in poly-D-lysine-coated 6-well platesWAKI) for total RNA and protein extraction, includ
ADAMTS-3 knockdown experiments. In the immunocytestical assay, cells were plated at 10,000 cellsovel
15-mm coverslips (Matsunami, Kishiwada, Japan) &wéll plates (Corning) coated with poly-D-lysin@ifco).
Regarding live imaging, cells were plated at 10,0@8Is/well on 12-well plates (Corning) coated with
poly-D-lysine (Gibco). Cultured neurons were incigohin Neurobasal medium containing 10% FBS under
humidified air containing 5% CQat 37°C. After 3 h, the medium was replaced witauibbasal medium
containing B-27 supplement (Gibco) and 0.5 mM GWda-I (Gibco). Half of the conditioned medium was

replaced with fresh medium every 3 or 4 days. la ADAMTS-3 knockdown experiment, primary cultured



170  cortical neurons were transfected with the lentivi(1§ copies/well) at 10 dayis vitro (DIV10) and collected at
171 DIV20. Genotyping was performed as previously descr (Sawahata et al., 2020).

172

173  2.5. Analysisof ADAMTS-3 knockdown efficiency

174 Total RNA was extracted at DIV20 by the RNeasy Miii (Qiagen) from cultured cortical neurons
175 transfected with the lentivirus and gRT-PCR wadqgrared as described in 2.3. Lentivirus productibata were
176  analyzed using the 2*“" method. Glyceraldehyde-3-phosphate dehydroge@&PDH) was used as an internal
177 control. The primers used in the present study weas follows: ADAMTS-3 forward,
178 5-CAGGTTCTGTGCAGGACTGG-3’, ADAMTS-3 reverse, 5'-GRBTGGAGCAGTATCTTGC-3', ADAMTS-2
179 forward, 5-GGCCTGATCCTGACTCACCT-3', ADAMTS-2 revse, 5-CCTCCGTCCTCTGTGTTGCT-3',
180 GAPDH forward, 5-CAATGTGTCCGTCGTGGATCT-3, GAPDH everse,
181 5-GTCCTCAGTCTAGCCCAAGATG-3'.

182

183  2.6. Redlin mRNA expression analysis

184 Medial prefrontal cortex (MPFC) tissue was obtdifrem WT andReln-del” adult male mice (8-17
185 weeks old). Total RNA extraction and qRT-PCR weeegigomed as described in 2.3 Lentivirus productiRaelin
186 mRNA expression levels were examined using the grigets for the conserved region and deleted reigion
187 Reln-del (Supplementary Fig. 1). GAPDH mRNA was usedaadnternal control and measured using the same

188 primers in 2.5. Analysis of ADAMTS-3 knockdown effincy. The primers for Reelin mRNA were as follows

10
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Reelin forward (conserved regiony-AGCACCTTCTTTGATGGCTTGCTGG-3, Reelin reverse (served

region), 5-CCACACTGCACATAAACTGGTTACC-3, Reelin fovard (deleted region),

5'-CCCAGCCCAGACAGACAGTT -3, Reelin reverse (deldtezgion), 5-CCAGGTGATGCCATTGTTGA-3".

2.7. Western blotting (WB)

Regarding WB of intracellular Reelin and Dab1l, pnag were extracted from cultured cortical neurains

DIV20 with 200uL of sodium dodecyl sulfate (SDS) sample buffer.f6&:M Tris-HCI (pH 6.8), 2% SDS, 10%

glycerol, 0.01% bromophenol blue, and 5% 2-meraathmol). The lysate was heated at 99°C for 10forithe

analysis of Dabl expression, but not Reelin to gméaggregation. Ten microliters of protein samplese loaded

onto the 10% SDS polyacrylamide gel, separated$-BAGE, and transferred to a PVDF membrane (Mitkp

Billerica, MA, USA). The membranes were blocked 3% skim milk (FUJIFILM Wako, Osaka, Japan) in

Tris-buffered saline-Tween 20 (TBS-T: 20 mM Tris-H@H 7.4), 150 mM NacCl, and 0.1% Tween-20), and

incubated with a goat anti-Reelin antibody (AF38201,000, R&D Systems, Minneapolis, MN, USA), rat

anti-Dabl (D354-3, 1:1,000, MBL, Nagoya, Japan)mause antp-actin (sc-47778, 1:1,000, Santa Cruz, Dallas,

