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Abstract

:

Reelin is a secretory protein involved in a variety of processes in forebrain development and function, including neuronal migration, dendrite growth, spine formation, and synaptic plasticity. Most of the function of Reelin is focused on excitatory neurons; however, little is known about its effects on inhibitory neurons and inhibitory synapses. In this study, we investigated the phosphatidylinositol 3-kinase/Akt pathway of Reelin in primary cortical and hippocampal neurons. Individual neurons were visualized using immunofluorescence to distinguish inhibitory neurons from excitatory neurons. Reelin-rich protein supplementation significantly induced the phosphorylation of Akt and ribosomal S6 protein in excitatory neurons, but not in most inhibitory neurons. In somatostatin-expressing inhibitory neurons, one of major subtypes of inhibitory neurons, Reelin-rich protein supplementation induced the phosphorylation of S6. Subsequently, we investigated whether or not Reelin-rich protein supplementation affected dendrite development in cultured inhibitory neurons. Reelin-rich protein supplementation did not change the total length of dendrites in inhibitory neurons in vitro. Finally, we examined the development of inhibitory synapses in primary hippocampal neurons and found that Reelin-rich protein supplementation significantly reduced the density of gephyrin–VGAT-positive clusters in the dendritic regions without changing the expression levels of several inhibitory synapse-related proteins. These findings indicate a new role for Reelin in specific groups of inhibitory neurons and the development of inhibitory synapses, which may contribute to the underlying cellular mechanisms of RELN-associated neurological disorders.
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1. Introduction


Reelin is a large glycoprotein that is secreted by Cajal-Retzius cells in the marginal zone during cortex formation in the fetal brain and is then released from a group of inhibitory neurons after birth [1,2]. The Reelin gene (Reln) was first discovered as a regulator of neuronal migration during neocortex formation [1,3]. Further studies have elucidated its role in synaptic plasticity, as well as dendrite development and spine formation for excitatory neurotransmission [4,5,6,7]; thus, RELN is a candidate gene for several psychiatric disorders, such as schizophrenia, major depression, and autism spectrum disorder [3,8,9,10]. Intracellular signaling pathways activated by Reelin have been investigated in accordance with its various roles. Reelin binds to apolipoprotein E receptor 2 (ApoER2) and very low-density lipoprotein receptor (VLDLR) to activate C3G/Rap1 for neuronal migration and phosphoinositide 3-kinase (PI3K)/Akt/mTOR for dendrite and spine development [3]. In addition, Reelin has been reported to be involved in synaptic plasticity through the activation of MAPK/ERK1/2 via an unknown receptor [4,5,11]. While most of Reelin’s functions focus on excitatory neurons and excitatory synapses, little is known about its effects on inhibitory neurons.



γ-Aminobutyric acid (GABA) is released by GABAergic neurons in inhibitory synapses to provide inhibitory neurotransmission to neural circuits in the brain. Inhibitory neurotransmission reduces synaptic activation and modulates the frequency of action potential firing in postsynaptic neurons, which is essential in balancing excitation and inhibition when processing neural information [12]. Since inhibitory synapses in GABAergic circuits function as platforms for neurotransmission, morphological and compositional alterations in theses synapses are associated with several neurological and neuropsychiatric diseases, such as autism spectrum disorder, schizophrenia, and epilepsy [13,14,15,16,17,18].



Previous studies have shown that alterations in neuronal positioning of inhibitory neurons in Reln-deficient mice were apparently due to impaired migration of excitatory neurons in the neocortex, and that inhibitory neuron-specific deletion of Reln, which disrupts Reelin supply in the postnatal period, did not cause any changes in behavior, including learning and memory [19,20]; however, given that inhibitory neurons are comprised of diverse subgroups, each with different characteristics, it necessary to study the effects of Reelin on the cellular function of specific inhibitory neurons. Additionally, the development of inhibitory synapses is regulated by several factors, such as N-methyl-D-aspartate receptor or GABAA receptor activity, the expression of pre- or postsynaptic molecules, and brain-derived neurotrophic factor (BDNF) [21,22]. It is interesting to examine the effects of Reelin on inhibitory synapse formation in principal neurons.



