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 37 

Abstract  38 

Reelin, an extracellular matrix protein, is secreted by Cajal-Retzius cells and plays crucial roles in the 39 

development of brain structures and neuronal functions. Reductions in Reelin cause the brain dysfunctions 40 

associated with mental disorders, such as schizophrenia. A recent genome-wide copy number variation analysis of 41 

Japanese schizophrenia patients identified a novel deletion in RELN encoding Reelin. To clarify the 42 

pathophysiological role of the RELN deletion, we developed transgenic mice carrying the RELN deletion (Reln-del) 43 

and found abnormalities in their brain structures and social behavior. In the present study, we performed an in vitro 44 

analysis of Reelin expression, intracellular Reelin signaling, and the morphology of primary cultured cortical 45 

neurons from wild-type (WT) and Reln-del mice. Reelin protein levels were lower in Reln-del neurons than in WT 46 

neurons. Dab1 expression levels were significantly higher in Reln-del neurons than in WT neurons, suggesting that 47 

Reelin signaling was decreased in Reln-del neurons. Reelin was mainly expressed in γ-aminobutyric acid 48 

(GABA)-ergic inhibitory neurons, but not in parvalbumin (PV)-positive neurons. A small proportion of 49 

Ca2+/calmodulin-dependent protein kinase II α subunit (CaMKIIα)-positive excitatory neurons also expressed 50 

Reelin. In comparisons with WT neurons, significant decreases were observed in neurite lengths and branch points 51 

as well as in the number of postsynaptic density protein 95 (PSD95) immunoreactive puncta in Reln-del neurons. A 52 

disintegrin and metalloproteinase with thrombospondin motifs-3 (ADAMTS-3) is a protease that inactivates Reelin 53 

by cleavage at the N-t site. The knockdown of ADAMTS-3 by short hairpin RNAs suppressed Reelin cleavage in 54 

conditioned medium and reduced Dab1 expression, indicating that Reelin signaling was enhanced in the primary 55 

Jo
urn

al 
Pre-

pro
of



4 

cultured cortical neurons of WT and heterozygous Reln-del. Accordingly, the inhibition of ADAMTS-3 may be a 56 

potential candidate in the clinical treatment of schizophrenia by enhancing Reelin signaling in the brain. 57 

 58 

Keywords 59 

Reelin, Schizophrenia, Cortex, Neuron, Dab1, ADAMTS-3 60 

 61 

1. Introduction 62 

Reelin is a large secreted protein that is necessary for the development of brain structures and function. In 63 

the developing brain, Reelin is mainly expressed in Cajal-Retzius cells that are present on the surface of the 64 

neocortex (Meyer et al., 1999), and Reelin regulates neuronal migration (Hartfuss et al., 2003) and the formation of 65 

proper cortical layers (Curran and D'Arcangelo, 1998). In the adult brain, Reelin is primarily expressed in 66 

γ-aminobutyric acid (GABA)-ergic neurons (Pesold et al., 1999). Secreted Reelin stimulates Src family tyrosine 67 

kinases (SFKs) and promotes the tyrosine phosphorylation of intracellular Dab1 (Bock and Herz, 2003) through 68 

binding to very low density lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2) (Benhayon et 69 

al., 2003). Phosphorylated Dab1 activates the downstream pathway, leading to the development of synaptic plasticity 70 

(Weeber et al., 2002), neurite growth (Niu et al., 2004), dendritic spines (Niu et al., 2008), and neuronal migration 71 

(Tissir and Goffinet, 2003).  72 

Previous studies suggested that decreases in Reelin expression were associated with neuropsychiatric 73 

disorders, such as schizophrenia, autism, and Alzheimer’s disease (Wasser and Herz, 2017). Reelin protein and 74 

Jo
urn

al 
Pre-

pro
of



5 

mRNA expression levels were lower in schizophrenia patients than in non-psychiatric patients (Impagnatiello et al., 75 

1998). A recent genome-wide copy number variation (CNV) analysis of Japanese schizophrenia patients identified 76 

a novel deletion in RELN encoding Reelin (Kushima et al., 2017). A male patient with the exonic deletion of RELN 77 

exhibited positive and negative symptoms with cognitive impairment, and the amount of Reelin was decreased in 78 

his serum (Sobue et al., 2018). We developed genetically modified mice that mimic the RELN deletion of the 79 

Japanese schizophrenia patient (Reln-del). The cerebellum of homozygous Reln-del mice (Reln-del-/-) was markedly 80 

atrophied and cortical layers were abnormal. Heterozygous Reln-del mice (Reln-del+/-) showed several 81 

abnormalities in seeking behavior for social novelty (Sawahata et al., 2020). However, the mechanisms underlying 82 

the behavioral abnormalities and neuronal characteristics of Reln-del mice have not yet been elucidated. 83 

Reelin supplementation improves neuronal function in vivo and in vitro. A microinjection of the Reelin 84 

protein into the brain enhanced learning and memory, synaptic plasticity, and dendritic spine density in adult 85 

wild-type (WT) mice (Rogers et al., 2011), and improved deficits in associative learning and memory function as 86 

well as pre-pulse inhibition in Reeler mice with a 50% reduction in Reelin expression (Rogers et al., 2013). 87 

Maternal immune activation (MIA), a schizophrenia animal model induced by the administration of polyinosinic: 88 

polycytidylic acid (poly I:C) during pregnancy, showed impaired recognition and increased anxiety-like behaviors, 89 

and an injection of Reelin into the hippocampus ameliorated these behavioral abnormalities (Ibi et al., 2020). 90 

Reelin supplementation to cultured hippocampal neurons increased dendritic spine density (Kim et al., 2015). 91 

Reelin also enhanced glutamic acid-induced calcium influx to activate the NMDA receptor function of primary 92 

cortical neurons (Chen et al., 2005). Furthermore, the dendrite length and branch number of cultured hippocampal 93 
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neurons were significantly increased in Reelin-containing medium (Niu et al., 2004). Collectively, these findings 94 

indicate that neural deficits and brain dysfunctions associated with reductions in Reelin expression were 95 

ameliorated by the supplementation of Reelin into the brain. 96 

Endogenous Reelin is mainly inactivated by a disintegrin and metalloproteinase with thrombospondin 97 

motifs-3 (ADAMTS-3). ADAMTS-3 is an enzyme that specifically cleaves Reelin between Pro1243 and Ala1244, 98 

called the N-t site (Koie et al., 2014). Reelin degradation was markedly suppressed in the brains of conditional 99 

knockout (cKO) mice of ADAMTS-3, whereas the levels of active Reelin, which is capable of receptor binding, 100 

were elevated (Ogino et al., 2017). Furthermore, the number and length of dendritic branches were increased in the 101 