TX, USA) as a loading control at 4°C overnight. &ftvashing with TBS-T, the membranes were incubajéda

peroxidase-labeled anti-goat IgG antibody (HAF109,000, R&D Systems), anti-rat IgG (62-9520, 1000,

Invitrogen), or anti-mouse IgG (5450-0011, 1:10,08@ra Care, Milford, MA, USA) at room temperatuiog

60min. The immune complex was detected using the E@ine Western Blotting Detection reagent (GE

Healthcare, Chicago, IL, USA), and protein imagesercaptured by LuminoGraph | (ATTO, Tokyo, Japan).

11
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Regarding WB of Reelin in the conditioned mediulme tprotein concentration of the conditioned
medium was measured by the DC Protein Assay Kib-@ad Laboratories, Hercules, CA, USA). SDS sample
buffer was added to the conditioned medium, andudOof protein samples were loaded onto the 6% SDS
polyacrylamide gel. A goat anti-Reelin antibody @820, 1:1,000, R&D Systems) and anti-goat IgG aakyb
(HAF109, 1:1,000, R&D Systems) were used as thaam and secondary antibodies and to measure thardam

of Reelin.

2.8. Immunohistochemistry

Cortical neurons were fixed with 4% paraformaldehyd 0.1 M phosphate buffer at DIV20 for 20 min,
and then incubated in 0.3% Triton X-100 for 10 mifter the incubation in blocking buffer (1% goargm in
PBS) for 30 min, rabbit anti-GABA (A2052-.2ML, 100, Sigma-Aldrich), rabbit anti-parvalbumin (PV)
(ab11427, 1:500, Abcam), mouse antZzalmodulin-dependent protein kinasexlsubunit (CaMKI&) (05-532,
1:1,000, Sigma-Aldrich), goat anti-Reelin (AF38201,000, R&D Systems), rabbit anti-MAP2 (AB56221,000,
Sigma-Aldrich), rabbit anti-GFP (MBL598, 1:500, MBLand mouse anti-postsynaptic density 95 (PSD95)
(MA1-045, 1:500, Invitrogen) antibodies diluted iblocking buffer were added and incubated at 47€rright.
After washing with PBS, donkey anti-mouse Alexa dflAF) 594 (A21203, 1:1,000, Invitrogen), donkey
anti-goat AF 594 (A11058, 1:1,000, Invitrogen), geati-rabbit AF 488 (A11034, 1:1,000, Invitrogemgabbit
anti-mouse AF 488 (A21204, 1:1,000, Invitrogen)nkkey anti-rabbit AF 488 (A21206, 1:1,000, Invitrode

antibodies and Hoechst 33342 (346-07951, 1:2,00{ndo, Kumamoto, Japan) were added to corticataoresiat

12
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room temperature for 2 h. Confocal images wereyaedl using the TIE-A1R Nikon confocal laser miciyzse

(Nikon, Tokyo, Japan). Neuronal marker-positivelcéGABA, PV, and CaMKIld) were manually counted to

identify Reelin-expressing neurons. To analyzerthnber of PSD95 clusters on MAP2-positive dendi(g&&5s35

pm from the soma), 3D pictures were constructenh filoorescence images using the Filament Tracdysisan

Imaris (Bitplane, Zurich, Switzerland).

2.9. Livecel imaging

Brightfield images were obtained by IncuCyte ZOOBsgen Bioscience, Ann Arbor, MI, USA) from

DIV3 to DIV7. Neurite lengths and the number of rieubranches were analyzed by the NeuroTrack Asmly

Software Module.

2.10. Statistical analysis

Results are expressed as the mean * standard ddrrile mean (SEM). Statistical analyses were

performed with GraphPad Prism7J (GraphPad Softwace San Diego, CA, USA). The significance of

differences between two groups was analyzed bysthdent'st-test. A one-way analysis of variance (ANOVA)

and two-way ANOVA, followed by Tukey's multiple cgrarison test or Dunnett’s multiple comparison teste

used for more than two groups.