In this study, we investigated the effects of Reelin on (1) the phosphorylation of Akt and ribosomal S6 protein in individual inhibitory neurons using an immunofluorescence assay and (2) dendrite outgrowth of inhibitory neurons. To study the development of inhibitory synapses, we analyzed the intensity and density of gephyrin- and vesicular GABA transporter (VGAT)-positive clusters in defined dendritic regions of primary hippocampal neurons. Additionally, we examined the expression of proteins or mRNAs that are related to inhibitory synapses under Reelin-supplemented conditions.




2. Materials and Methods


2.1. Reagents and Antibodies


The primary antibodies used in this study were rabbit anti-phospho-S6 235/236 (1:3000 for Western blotting, 1:1000 for immunofluorescence, Cell Signaling, Danvers, MA, USA, #4858, #2211), rabbit anti-phospho-S6 240/244 (1:5000 for Western blotting, 1:1000 for immunofluorescence, Cell Signaling, Danvers, MA, USA, #5364), rabbit anti-phospho-Akt (1:5000 for Western blotting, 1:1000 for immunofluorescence, Cell Signaling, Danvers, MA, USA, #4060), rabbit anti-Akt (1:5000, Cell signaling, Danvers, MA, USA, #4691), chicken anti-Map2 (1:30,000, Abcam, Cambridge, UK, ab5392), mouse anti-gephyrin (1:1000, Synaptic systems, Goettingen, Germany, 147-021), mouse anti-gephyrin (1:3000, Synaptic systems, Goettingen, Germany, 147-111), rabbit anti-VGAT (1:3000 for Western blotting, 1:1000 for immunofluorescence, Synaptic Systems, Goettingen, Germany, 131 002), mouse anti-GAD67 (1:3000 for Western blotting, 1:1000 for immunofluorescence Millipore, Temecula, CA, USA, MAB5406), anti-GAD65 (1:3000, Abcam, Cambridge, UK, ab26113), somatostatin (1:100, Santacruz, Oregon, USA, sc-55565), and mouse anti- β-actin-HRP (1:50,000, Sigma, St. Louis, MO, USA, A3854). The secondary antibodies were HRP-conjugated anti-rabbit and anti-mouse (Invitrogen, Rockford, IL, USA, G21040, G21234) antibodies conjugated to Alexa Fluor 488 goat anti-chicken (Invitrogen, A11039), Alexa Fluor 555 goat anti-mouse (Invitrogen, Eugene, OR, USA, A21422), and Alexa Fluor 647 goat anti-rabbit (Invitrogen, Eugene, OR, USA, A21244).




2.2. Primary Neuronal Culture


The cerebral cortices and hippocampi were dissected from the brain of ICR mouse (embryonic day 15.5) and digested with 0.25% trypsin (Gibco, Grand Island, NY, USA)–DNase I (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 20 min; trypsin was inactivated using fetal bovine serum (Invitrogen, Carlsbad, CA, USA). The dissociated neurons were placed on poly-L-lysine (Sigma, St. Louis, MO, USA, P5899) precoated plates and cultured in neurobasal medium supplemented with 2% B27 supplement, Glutamax, and penicillin–streptomycin (Gibco, Grand Island, NY, USA). The cells were cultured at 37 °C in a saturated atmosphere containing 95% air and 5% CO2, and the medium was replaced with fresh medium a day after isolation. Afterward, half of the medium was replaced every 3–4 days. All animals used in this study were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee at Chosun University. Because culture hippocampal neurons are more homogenous in their morphology and biophysical properties compared to cortical neurons [23,24,25,26,27,28], we used hippocampal neurons to examine dendrite growth and inhibitory synapse formation on excitatory neurons to reduce experimental variability.




2.3. Production of Recombinant Reelin and Semi-Purification


HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (Hyclone, Logan, UT, USA, SH30243.01) with 10% fetal bovine serum and transfected with mock (control) or Reln cDNA construct pCrl, kindly provided by G. D’Arcangelo [1], using Transit (Mirus, Madison, WI, USA, 61044894). The medium of the transfected cells was replaced with serum-free medium at 24 h after transfection and collected for 2 days. The supernatants were centrifuged for the removal of cell debris and concentrated using Amicon Ultra-15 filters (Merck, Carrigtwohill, Ireland, UFC903008) at 2680× g for 20 min prior to addition to neuronal cultures as described previously [6]. Primary neurons were replenished with Reelin-containing concentrates, referred to as Reelin-rich protein supplementation.