ADAMTS-3 cKO mice (Ogino et al., 2017). Therefore, the inhibition of ADAMTS-3 activity in the brains of 102 

patients with neuropsychiatric disorders, such as schizophrenia, may enhance Reelin signaling, leading to 103 

improvements in neuronal morphology and function, and, thus, clinical symptoms. However, since no inhibitors 104 

specific for ADAMTS-3 have been identified, ADAMTS-3 needs to be continuously inhibited using a new 105 

approach to test this hypothesis.  106 

In the present study, we generated a primary culture of cortical neurons from Reln-del mice to 107 

characterize Reln-del neurons as a new schizophrenia model in vitro. We found that Reelin production and 108 

intracellular signaling were decreased in Reln-del neurons. In addition, Reln-del neurons exhibited some deficits in 109 

neurite development and synapse formation. The present results also demonstrated that the ADAMTS-3 110 

knockdown method by short hairpin RNAs (shRNAs) suppressed secreted Reelin degradation in WT and Reln-del 111 

neurons.  112 

Jo
urn

al 
Pre-

pro
of



7 

 113 

2. Materials and methods 114 

2.1. Animals  115 

C57BL/6J mice were obtained from Japan SLC Inc. (Hamamatsu, Japan). Reln-del mice were generated 116 

in a C57BL/6J genetic background as described previously (Sawahata et al., 2020). WT littermates were used as 117 

controls. All animal experiments in the present study were approved by the Animal Care and Use Committee of 118 

Nagoya University, and complied with the Principles for the Care and Use of Laboratory Animals by the Japanese 119 

Pharmacological Society and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 120 

 121 

2.2. Plasmid construction 122 

ADAMTS-3 knockdown experiments were performed using shRNAs expressing a lentiviral system as 123 

reported previously (Tsujimura et al., 2015). To elucidate the shRNA sequences for the ADAMTS-3 knockdown, 124 

lentivirus plasmids, including candidate ADAMTS-3 shRNA (shRNA#1-5) and control shRNA (non-target) 125 

inserted into the pLKO.1-puro vector, were prepared from MISSION® shRNA Bacterial Glycerol Stock 126 

(Sigma-Aldrich, St. Louis, MO, USA). The target sequences for shRNA are listed in Supplementary Fig. 2. 127 

To investigate the effects of the ADAMTS-3 knockdown on primary cultured cortical neurons from WT 128 

and Reln-del+/-mice, the target sequences for shRNAs were as follows: shControl as a negative control: 129 

5’-CAACAAGATGAAGAGCACCAA-3’  (Schramek et al., 2014), shADAMTS-3: 130 

5’-GTGTCATCTAACTCAGAGCAT-3’ (the same sequence as shRNA#2 in Supplementary Fig. 2). These 131 
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sequences were inserted into the shRNA and EGFP expression vector (pLLX), which was generously provided by 132 

Drs. Z. Zhou and Greenberg, M. E (Lois et al., 2002; Zhou et al., 2006). 133 

 134 

2.3. Lentivirus production 135 

HEK293T cells were plated on 100-mm culture dishes (Corning, Corning, NY, USA) and cultured in 136 

DMEM (Sigma-Aldrich) containing 10% FBS (Gibco, Carlsbad, CA, USA), 100 units/mL of penicillin, 0.1 mg/mL 137 

of streptomycin, and 0.25 μg/mL of amphotericin B (Nacalai, Kyoto, Japan) under humidified air containing 5% 138 

CO2 at 37°C. HEK293T cells were transfected with shRNA plasmid DNA, the envelope plasmid, and packaging 139 

plasmid in Opti-MEM medium (Gibco) and PEI MAX - transfection grade linear polyethylenimine hydrochloride 140 

(MW 40,000) (Polysciences, Inc., Warrington, FL, USA). Transfected HEK293T cells were incubated at 37°C 141 

overnight, and the medium was replaced with fresh culture medium the next day. Twenty-four hours after medium 142 

replacement, the virus-containing supernatant was collected and centrifuged at 3,000 × g for 10 min followed by 143 

6,000 × g overnight. The pellet containing the lentivirus was suspended in 200 μL of DPBS (Gibco). Regarding the 144 

copy number quantification of the lentivirus, total RNA was purified by QIAamp Viral RNA mini (QIAGEN, 145 

Hilden, Germany). RNA concentrations were measured using the NanoDrop 2000c spectrophotometer (Thermo, 146 

Waltham, MA, USA). cDNA was synthesized from purified total RNA using the Superscript III First-Strand 147 

Synthesis SuperMix for qRT-PCR (Invitrogen, Eugene, OR, USA). Quantitative real-time reverse transcription 148 

(qRT)-PCR was performed using the 7300 Real-time PCR System (Applied Biosystems, Foster City, CA, USA) in 149 

25 μL of reaction mixture containing 12.5 μL of the Power SYBR Green PCR Master Mix (Applied Biosystems), 1 150 
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µL of cDNA, and 0.5 μM of primers. Data were analyzed using a standard curve prepared based on pLLX 151 

containing EGFP. Data were analyzed using the 2−∆∆CT method. The primers used in the present study were as 152 

follows: EGFP forward, 5’-CGTAAACGGCCACAAGTTCA-3’, EGFP reverse, 153 

5’-CTTCATGTGGTCGGGGTAGC-3’. 154 

 155 

2.4. Preparation of primary cultured cortical neurons and lentivirus infection 156 

Reln-del+/- male mice and Reln-del+/- female mice were crossed to generate WT, Reln-del+/-, and 157 

Reln-del-/- mice. Cortical neurons were prepared from the cortices of embryonic day (E) 15. Cortical tissues were 158 

incubated in Hanks’ balanced salt solution (Gibco) with 0.25% trypsin (Gibco) and 0.01% DNase (Roche 159 