3. Reaults

13
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3.1. Reln-del neurons show reduced Reelin expression levels and intracellular signaling

To investigate the expression levels of Reelin iff \Whd Reln-del cortical neurons at DIV20, we
performed WB on intracellular full-length ReelinL{Fand its degradation products (Fig. 1A and 1B3ekh has
eight repeated structures called Reelin repeatsr¢Bhgelo et al., 1995). The NR6 fragment is geteerdy the
decomposition of Reelin at the C-t site. NR2 (inscform) is a fragment that is cleaved at the $it¢ of Reelin
and does not bind to VLDLR or ApoER2 (Kohno et 2aD09). The expression levels of FL and the NRgrfrent
were lower inReln-del” neurons than in WT. FL and the NR2 fragment werih lbarely detectable iReln-del”
neurons. The expression level of NR6 was signiflgatlecreased ifReln-del” neurons and slightly reduced in
Reln-del” neurons. The amount of total Reelin, which is sben of FL, NR6, and NR2 intensities, was also
significantly decreased iReln-del”” and Reln-del” neurons (FL: F (2, 12) = 17.71, p = 0.0003, NR§2F12) =
5.568, p = 0.0195, NR2: F (2, 12) = 16.31, p = 04Q)Qotal Reelin: F (2, 12) = 16.02, p = 0.0004. AIC). These
results on Reelin expression levels were consistétit previous findings obtained using the wholaibs of
embryonic and postnatBen-del mice (Sawahata et al., 2020). We then perfdrgi®T-PCR using primer sets for
the conserved and deleted regiong&@n-del. Reelin mRNA levels were significantly lower Reln-del” mPFC
tissue than in WT tissue when either primer set uwsesd for gRT-PCR (Supplementary Fig. 1B and 1@gs€
results suggest that Reelin protein expressionidewere reduced due to the lower expression leseReelin
MRNA in Reln-del neurons.

Since Reelin is secreted extracellularly and biodseceptors for intracellular signal activationefBr et

al., 2001), we also analyzed time-course changdgbdnamount of secreted Reelin proteins in the itiomed

14



265 medium of WT andreln-del cortical neurons (Fig. 2A). The trajectoriéd=0 and NR6 levels in the conditioned
266  media of both WT an®eln-del” neurons increased from DIV3 to DIV10, and thenréased at DIV20, whereas
267 the NR2 fragment accumulated over time (Fig. 2B}fallReelin, which is the sum of FL, NR6, and NR&nsities,
268 continued to increase from DIV3 to DIV20 (Fig. 2B). comparisons oReln-del”” and WT,Reln-del” neurons
269 secreted fewer Reelin proteins than WT neurons. (ER). Furthermore, negligible amounts of Reelinrave
270  detected in the conditioned mediumRen-del” neurons (Fig. 2C). These results show that Reetduction and
271  secretion were both decreasedr@in-del neurons.

272 A previous study reported that phosphorylated Dab$ rapidly degraded when Reelin signaling was
273 stimulated (Feng et al., 2007). We analyzed changedracellular Dabl expression in primary cudrcortical
274  neurons from WT an&eln-del mice at DIV20 (Fig. 3A). Total Dabl expresslewels were significantly higher in
275 Reln-del” andReln-del” neurons than in WT (F (2, 14) = 17.76, p = 0.00Bg, 3B). We confirmed that the
276  expression levels of Dabl Reln-del” neurons were decreased by treatment with 10 niimbmant Reelin for
277 24 h (vehicle: 1.00 = 0.06, Reelin: 0.62 £ 0.16; .05, Student’s t-test). These findings sugdest intracellular
278 Reelin signaling was diminished Reln-del neurons.

279

280  3.2.Redlin ismainly produced by GABA-positive neuronsin both WT and Reln-del*” mice

281 We performed immunocytochemistry to identify Readipressing neurons in primary cultured cortical
282  neurons from WT an®eln-del”” mice at DIV20. We found that Reelin was mainly eegsed in GABA-positive

283  neurons in both WT (68.3 + 9.0%) aiéin-del” cultures (66.7 + 8.3%) (Fig. 4A). No PV-positiveunons
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expressed Reelin under our experimental condit{éng. 4B). CaMKlb was used as a marker for excitatory
neurons(Ma et al., 2019)A small proportion of CaMKl-positive excitatory neurons also expressed R&@lin
neurons: 3.7 + 3.7%Reln-del” neurons: 2.8 + 2.8%) (Fig. 4C). No significantfeliences were observed in the

types of neurons expressing Reelin between thess\gees.

3.3. Reln-del neurons show an abnor mal neuronal mor phology

To examine changes in dendrite elongation andahgplexity ofReln-del cortical neurons, we analyzed
neurite lengths and the number of neurite branéioes DIV3 (Fig. 5A) to DIV7 (Fig. 5B) using a livenaging
analysis. Neurite lengths and the number of bramelere significantly lower ilReln-del”” and Reln-del” cortical
neurons than in WT neurons (time: F (3, 252) =86f.< 0.0001, genotype: F (2, 252) = 16.38, p0o01, time x
genotype interaction: F (6, 252) = 0.3529, p = 08ig. 5C; time: F (3, 252) = 108.3, p < 0.00§dnotype: F (2,
252) = 14.59, p < 0.0001, time x genotype intecactF (6, 252) = 0.9255, p = 0.4771, Fig. 5D), f8jgg some
deficits in dendrite development Bgln-del neurons.

Reelin promotes spine formation, as demonstrageghtincrease in the number of PSD95 puncta (Kim et
al., 2015), which reflects the postsynaptic densitgxcitatory synapses (lbi et al., 2013). We eixaah the number
of dendrites showing PSD95 immunoreactivity usibgifages constructed by serial immunofluorescenages
(Fig. 5E). The number of PSD95 puncta was signitiydower in Reln-del”” andReln-del” cortical neurons than
in WT (F (2, 33) = 6.859, p = 0.0032, Fig. 5F). $heesults suggested that deficits in Reelin siggainpaired

spine formation and the junction of excitatory gyses inReln-del neurons.
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3.4. ADAMTS-3 knockdown may rescue decreased Reelin signaling in Reln-del*” neurons

ADAMTS-3 cleaves Reelin at the N-t site and inaat®s extracellular Reelin (Ogino et al., 2017).
Therefore, the inhibition of ADAMTS-3 may suppré&selin degradation and enhance Reelin signalingeSidhis
assumption, we developed the ADAMTS-3 knockdownhmetusing the lentiviral sShRNA vector.

We initially investigated the ADAMTS-3 knockdowrtiefency of five candidate shRNA sequences using
a primary culture of WT cortical neurons (Suppletaen Fig. 2A). High knockdown efficiencies of ADANSF3
were obtained with the shRNA#2 and shRNA#3 treatm0 and 66%, respectively) (Supplementary F8). th
addition, Reelin cleavage in the conditioned medifrprimary cultured cortical neurons with shRNA#&Ad
SshRNA#3 was significantly less than that in thetoargroup (Supplementary Fig. 2C and 2D). Thedasgquence
of sShRNA#2 was used in subsequent ADAMTS-3 knockaewperiments.

To label shRNA-expressing neurons with EGFP, weamed a lentivirus plasmid (ShADAMTS-3) using
the pLLX vector, in which the target sequence &@NA#2 was inserted. No significant differences weloserved
in infection efficiency between the control and AMAS-3 knockdown groups (Supplementary Fig. 3A aBjl 3
ADAMTS-3 mRNA expression levels were markedly dasexl at DIV20 in cultured cortical neurons aftex th
transfection with shADAMTS-3 at DIV10. The efficieym of ADAMTS-3 knockdown was estimated to be
approximately 84% in cortical neurons (Supplemsnkg. 3C). Like ADAMTS-3, ADAMTS-2 is a protease that
inactivates Reelin by cleavage at N-t site (Yamakgigal., 2019). Accordingly, we performed qRT-PGRheck the

effect of ADAMTS-3 knockdown on ADAMTS-2 mRNA exmsion level. There was no significant differencenim
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expression levels of ADAMTS-2 mRNA between the colngroup and the ADAMTS-3 knockdown group
(Supplementary Fig. 3D).