Diagnostics GmbH, Mannheim, Germany) at 37°C for 10 min. The cortices were washed with Neurobasal medium 160 

(Gibco), followed by trituration with an electric pipettor and micropipette. Cells were then plated at 600,000 161 

cells/well in poly-D-lysine-coated 6-well plates (IWAKI) for total RNA and protein extraction, including 162 

ADAMTS-3 knockdown experiments. In the immunocytochemical assay, cells were plated at 10,000 cells/well on 163 

15-mm coverslips (Matsunami, Kishiwada, Japan) on 12-well plates (Corning) coated with poly-D-lysine (Gibco). 164 

Regarding live imaging, cells were plated at 10,000 cells/well on 12-well plates (Corning) coated with 165 

poly-D-lysine (Gibco). Cultured neurons were incubated in Neurobasal medium containing 10% FBS under 166 

humidified air containing 5% CO2 at 37°C. After 3 h, the medium was replaced with Neurobasal medium 167 

containing B-27 supplement (Gibco) and 0.5 mM GlutaMax-I (Gibco). Half of the conditioned medium was 168 

replaced with fresh medium every 3 or 4 days. In the ADAMTS-3 knockdown experiment, primary cultured 169 
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cortical neurons were transfected with the lentivirus (108 copies/well) at 10 days in vitro (DIV10) and collected at 170 

DIV20. Genotyping was performed as previously described (Sawahata et al., 2020). 171 

 172 

2.5. Analysis of ADAMTS-3 knockdown efficiency 173 

Total RNA was extracted at DIV20 by the RNeasy Mini Kit (Qiagen) from cultured cortical neurons 174 

transfected with the lentivirus and qRT-PCR was performed as described in 2.3. Lentivirus production. Data were 175 

analyzed using the 2−∆∆CT method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal 176 

control. The primers used in the present study were as follows: ADAMTS-3 forward, 177 

5’-CAGGTTCTGTGCAGGACTGG-3’, ADAMTS-3 reverse, 5’-GGTATGGAGCAGTATCTTGC-3’, ADAMTS-2 178 

forward, 5’-GGCCTGATCCTGACTCACCT-3’, ADAMTS-2 reverse, 5’-CCTCCGTCCTCTGTGTTGCT-3’, 179 

GAPDH forward, 5’-CAATGTGTCCGTCGTGGATCT-3’, GAPDH reverse, 180 

5’-GTCCTCAGTCTAGCCCAAGATG-3’. 181 

 182 

2.6. Reelin mRNA expression analysis 183 

 Medial prefrontal cortex (mPFC) tissue was obtained from WT and Reln-del+/- adult male mice (8-17 184 

weeks old). Total RNA extraction and qRT-PCR were performed as described in 2.3 Lentivirus production. Reelin 185 

mRNA expression levels were examined using the primer sets for the conserved region and deleted region in 186 

Reln-del (Supplementary Fig. 1). GAPDH mRNA was used as an internal control and measured using the same 187 

primers in 2.5. Analysis of ADAMTS-3 knockdown efficiency. The primers for Reelin mRNA were as follows: 188 
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Reelin forward (conserved region), 5’-AGCACCTTCTTTGATGGCTTGCTGG-3’, Reelin reverse (conserved 189 

region), 5’-CCACACTGCACATAAACTGGTTACC-3’, Reelin forward (deleted region), 190 

5’-CCCAGCCCAGACAGACAGTT -3’, Reelin reverse (deleted region), 5’-CCAGGTGATGCCATTGTTGA-3’. 191 

 192 

2.7. Western blotting (WB) 193 

Regarding WB of intracellular Reelin and Dab1, proteins were extracted from cultured cortical neurons at 194 

DIV20 with 200 μL of sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% 195 

glycerol, 0.01% bromophenol blue, and 5% 2-mercaptoethanol). The lysate was heated at 99°C for 10 min for the 196 

analysis of Dab1 expression, but not Reelin to prevent aggregation. Ten microliters of protein samples were loaded 197 

onto the 10% SDS polyacrylamide gel, separated by SDS-PAGE, and transferred to a PVDF membrane (Millipore, 198 

Billerica, MA, USA). The membranes were blocked in 3% skim milk (FUJIFILM Wako, Osaka, Japan) in 199 

Tris-buffered saline-Tween 20 (TBS-T: 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween-20), and 200 

incubated with a goat anti-Reelin antibody (AF3820, 1:1,000, R&D Systems, Minneapolis, MN, USA), rat 201 

anti-Dab1 (D354-3, 1:1,000, MBL, Nagoya, Japan), or mouse anti-β-actin (sc-47778, 1:1,000, Santa Cruz, Dallas, 202 

TX, USA) as a loading control at 4°C overnight. After washing with TBS-T, the membranes were incubated with a 203 

peroxidase-labeled anti-goat IgG antibody (HAF109, 1:1,000, R&D Systems), anti-rat IgG (62-9520, 1:10,000, 204 

Invitrogen), or anti-mouse IgG (5450-0011, 1:10,000, Sera Care, Milford, MA, USA) at room temperature for 205 

60 min. The immune complex was detected using the ECL Prime Western Blotting Detection reagent (GE 206 

Healthcare, Chicago, IL, USA), and protein images were captured by LuminoGraph I (ATTO, Tokyo, Japan).  207 

Jo
urn

al 
Pre-

pro
of



12 

Regarding WB of Reelin in the conditioned medium, the protein concentration of the conditioned 208 

medium was measured by the DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA). SDS sample 209 

buffer was added to the conditioned medium, and 10 μg of protein samples were loaded onto the 6% SDS 210 

polyacrylamide gel. A goat anti-Reelin antibody (AF3820, 1:1,000, R&D Systems) and anti-goat IgG antibody 211 

(HAF109, 1:1,000, R&D Systems) were used as the primary and secondary antibodies and to measure the amount 212 

of Reelin. 213 

 214 

2.8. Immunohistochemistry 215 

Cortical neurons were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer at DIV20 for 20 min, 216 

and then incubated in 0.3% Triton X-100 for 10 min. After the incubation in blocking buffer (1% goat serum in 217 

PBS) for 30 min, rabbit anti-GABA (A2052-.2ML, 1:1,000, Sigma-Aldrich), rabbit anti-parvalbumin (PV) 218 

(ab11427, 1:500, Abcam), mouse anti-Ca2+/calmodulin-dependent protein kinase II α subunit (CaMKIIα) (05-532, 219 

1:1,000, Sigma-Aldrich), goat anti-Reelin (AF3820, 1:1,000, R&D Systems), rabbit anti-MAP2 (AB5622, 1:1,000, 220 

Sigma-Aldrich), rabbit anti-GFP (MBL598, 1:500, MBL), and mouse anti-postsynaptic density 95 (PSD95) 221 

(MA1-045, 1:500, Invitrogen) antibodies diluted with blocking buffer were added and incubated at 4°C overnight. 222 

After washing with PBS, donkey anti-mouse Alexa Fluor (AF) 594 (A21203, 1:1,000, Invitrogen), donkey 223 

anti-goat AF 594 (A11058, 1:1,000, Invitrogen), goat anti-rabbit AF 488 (A11034, 1:1,000, Invitrogen), rabbit 224 

anti-mouse AF 488 (A21204, 1:1,000, Invitrogen), donkey anti-rabbit AF 488 (A21206, 1:1,000, Invitrogen) 225 

antibodies and Hoechst 33342 (346-07951, 1:2,000, Dojindo, Kumamoto, Japan) were added to cortical neurons at 226 
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room temperature for 2 h. Confocal images were analyzed using the TiE-A1R Nikon confocal laser microscope 227 

(Nikon, Tokyo, Japan). Neuronal marker-positive cells (GABA, PV, and CaMKIIα) were manually counted to 228 

identify Reelin-expressing neurons. To analyze the number of PSD95 clusters on MAP2-positive dendrites (25-35 229 

µm from the soma), 3D pictures were constructed from fluorescence images using the Filament Tracer analysis in 230 

Imaris (Bitplane, Zurich, Switzerland). 231 

 232 

2.9. Live cell imaging 233 

 Brightfield images were obtained by IncuCyte ZOOM (Essen Bioscience, Ann Arbor, MI, USA) from 234 

DIV3 to DIV7. Neurite lengths and the number of neurite branches were analyzed by the NeuroTrack Analysis 235 

Software Module.  236 

 237 

2.10. Statistical analysis  238 

Results are expressed as the mean ± standard error of the mean (SEM). Statistical analyses were 239 

performed with GraphPad Prism7J (GraphPad Software Inc., San Diego, CA, USA). The significance of 240 

differences between two groups was analyzed by the Student’s t-test. A one-way analysis of variance (ANOVA) 241 

and two-way ANOVA, followed by Tukey’s multiple comparison test or Dunnett’s multiple comparison test were 242 

used for more than two groups.  243 

 244 

3. Results  245 
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3.1. Reln-del neurons show reduced Reelin expression levels and intracellular signaling 246 

To investigate the expression levels of Reelin in WT and Reln-del cortical neurons at DIV20, we 247 

performed WB on intracellular full-length Reelin (FL) and its degradation products (Fig. 1A and 1B). Reelin has 248 

eight repeated structures called Reelin repeats (D'Arcangelo et al., 1995). The NR6 fragment is generated by the 249 

decomposition of Reelin at the C-t site. NR2 (inactive form) is a fragment that is cleaved at the N-t site of Reelin 250 

and does not bind to VLDLR or ApoER2 (Kohno et al., 2009). The expression levels of FL and the NR2 fragment 251 

were lower in Reln-del+/- neurons than in WT. FL and the NR2 fragment were both barely detectable in Reln-del-/- 252 

neurons. The expression level of NR6 was significantly decreased in Reln-del-/- neurons and slightly reduced in 253 

Reln-del+/- neurons. The amount of total Reelin, which is the sum of FL, NR6, and NR2 intensities, was also 254 

significantly decreased in Reln-del+/- and Reln-del-/- neurons (FL: F (2, 12) = 17.71, p = 0.0003, NR6: F (2, 12) = 255 

5.568, p = 0.0195, NR2: F (2, 12) = 16.31, p = 0.0004, total Reelin: F (2, 12) = 16.02, p = 0.0004, Fig. 1C). These 256 

results on Reelin expression levels were consistent with previous findings obtained using the whole brains of 257 

embryonic and postnatal Reln-del mice (Sawahata et al., 2020). We then performed qRT-PCR using primer sets for 258 

the conserved and deleted regions in Reln-del. Reelin mRNA levels were significantly lower in Reln-del+/- mPFC 259 

tissue than in WT tissue when either primer set was used for qRT-PCR (Supplementary Fig. 1B and 1C). These 260 

results suggest that Reelin protein expression levels were reduced due to the lower expression levels of Reelin 261 

mRNA in Reln-del neurons. 262 

Since Reelin is secreted extracellularly and binds to receptors for intracellular signal activation (Derer et 263 

al., 2001), we also analyzed time-course changes in the amount of secreted Reelin proteins in the conditioned 264 
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medium of WT and Reln-del cortical neurons (Fig. 2A). The trajectories of FL and NR6 levels in the conditioned 265 

media of both WT and Reln-del+/- neurons increased from DIV3 to DIV10, and then decreased at DIV20, whereas 266 

the NR2 fragment accumulated over time (Fig. 2B). Total Reelin, which is the sum of FL, NR6, and NR2 intensities, 267 

continued to increase from DIV3 to DIV20 (Fig. 2B). In comparisons of Reln-del+/- and WT, Reln-del+/- neurons 268 

secreted fewer Reelin proteins than WT neurons (Fig. 2B). Furthermore, negligible amounts of Reelin were 269 

detected in the conditioned medium of Reln-del-/- neurons (Fig. 2C). These results show that Reelin production and 270 

secretion were both decreased in Reln-del neurons. 271 

A previous study reported that phosphorylated Dab1 was rapidly degraded when Reelin signaling was 272 

stimulated (Feng et al., 2007). We analyzed changes in intracellular Dab1 expression in primary cultured cortical 273 

neurons from WT and Reln-del mice at DIV20 (Fig. 3A). Total Dab1 expression levels were significantly higher in 274 