We then investigated the amount of Reelin in thed@dmned medium derived from ADAMTS-3
knockdown neurons (Fig. 6A). The ratio of FL tcaidReelin was significantly increased in the candiéd medium
of both WT andReln-del”” neurons treated with ShADAMTS-3 (genotype: F @),42.033, p=0.1731, treatment: F
(1, 16) = 27.22, p < 0.0001, genotype x treatmaetraction: F (1, 16) = 0.9929, p = 0.3339, Fig).68though no
significant differences were noted in the ratid\N&6 to total Reelin, the ratio of the NR2 fragmenhich is a
degradation product of ADAMTS-3, was significantBduced by the treatment with shADAMTS-3 in both WT
and Reln-del”” neurons (Fig. 6C). Further, Dabl expression lewase significantly lower in WT anBeln-del”
neurons treated with shADAMTS-3 than in the respehControl-treated neurons (genotype: F (1712439, p =
0.1443, treatment: F (1, 12) = 38.53, p < 0.00@hptype x treatment interaction: F (1, 12) = 0.520890.4806, Fig.
7A and 7B). These results suggested that the tigribof ADAMTS-3 using shRNA restored Reelin signglin

Reln-del"” neurons.

4. Discussion

We previously reported thaReln-del mice that mimic theRELN gene defect identified by the
genome-wide CNV analysis of schizophrenia patidrgge abnormalities in their brain structures andiaso
behavior (Sawahata et al., 2020). In the presemwtysive constructed a primary culture system usigcortical

neurons oReln-del mice and analyzed the phenotypeRah-del neurons. We also examined a method to activate
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the Reelin signal by inhibiting the Reelin-degrapenzyme, ADAMTS-3.

We initially demonstrated that the expression oéliRewas reduced iReln-del neurons (Fig. 1 and Fig.
2). Further, the Reelin mRNA levels of mPFC tissmwere lower in Reln-del”” mice than in WT mice
(Supplementary Fig. 1). On the contrary, a previiusly has shown that Orlearggler mutant mice can express a
C-terminal truncated Reelin protein, despite haxangimilar gene deletion teeln-del mice (de Bergeyck et al.,
1997). Lower truncated Reelin protein expressimeliein Reln-del” mice may be due to highly unstable Reelin
MRNA with Reln-del. We measured time-course changes in the anojwsdcreted Reelin in WT ariein-del”
cortical neurons (Fig. 2B), and the results obtioe FL and the NR6 fragment in the conditioned iomedwere
similar to previous findings showing that intracédr Reelin expression levels in primary cultureégplbbcampal
neurons increased until DIV12 and decreased afiél £ (Sinagra et al., 2005). On the other hand ameunt of
the NR2 fragment continued to increase in the d¢argid medium (Fig. 2B). The NR2 fragment is geteztdrom
FL and the NR6 fragment by the N-t site degradatiosecreted metalloproteinases, such as ADAMTOgI(o et
al., 2017), and also potentially by endosome degiawl and re-secretion following the endocytosi®eélin (Hibi
and Hattori, 2009). Therefore, the NR2 fragmentegppd to accumulate in the conditioned medium éveagh
FL and NR6 fragment expression levels were decdeassulting in an increase in total Reelin levels.

After phosphorylation by the Reelin stimulation, Mais polyubiquitinated and degraded via the
proteasome pathway (Arnaud et al., 2003). The OQmbfein in Reelin-deficient mice accumulates ingthdarly
because Dabl is not degraded without Reelin sigm@Martin-Lopez et al., 2011). Although phosphatgtl level

of Dabl should be monitored in the present stuugtet was no prominent anti-phosphorylated Dablbadyi
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Therefore, we analyzed Dabl expression level idsté@hosphorylated Dabl to monitor the activitytiod Reelin
signal. Dabl expression levels were significanighkr in Reln-del neurons than in WT neurons (Fig. 3B). These
results indicated that Reelin signaling was de@@asReln-del neurons. Further studies are needed to imatsti
signal activity downstream of Dabl, such as thesphatidylinositol 3-kinase (PI3K)/Akt pathway (Jiosand
Goffinet, 2007).

Regarding WT andReln-del"” primary cultured cortical neurons, more than 60%C#BA-positive
inhibitory neurons expressed Reelin (Fig. 4A), vaasrReelin was not detected in PV-positive intenoresi (Fig.
4B). These results on Reelin expression in GABA} BN-positive neurons are consistent with previtgings in
the adult rat brain (Pesold et al., 1998; Pesokll.e1999). A previous study reported that Reelés expressed in
inhibitory neurons with neuropeptide Y and somatiist(Pesold et al., 1999). Reelin was also sugdeti be
weakly expressed in excitatory neuroftzarceller et al., 2016); however, limited inforioatis currently available
on Reelin production in non-GABAergic neurons. idound that a few CaMKdkpositive cells expressed the
Reelin protein in primary cultured cortical neurdream both WT andReln-del” mice, suggesting that Reelin is
also expressed by a small proportion of excitat@yrons (Fig. 4C). No changes were observed ipribgortion
of Reelin-expressing cells in GABA-, PV-, or CaMidpositive cells between WT ambin-del” cortical neurons.
Further studies are needed to characterize Regtiressing CaMKld-positive cortical neurons in culture.