Reln-del+/- and Reln-del-/- neurons than in WT (F (2, 14) = 17.76, p = 0.0001, Fig. 3B). We confirmed that the 275 

expression levels of Dab1 in Reln-del+/- neurons were decreased by treatment with 10 nM recombinant Reelin for 276 

24 h (vehicle: 1.00 ± 0.06, Reelin: 0.62 ± 0.10, p < 0.05, Student’s t-test). These findings suggest that intracellular 277 

Reelin signaling was diminished in Reln-del neurons. 278 

 279 

3.2. Reelin is mainly produced by GABA-positive neurons in both WT and Reln-del+/- mice 280 

We performed immunocytochemistry to identify Reelin-expressing neurons in primary cultured cortical 281 

neurons from WT and Reln-del+/- mice at DIV20. We found that Reelin was mainly expressed in GABA-positive 282 

neurons in both WT (68.3 ± 9.0%) and Reln-del+/- cultures (66.7 ± 8.3%) (Fig. 4A). No PV-positive neurons 283 
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expressed Reelin under our experimental conditions (Fig. 4B). CaMKIIα was used as a marker for excitatory 284 

neurons (Ma et al., 2019). A small proportion of CaMKIIα-positive excitatory neurons also expressed Reelin (WT 285 

neurons: 3.7 ± 3.7%, Reln-del+/- neurons: 2.8 ± 2.8%) (Fig. 4C). No significant differences were observed in the 286 

types of neurons expressing Reelin between these genotypes. 287 

 288 

3.3. Reln-del neurons show an abnormal neuronal morphology 289 

 To examine changes in dendrite elongation and the complexity of Reln-del cortical neurons, we analyzed 290 

neurite lengths and the number of neurite branches from DIV3 (Fig. 5A) to DIV7 (Fig. 5B) using a live imaging 291 

analysis. Neurite lengths and the number of branches were significantly lower in Reln-del+/- and Reln-del-/- cortical 292 

neurons than in WT neurons (time: F (3, 252) = 161.8, p < 0.0001, genotype: F (2, 252) = 16.38, p < 0.0001, time × 293 

genotype interaction: F (6, 252) = 0.3529, p = 0.9078, Fig. 5C; time: F (3, 252) = 108.3, p < 0.0001, genotype: F (2, 294 

252) = 14.59, p < 0.0001, time × genotype interaction: F (6, 252) = 0.9255, p = 0.4771, Fig. 5D), suggesting some 295 

deficits in dendrite development by Reln-del neurons. 296 

 Reelin promotes spine formation, as demonstrated by an increase in the number of PSD95 puncta (Kim et 297 

al., 2015), which reflects the postsynaptic density of excitatory synapses (Ibi et al., 2013). We examined the number 298 

of dendrites showing PSD95 immunoreactivity using 3D images constructed by serial immunofluorescence images 299 

(Fig. 5E). The number of PSD95 puncta was significantly lower in Reln-del+/- and Reln-del-/- cortical neurons than 300 

in WT (F (2, 33) = 6.859, p = 0.0032, Fig. 5F). These results suggested that deficits in Reelin signaling impaired 301 

spine formation and the junction of excitatory synapses in Reln-del neurons. 302 
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 303 

3.4. ADAMTS-3 knockdown may rescue decreased Reelin signaling in Reln-del+/- neurons 304 

ADAMTS-3 cleaves Reelin at the N-t site and inactivates extracellular Reelin (Ogino et al., 2017). 305 

Therefore, the inhibition of ADAMTS-3 may suppress Reelin degradation and enhance Reelin signaling. To test this 306 

assumption, we developed the ADAMTS-3 knockdown method using the lentiviral shRNA vector.  307 

We initially investigated the ADAMTS-3 knockdown efficiency of five candidate shRNA sequences using 308 

a primary culture of WT cortical neurons (Supplementary Fig. 2A). High knockdown efficiencies of ADAMTS-3 309 

were obtained with the shRNA#2 and shRNA#3 treatments (90 and 66%, respectively) (Supplementary Fig. 2B). In 310 

addition, Reelin cleavage in the conditioned medium of primary cultured cortical neurons with shRNA#2 and 311 

shRNA#3 was significantly less than that in the control group (Supplementary Fig. 2C and 2D). The target sequence 312 

of shRNA#2 was used in subsequent ADAMTS-3 knockdown experiments.  313 

To label shRNA-expressing neurons with EGFP, we prepared a lentivirus plasmid (shADAMTS-3) using 314 

the pLLX vector, in which the target sequence of shRNA#2 was inserted. No significant differences were observed 315 

in infection efficiency between the control and ADAMTS-3 knockdown groups (Supplementary Fig. 3A and 3B). 316 

ADAMTS-3 mRNA expression levels were markedly decreased at DIV20 in cultured cortical neurons after the 317 

transfection with shADAMTS-3 at DIV10. The efficiency of ADAMTS-3 knockdown was estimated to be 318 

approximately 84% in cortical neurons (Supplementary Fig. 3C). Like ADAMTS-3, ADAMTS-2 is a protease that 319 

inactivates Reelin by cleavage at N-t site (Yamakage et al., 2019). Accordingly, we performed qRT-PCR to check the 320 

effect of ADAMTS-3 knockdown on ADAMTS-2 mRNA expression level. There was no significant difference in the 321 
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expression levels of ADAMTS-2 mRNA between the control group and the ADAMTS-3 knockdown group 322 

(Supplementary Fig. 3D). 323 

We then investigated the amount of Reelin in the conditioned medium derived from ADAMTS-3 324 

knockdown neurons (Fig. 6A). The ratio of FL to total Reelin was significantly increased in the conditioned medium 325 

of both WT and Reln-del+/- neurons treated with shADAMTS-3 (genotype: F (1, 16) = 2.033, p = 0.1731, treatment: F 326 