Reelin controls dendrite development in the br&eeler mice, a type of Reelin-deficient mouse, have
shorter hippocampal dendrites (Niu et al., 200&elR activates intracellular signaling, which atfe dendrite

development and neuronal migration, such as PI3KAdkt, through Dabl phosphorylation (Beffert et 2002).

20



379 Live cell imaging showed that primary culturBdn-del cortical neurons had a shorter neurite lefiid. 5C) and
380 fewer neurite branches than WT neurons (Fig. 5D).

381 Previous studies indicated that Reelin also fatdid spine formation (Niu et al., 2008) and reguahe
382 number of PSD95 puncta to increase spine density @€ al., 2015). Reelin is secreted by GABA-pesitheurons
383 and acts by binding to Reelin receptors presenhemrell membrane of nearby neurons. Reelin alsmptes spine
384 formation by an increase in the number of PSD95ctaurfKim et al., 2015). The activation of ApoER2dan
385 VLDLR present in excitatory synapses by Reelin éases Dabl phosphorylation and activates Src, and
386  subsequently promotes Src binding to PSD-95. Thhosphorylation of the NMDA receptor subunit phgsdiic
387 associated with PSD95 is increased, resulting tivatmon of the NMDA receptor (Beffert et al., 2Q08iu et al.,
388 2006). Based on clinical observations showing #@he density was lower in schizophrenia patieh&ntin
389  control subjects (Glantz and Lewis, 2000), we pentd an immunocytochemical analysis of spine foionain
390 WT andReln-del cortical neurons to examine the number of PSpéhcta on MAP2-positive dendrites (lbi et al.,
391 2013). The results obtained revealed that the noaib@SD95 puncta was significantly lowerReln-del neurons
392 than in WT neurons (Fig. 5F) when these neuronsewartured in Neurobasal medium containing B-27
393 supplement and GlutaMax-l. We also confirmed thadré were no significant differences in the ratio o
394 CaMKlla-positive excitatory neurons (WT: 41.6 + 5.0Reln-del”: 36.8 + 5.8% of total cells, p = 0.5383,
395  Student'st-test) and GABA-positive inhibitory neurons (WT:.84: 6.1% Reln-del”: 38.6 + 6.0% of total cells, p
396 = 0.4959, Student'stest) between WT aneln-del” neurons in the same experimental conditions. Thesdts

397 suggested that impairments in neurite and spin@dton during neurodevelopment contribute in parbtain
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structural abnormalities iReln-del mice.

ADAMTS are a family of secreted proteases that iam®lved in collagen processing and matrix
proteoglycan cleavage (Porter et al., 2005). Withimn ADAMTS group, ADAMTS-3 exhibits stronger cleme
activity at the N-t site of Reelinn vivo (Yamakage et al., 2019). We performed ADAMTS-3 dkamown
experiments using shRNA in WT arkRein-del”” neurons and succeeded in efficiently introducihBMNA into
primary cultured cortical neurons and knocking dMIAMTS-3 using a lentivirus system (Supplementaly. 3).
The knockdown of ADMATS-3 in WT neurons suppresBeelin degradation (Fig. 6B) and decreased intitdael
Dabl levels (Fig. 7B), suggesting that Reelin diggain WT neurons was enhanced by the inhibitidnh o
ADAMTS-3. A previous study using ADAMTS-3 cKO miedgth an ADAMTS-3 deficiency only in the excitatory
neurons of the forebrain showed reductions in Reddiavage and Dabl expression levels in the carebriex and
hippocampus (Ogino et al., 2017). The results abthiin the lentivirus-mediated ADAMTS-3 knockdown
experiment on primary cultured neurons are cordistéh the changes observed in the brains of ADIGAT cKO
mice.We also showed that the inhibition of ADAMTS-3 effieely improved Reelin signaling RReln-del”” neurons
with low Reelin expression levels (Fig. 6 and Fig. Since we analyzed only Dabl level as Reelimaigg
molecules in this study, further experiments ageliired to investigate whether ADAMTS-3 knockdown @aprove
the alterations of downstream signaling, and amegkothe impairments in neurite and spine formaitidrel n-del”
neurons.