(1, 16) = 27.22, p < 0.0001, genotype × treatment interaction: F (1, 16) = 0.9929, p = 0.3339, Fig. 6B). Although no 327 

significant differences were noted in the ratio of NR6 to total Reelin, the ratio of the NR2 fragment, which is a 328 

degradation product of ADAMTS-3, was significantly reduced by the treatment with shADAMTS-3 in both WT 329 

and Reln-del+/- neurons (Fig. 6C). Further, Dab1 expression levels were significantly lower in WT and Reln-del+/- 330 

neurons treated with shADAMTS-3 than in the respective shControl-treated neurons (genotype: F (1, 12) = 2.439, p = 331 

0.1443, treatment: F (1, 12) = 38.53, p < 0.0001, genotype × treatment interaction: F (1, 12) = 0.5299, p = 0.4806, Fig. 332 

7A and 7B). These results suggested that the inhibition of ADAMTS-3 using shRNA restored Reelin signaling in 333 

Reln-del+/- neurons.  334 

 335 

4. Discussion 336 

We previously reported that Reln-del mice that mimic the RELN gene defect identified by the 337 

genome-wide CNV analysis of schizophrenia patients have abnormalities in their brain structures and social 338 

behavior (Sawahata et al., 2020). In the present study, we constructed a primary culture system using the cortical 339 

neurons of Reln-del mice and analyzed the phenotypes of Reln-del neurons. We also examined a method to activate 340 
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the Reelin signal by inhibiting the Reelin-degrading enzyme, ADAMTS-3.  341 

We initially demonstrated that the expression of Reelin was reduced in Reln-del neurons (Fig. 1 and Fig. 342 

2). Further, the Reelin mRNA levels of mPFC tissue were lower in Reln-del+/- mice than in WT mice 343 

(Supplementary Fig. 1). On the contrary, a previous study has shown that Orleans reeler mutant mice can express a 344 

C-terminal truncated Reelin protein, despite having a similar gene deletion to Reln-del mice (de Bergeyck et al., 345 

1997). Lower truncated Reelin protein expression levels in Reln-del+/- mice may be due to highly unstable Reelin 346 

mRNA with Reln-del. We measured time-course changes in the amount of secreted Reelin in WT and Reln-del+/- 347 

cortical neurons (Fig. 2B), and the results obtained on FL and the NR6 fragment in the conditioned medium were 348 

similar to previous findings showing that intracellular Reelin expression levels in primary cultured hippocampal 349 

neurons increased until DIV12 and decreased after DIV14 (Sinagra et al., 2005). On the other hand, the amount of 350 

the NR2 fragment continued to increase in the conditioned medium (Fig. 2B). The NR2 fragment is generated from 351 

FL and the NR6 fragment by the N-t site degradation of secreted metalloproteinases, such as ADAMTS-3 (Ogino et 352 

al., 2017), and also potentially by endosome degradation and re-secretion following the endocytosis of Reelin (Hibi 353 

and Hattori, 2009). Therefore, the NR2 fragment appeared to accumulate in the conditioned medium even though 354 

FL and NR6 fragment expression levels were decreased, resulting in an increase in total Reelin levels. 355 

After phosphorylation by the Reelin stimulation, Dab1 is polyubiquitinated and degraded via the 356 

proteasome pathway (Arnaud et al., 2003). The Dab1 protein in Reelin-deficient mice accumulates intracellularly 357 

because Dab1 is not degraded without Reelin signaling (Martin-Lopez et al., 2011). Although phosphorylated level 358 

of Dab1 should be monitored in the present study, there was no prominent anti-phosphorylated Dab1 antibody. 359 
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Therefore, we analyzed Dab1 expression level instead of phosphorylated Dab1 to monitor the activity of the Reelin 360 

signal. Dab1 expression levels were significantly higher in Reln-del neurons than in WT neurons (Fig. 3B). These 361 

results indicated that Reelin signaling was decreased in Reln-del neurons. Further studies are needed to investigate 362 

signal activity downstream of Dab1, such as the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (Jossin and 363 

Goffinet, 2007). 364 

Regarding WT and Reln-del+/- primary cultured cortical neurons, more than 60% of GABA-positive 365 

inhibitory neurons expressed Reelin (Fig. 4A), whereas Reelin was not detected in PV-positive interneurons (Fig. 366 

4B). These results on Reelin expression in GABA- and PV-positive neurons are consistent with previous findings in 367 

the adult rat brain (Pesold et al., 1998; Pesold et al., 1999). A previous study reported that Reelin was expressed in 368 

inhibitory neurons with neuropeptide Y and somatostatin (Pesold et al., 1999). Reelin was also suggested to be 369 

weakly expressed in excitatory neurons (Carceller et al., 2016); however, limited information is currently available 370 

on Reelin production in non-GABAergic neurons. We also found that a few CaMKIIα-positive cells expressed the 371 

Reelin protein in primary cultured cortical neurons from both WT and Reln-del+/- mice, suggesting that Reelin is 372 

also expressed by a small proportion of excitatory neurons (Fig. 4C). No changes were observed in the proportion 373 

of Reelin-expressing cells in GABA-, PV-, or CaMKIIα-positive cells between WT and Reln-del+/- cortical neurons. 374 

Further studies are needed to characterize Reelin-expressing CaMKIIα-positive cortical neurons in culture.  375 

Reelin controls dendrite development in the brain. Reeler mice, a type of Reelin-deficient mouse, have 376 

shorter hippocampal dendrites (Niu et al., 2004). Reelin activates intracellular signaling, which affects dendrite 377 

development and neuronal migration, such as PI3K and Akt, through Dab1 phosphorylation (Beffert et al., 2002). 378 
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Live cell imaging showed that primary cultured Reln-del cortical neurons had a shorter neurite length (Fig. 5C) and 379 

fewer neurite branches than WT neurons (Fig. 5D).  380 

Previous studies indicated that Reelin also facilitated spine formation (Niu et al., 2008) and regulated the 381 

number of PSD95 puncta to increase spine density (Kim et al., 2015). Reelin is secreted by GABA-positive neurons 382 

and acts by binding to Reelin receptors present on the cell membrane of nearby neurons. Reelin also promotes spine 383 

formation by an increase in the number of PSD95 puncta (Kim et al., 2015). The activation of ApoER2 and 384 

VLDLR present in excitatory synapses by Reelin increases Dab1 phosphorylation and activates Src, and 385 

subsequently promotes Src binding to PSD-95. Then, phosphorylation of the NMDA receptor subunit physically 386 

associated with PSD95 is increased, resulting in activation of the NMDA receptor (Beffert et al., 2005; Qiu et al., 387 