Decreased Reelin levels have been shown to indebavibral impairments in pre-pulse inhibition,

contextual fear conditioned learning, anxiety, abbiehavior, and motor learning (Qiu et al., 2086bue et al.,
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2018). Furthermore, Reelin supplementation enharsstciative learning and increased pre-pulse itgmbin

Reeler mice (Rogers et al., 2013). Reelin injections itlte hippocampus of polyl:C-treated MIA model mice

improved their cognitive deficits and anxiety-likehavior (Ibi et al., 2020). The present resukstatogether with

these previous findings on Reelin supplementatttowsthat the ADAMTS-3 knockdown method is a potanti

candidate for the clinical treatment of neuropsyodical disorders, such as schizophrenia, by sigsprg the

degradation of endogenous Reelin. To develop neatrirents for schizophrenia based on Reelin signalin

enhancements, we need to investigate whether tleckdown of ADAMTS-3 improves behavioral and

morphological abnormalities iReln-del mice.

One might concern that Reelin replacement theragylme effective for the treatment only in a veryami

population of schizophrenia patients WRELN deletion, but not in most of the patients withB&ELN deletion. In

this regard, it has already been reported thaexipeession of Reelin mRNA in the brain and periphbtood of

schizophrenia patients tends to decrease compateshithy control (Yin et al., 2020). Similarly, &i& expression

level is reduced in the hippocampus of MIA mouselet@f schizophrenia, which is not directly relatedheRELN

mutation, and their cognitive impairment as welbagiety-like behavior are ameliorated by the infppocampal

administration of Reelin (Ibi et al., 2020). Reeativerexpression prevents pre-pulse inhibition dsfinduced by

MK-801, a NMDA receptor antagonist (Teixeira ef 2011). Alternatively, it is reported that Reedupplementation

can improve the cognitive function in WT mice (Roget al., 2011). Accordingly, it is conceivablatttiReelin

replacement therapy including ADAMTS-3 inhibitionagnbe effective not only for schizophrenia patiewtth

RELN deletion, but also for the patients with&HLN deletion.
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5. Conclusion

In primary cultured cortical neurons frofeln-del mice, the protein levels of intracellular and

extracellular Reelin were lower, while Dab1l levetsre higher than those in WT mice. These resuljgest that

Reelin signaling is weaker iReln-del neurons than in WT neurorReln-del neurons had shorter neurites and

fewer branch points than WT neurons. Furthermdre,tumber of PSD95 clusters on MAP2-positive déesliri

was decreased iReln-del neurons. The inhibition of ADAMTS-3 may augrhé&eelin signaling by suppressing

secreted Reelin cleavage not only in WT neurons,also inReln-del neurons. We propose a novel concept to

enhance Reelin signaling, namely, the inhibition MDAMTS-3, as a new treatment for patients with

schizophrenia.
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Figurelegends

Fig. 1. Comparison of intracellular Reelin expression levels in WT and Reln-del neurons. (A) Schematic

representation of full-length Reelin (FL), NR6 (thet site cleaved fragment), and NR2 (the N-t sieaved
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fragment). (B) Western blotting (WB) of intracednlFL and the NR6 and NR2 fragments of primaryicalkt
neurons from WTReln-del”" (+/-), andReln-del” (-/-) mice at 20 day# vitro (DIV20). (C) Quantification of
intracellular FL, NR6, NR2, and total Reelin (Sufmkk, NR6, and NR2 intensities). Data representriiean +
SEM (n=5for WT; n=6 foreln-del”; n = 4 forReln-der/') and were analyzed by Tukey’'s multiple comparison

test. *p < 0.05 and ***p < 0.001.

Fig. 2. Comparison of Reelin protein levelsin the conditioned medium of WT and Reln-del neurons. (A) WB
analysis of FL and the NR6 and NR2 fragments inciraditioned medium of primary cortical neuronsirgvT
andReln-del”” mice from DIV3 to DIV20, and frorReln-del’” mice at DIV20. (B) The amounts of FL, NR6, NR2,
and total Reelin in the conditioned medium of W &eln-del” mice cortical neurons from DIV3 to DIV20. Data
represent the mean = SEM (n = 4) and were analyye¢de Student's-test at each time point. *p < 0.05 and **p <
0.01. (C) Quantification of FL, NR6, NR2, and taReelin in the conditioned medium of WT aReln-del” mouse
cortical neurons at DIV20. Data represent the meS8&M (n = 3) and were analyzed by the Studdrest at each

time point. *p < 0.05, **p < 0.001, and ****p < @O01.

Fig. 3. Analysis of Dabl expression levelsin WT and Reln-del neurons. (A) WB of Dabl in primary cortical
neurons from WTReln-del”, and Reln-del” mice at DIV20. (B) Quantification of intracelluldpabl. Data
represent the mean + SEM (n = 6 for WT; n = 7Rein-del”: n =4 forReln-der") and were analyzed by Tukey’s

multiple comparison test. *p < 0.05, **p < 0.01 dar**p < 0.0001.
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Fig. 4. Immunofluorescence images showing Reelin expression in cortical neurons from WT and Reln-del*”
mice. (A) Representative immunofluorescence images labdte GABA (green) and Reelin (red). (B)
Representative immunofluorescence images labeled parvalbumin (PV, green) and Reelin (red). (C)
Representative immunofluorescence images labele€&dKlla (green) and Reelin (red). Nuclei were stained
with Hoechst 33342 (blue). Nine pictures (3 pictui®m one mouse) were obtained in each group 3h Scale

bar: 100 um.

Fig. 5. Morphological analysis of primary cultured cortical neurons from WT and Reln-ddl mice. (A, B)
Representative time-lapse images of cortical neufoym WT, Reln-del”, andReln-del” mice at DIV 3 (A) and
DIV7 (B). (C, D) Graph of analyses of neurite ldmg{C) and neurite branch points (D). Data repretbenmean +
SEM (n = 12-16 for WT; n = 20-22 fdReln-del”; n = 6 forReln-der/') and were analyzed by a two-way ANOVA.
*n < 0.05 and *p < 0.01,Reln-del” and Reln-del” versus WT. (E, left) Representative images of
immunocytochemistry for MAP2-positive dendritesegn), PSD95 puncta (red), and nuclei stained wiabdHst
33342 (blue). (E, right) 3D images constructed fionmunofluorescence data at DIV20. (F) Number oDB%
clusters on MAP2-positive dendrites in WReln-del”, andReln-del” neurons. Data represent the mean + SEM (n
= 4 for WT; n = 5 forReln-del”; n = 4 forReln-der/'). Twenty neurons were obtained from each group and

analyzed by Tukey's multiple comparison test. *0.65, **p < 0.01. Scale bar: 25 pm.

26



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Fig. 6. Effects of ADAMTS-3 knockdown on Reelin cleavage in the conditioned medium of WT and
Reln-del™” neurons. (A) WB of full-length Reelin (FL) and the NR6 andR® fragments in the conditioned
medium of primary cortical neurons from WT amin-del” mice. Neurons were treated with a lentivirus
containing control shRNA (shControl) or shRNA taggeADAMTS-3 (shADAMTS-3) at DIV10, and the
conditioned medium was then analyzed at DIV20.KBdio of FL, NR6, and NR2 to total Reelin (Sum &f NR6
and NR2 intensities). Data represent the mean + $EM 5 in each group) and were analyzed by a tag-w

ANOVA. *p < 0.05, **p < 0.01. (C) The summary fdre ratio of the Reelin fragment fraction.

Fig. 7. Effects of the ADAMTS-3 knockdown on Dab1l expression levelsin WT and Reln-del*” neurons. (A)
WB of Dabl in primary cortical neurons from WT aRdn-del” mice. Neurons were treated with a lentivirus
containing control shRNA or shADAMTS-3 at DIV10,dwere then analyzed at DIV20. (B) Quantificatidn o
intracellular Dabl. Data represent the mean £ SEM 4 in each group) and were analyzed by a twoAEQVA.

*p < 0.05, **p < 0.01.
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Highlights

* Reelin protein expression and secretion are dserkirReln-del neurons.

« Reln-del neurons exhibit abnormal neurite developmadtspine formation.

« ADAMTS-3 knockdown may improve Reelin signaling suppressing Reelin cleavage.
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