2006). Based on clinical observations showing that spine density was lower in schizophrenia patients than in 388 

control subjects (Glantz and Lewis, 2000), we performed an immunocytochemical analysis of spine formation in 389 

WT and Reln-del cortical neurons to examine the number of PSD95 puncta on MAP2-positive dendrites (Ibi et al., 390 

2013). The results obtained revealed that the number of PSD95 puncta was significantly lower in Reln-del neurons 391 

than in WT neurons (Fig. 5F) when these neurons were cultured in Neurobasal medium containing B-27 392 

supplement and GlutaMax-I. We also confirmed that there were no significant differences in the ratio of 393 

CaMKIIα-positive excitatory neurons (WT: 41.6 ± 5.0%, Reln-del+/-: 36.8 ± 5.8% of total cells, p = 0.5383, 394 

Student’s t-test) and GABA-positive inhibitory neurons (WT: 44.6 ± 6.1%, Reln-del+/-: 38.6 ± 6.0% of total cells, p 395 

= 0.4959, Student’s t-test) between WT and Reln-del+/- neurons in the same experimental conditions. These results 396 

suggested that impairments in neurite and spine formation during neurodevelopment contribute in part to brain 397 
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structural abnormalities in Reln-del mice.  398 

ADAMTS are a family of secreted proteases that are involved in collagen processing and matrix 399 

proteoglycan cleavage (Porter et al., 2005). Within the ADAMTS group, ADAMTS-3 exhibits stronger cleavage 400 

activity at the N-t site of Reelin in vivo (Yamakage et al., 2019). We performed ADAMTS-3 knockdown 401 

experiments using shRNA in WT and Reln-del+/- neurons and succeeded in efficiently introducing shRNA into 402 

primary cultured cortical neurons and knocking down ADAMTS-3 using a lentivirus system (Supplementary Fig. 3). 403 

The knockdown of ADMATS-3 in WT neurons suppressed Reelin degradation (Fig. 6B) and decreased intracellular 404 

Dab1 levels (Fig. 7B), suggesting that Reelin signaling in WT neurons was enhanced by the inhibition of 405 

ADAMTS-3. A previous study using ADAMTS-3 cKO mice with an ADAMTS-3 deficiency only in the excitatory 406 

neurons of the forebrain showed reductions in Reelin cleavage and Dab1 expression levels in the cerebral cortex and 407 

hippocampus (Ogino et al., 2017). The results obtained in the lentivirus-mediated ADAMTS-3 knockdown 408 

experiment on primary cultured neurons are consistent with the changes observed in the brains of ADMATS-3 cKO 409 

mice. We also showed that the inhibition of ADAMTS-3 effectively improved Reelin signaling in Reln-del+/- neurons 410 

with low Reelin expression levels (Fig. 6 and Fig. 7). Since we analyzed only Dab1 level as Reelin signaling 411 

molecules in this study, further experiments are required to investigate whether ADAMTS-3 knockdown can improve 412 

the alterations of downstream signaling, and ameliorate the impairments in neurite and spine formation in Reln-del+/- 413 

neurons. 414 

Decreased Reelin levels have been shown to induce behavioral impairments in pre-pulse inhibition, 415 

contextual fear conditioned learning, anxiety, social behavior, and motor learning (Qiu et al., 2006; Sobue et al., 416 
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2018). Furthermore, Reelin supplementation enhanced associative learning and increased pre-pulse inhibition in 417 

Reeler mice (Rogers et al., 2013). Reelin injections into the hippocampus of polyI:C-treated MIA model mice 418 

improved their cognitive deficits and anxiety-like behavior (Ibi et al., 2020). The present results taken together with 419 

these previous findings on Reelin supplementation show that the ADAMTS-3 knockdown method is a potential 420 

candidate for the clinical treatment of neuropsychological disorders, such as schizophrenia, by suppressing the 421 

degradation of endogenous Reelin. To develop new treatments for schizophrenia based on Reelin signaling 422 

enhancements, we need to investigate whether the knockdown of ADAMTS-3 improves behavioral and 423 

morphological abnormalities in Reln-del mice. 424 

One might concern that Reelin replacement therapy may be effective for the treatment only in a very minor 425 

population of schizophrenia patients with RELN deletion, but not in most of the patients without RELN deletion. In 426 

this regard, it has already been reported that the expression of Reelin mRNA in the brain and peripheral blood of 427 

schizophrenia patients tends to decrease compared to healthy control (Yin et al., 2020). Similarly, Reelin expression 428 

level is reduced in the hippocampus of MIA mouse model of schizophrenia, which is not directly related to the RELN 429 

mutation, and their cognitive impairment as well as anxiety-like behavior are ameliorated by the intrahippocampal 430 

administration of Reelin (Ibi et al., 2020). Reelin overexpression prevents pre-pulse inhibition deficits induced by 431 

MK-801, a NMDA receptor antagonist (Teixeira et al., 2011). Alternatively, it is reported that Reelin supplementation 432 

can improve the cognitive function in WT mice (Rogers et al., 2011). Accordingly, it is conceivable that Reelin 433 

replacement therapy including ADAMTS-3 inhibition may be effective not only for schizophrenia patients with 434 

RELN deletion, but also for the patients without RELN deletion.  435 
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 436 

 437 

5. Conclusion  438 

 In primary cultured cortical neurons from Reln-del mice, the protein levels of intracellular and 439 

extracellular Reelin were lower, while Dab1 levels were higher than those in WT mice. These results suggest that 440 

Reelin signaling is weaker in Reln-del neurons than in WT neurons. Reln-del neurons had shorter neurites and 441 

fewer branch points than WT neurons. Furthermore, the number of PSD95 clusters on MAP2-positive dendrites 442 

was decreased in Reln-del neurons. The inhibition of ADAMTS-3 may augment Reelin signaling by suppressing 443 

secreted Reelin cleavage not only in WT neurons, but also in Reln-del neurons. We propose a novel concept to 444 

enhance Reelin signaling, namely, the inhibition of ADAMTS-3, as a new treatment for patients with 445 

schizophrenia. 446 
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 451 

Figure legends 452 

Fig. 1. Comparison of intracellular Reelin expression levels in WT and Reln-del neurons. (A) Schematic 453 

representation of full-length Reelin (FL), NR6 (the C-t site cleaved fragment), and NR2 (the N-t site cleaved 454 
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fragment). (B) Western blotting (WB) of intracellular FL and the NR6 and NR2 fragments of primary cortical 455 

neurons from WT, Reln-del+/- (+/-), and Reln-del-/- (-/-) mice at 20 days in vitro (DIV20). (C) Quantification of 456 

intracellular FL, NR6, NR2, and total Reelin (Sum of FL, NR6, and NR2 intensities). Data represent the mean ± 457 

SEM (n = 5 for WT; n = 6 for Reln-del+/-; n = 4 for Reln-del-/-) and were analyzed by Tukey’s multiple comparison 458 

test. *p < 0.05 and ***p < 0.001.  459 

 460 

Fig. 2. Comparison of Reelin protein levels in the conditioned medium of WT and Reln-del neurons. (A) WB 461 

analysis of FL and the NR6 and NR2 fragments in the conditioned medium of primary cortical neurons from WT 462 

and Reln-del+/- mice from DIV3 to DIV20, and from Reln-del-/- mice at DIV20. (B) The amounts of FL, NR6, NR2, 463 

and total Reelin in the conditioned medium of WT and Reln-del+/- mice cortical neurons from DIV3 to DIV20. Data 464 

represent the mean ± SEM (n = 4) and were analyzed by the Student’s t-test at each time point. *p < 0.05 and **p < 465 

0.01. (C) Quantification of FL, NR6, NR2, and total Reelin in the conditioned medium of WT and Reln-del-/- mouse 466 

cortical neurons at DIV20. Data represent the mean ± SEM (n = 3) and were analyzed by the Student’s t-test at each 467 

time point. *p < 0.05, ***p < 0.001, and ****p < 0.0001.  468 

 469 

Fig. 3. Analysis of Dab1 expression levels in WT and Reln-del neurons. (A) WB of Dab1 in primary cortical 470 

neurons from WT, Reln-del+/-, and Reln-del-/- mice at DIV20. (B) Quantification of intracellular Dab1. Data 471 

represent the mean ± SEM (n = 6 for WT; n = 7 for Reln-del+/-; n = 4 for Reln-del-/-) and were analyzed by Tukey’s 472 

multiple comparison test. *p < 0.05, **p < 0.01, and ****p < 0.0001.  473 
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 474 

Fig. 4. Immunofluorescence images showing Reelin expression in cortical neurons from WT and Reln-del+/- 475 

mice. (A) Representative immunofluorescence images labeled for GABA (green) and Reelin (red). (B) 476 

Representative immunofluorescence images labeled for parvalbumin (PV, green) and Reelin (red). (C) 477 

Representative immunofluorescence images labeled for CaMKIIα (green) and Reelin (red). Nuclei were stained 478 

with Hoechst 33342 (blue). Nine pictures (3 pictures from one mouse) were obtained in each group (n = 3). Scale 479 

bar: 100 µm. 480 

 481 

Fig. 5. Morphological analysis of primary cultured cortical neurons from WT and Reln-del mice. (A, B) 482 

Representative time-lapse images of cortical neurons from WT, Reln-del+/-, and Reln-del-/- mice at DIV 3 (A) and 483 

DIV7 (B). (C, D) Graph of analyses of neurite lengths (C) and neurite branch points (D). Data represent the mean ± 484 

SEM (n = 12-16 for WT; n = 20-22 for Reln-del+/-; n = 6 for Reln-del-/-) and were analyzed by a two-way ANOVA. 485 

*p < 0.05 and **p < 0.01, Reln-del+/- and Reln-del-/- versus WT. (E, left) Representative images of 486 

immunocytochemistry for MAP2-positive dendrites (green), PSD95 puncta (red), and nuclei stained with Hoechst 487 

33342 (blue). (E, right) 3D images constructed from immunofluorescence data at DIV20. (F) Number of PSD95 488 

clusters on MAP2-positive dendrites in WT, Reln-del+/-, and Reln-del-/- neurons. Data represent the mean ± SEM (n 489 

= 4 for WT; n = 5 for Reln-del+/-; n = 4 for Reln-del-/-). Twenty neurons were obtained from each group and 490 

analyzed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01. Scale bar: 25 µm. 491 

 492 
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Fig. 6. Effects of ADAMTS-3 knockdown on Reelin cleavage in the conditioned medium of WT and 493 

Reln-del+/- neurons. (A) WB of full-length Reelin (FL) and the NR6 and NR2 fragments in the conditioned 494 

medium of primary cortical neurons from WT and Reln-del+/- mice. Neurons were treated with a lentivirus 495 

containing control shRNA (shControl) or shRNA targets ADAMTS-3 (shADAMTS-3) at DIV10, and the 496 

conditioned medium was then analyzed at DIV20. (B) Ratio of FL, NR6, and NR2 to total Reelin (Sum of FL, NR6 497 

and NR2 intensities). Data represent the mean ± SEM (n = 5 in each group) and were analyzed by a two-way 498 

ANOVA. *p < 0.05, **p < 0.01. (C) The summary for the ratio of the Reelin fragment fraction.  499 

 500 

Fig. 7. Effects of the ADAMTS-3 knockdown on Dab1 expression levels in WT and Reln-del+/- neurons. (A) 501 

WB of Dab1 in primary cortical neurons from WT and Reln-del+/- mice. Neurons were treated with a lentivirus 502 

containing control shRNA or shADAMTS-3 at DIV10, and were then analyzed at DIV20. (B) Quantification of 503 

intracellular Dab1. Data represent the mean ± SEM (n = 4 in each group) and were analyzed by a two-way ANOVA. 504 

*p < 0.05, **p < 0.01. 505 

 506 
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Figure 5 (A-D)
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Highlights 

• Reelin protein expression and secretion are decreased in Reln-del neurons. 

• Reln-del neurons exhibit abnormal neurite development and spine formation.  

• ADAMTS-3 knockdown may improve Reelin signaling by suppressing Reelin cleavage. 
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