2.4. RNA Isolation and RT-PCR Analysis


Total RNA was obtained from primary neurons using a GeneJET RNA Purification Kit (Thermo Scientific, Vilnius Lithuania, K0732) according to the manufacturer’s instructions. The total RNA (0.5–1 μg) was reverse-transcribed to generate cDNA using the iScriptTM cDNA Synthesis Kit (bio-rad, Hercules, CA, USA, 1708891). The mRNA quantification was performed using a StepOne real-time PCR system (Applied Biosystems) and SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK, 4309155). Transcript-specific primers used in the quantitative RT-PCR were: Gad67, F: 5′-CACAGGTCACCCTCGATTTTT-3′, R: 5′-ACCATCCAACGATCTCTCTCATC-3′, PrimerBank ID: 31982847a1; Gad65, F: 5′-TCCGGCTTTTGGTCCTTC-3′, R: 5′-ATGCCGCCCGTGAACTTTT-3′, PrimerBank ID: 6679925a1; Neuroligin1, F: 5′-GGTACTTGGCTTCTTGAGCAC-3′, R: 5′-AAACACAGTGATTCGCAAGGG-3′, PrimerBank ID: 28972598a1; Neuroligin2, 5′-TGTCATGCTCAGCGCAGTAG-3′, 5′-GGTTTCAAGCCTATGTGCAGAT-3′, PrimerBank ID: 33989614a1; Semaphorin 4D, 5′-CCTGGTGGTAGTGTTGAGAAC-3′, 5′-GCAAGGCCGAGTAGTTAAAGAT-3′, PrimerBank ID: 7305471a1; glyceraldehyde 3-phosphate dehydrogenase (Gapdh), F: 5′-AGGTCGGTGTGAACGGATTTG-3′, R: 5′-TGTAGACCATGTAGTTGAGGTCA-3′, PrimerBank ID: 9055212a1F. GAPDH was used as a reference gene for normalization. The relative quantification of the mRNA was calculated using the Pfaff1 method [29].




2.5. Western Blot Analysis


Primary cortical neurons were lysed at designated times with radioimmunoprecipitation assay (RIPA) buffer. The protein extracts were separated using 6% or 8% SDS-PAGE gels and transferred to a 0.22-µm nitrocellulose (NC) membrane. The membrane was incubated in 5% skim milk blocking buffer for 1 h at room temperature and then with a primary antibody at 4 °C overnight. After washing with Tris-buffered saline and Tween 20 (TBST), a secondary antibody was supplemented to the membrane for 1 h at room temperature. Membranes were developed with Western blot ECL solution (Neutronex, Goryeong, South Korea, NXECL-2011). Total Akt, Erk, or β-actin were used as loading controls.




2.6. Immunofluorescence


Primary hippocampal neurons, grown on glass coverslips coated with poly-L-lysine, were fixed in 4% paraformaldehyde (PFA)–phosphate buffered saline (PBS) for 15 min and then permeabilized by 0.1% Triton X-100–PBS for 10 min. After incubation with 10% normal goat serum (NGS) blocking buffer for 1 h at room temperature, the neurons were incubated with primary antibody at 4 °C overnight. After washing with PBS, the neurons on the coverslip were incubated with secondary antibodies for 1 h at room temperature. The neurons were washed with PBS 3 times for 5 min and then were mounted on positively charged glass slides with mounting media (Thermo Scientific, Kalamazoo, MI, USA, 9990402). The neurons were imaged using a Nikon A1 confocal laser microscope system.




2.7. Dendrite Analysis and Quantification of Gephyrin–VGAT-Positive Clusters


The ImageJ program and NeuronJ plugin were used to trace dendrites. The density, area, and intensity of gephyrin or gephyrin–VGAT-positive clusters were measured in primary of secondary dendrites of excitatory hippocampal neurons. The background intensity of each channel was subtracted and the imageJ function Adjust/Threshold was applied to each image under the same conditions to quantify the cluster size. We analyzed the total lengths of the dendrites of 30 to 90 cells in each group, while 30 to 40 dendritic fields were randomly selected from pyramidal neurons in each experiment. All analyses were performed by blinded experimenters with regard to treatment.




2.8. Statistical Analysis


The results are presented as means (standard deviation, SD) and were analyzed using the Mann–Whitney U test or Kruskal–Wallis test followed by Dunn’s comparison test. The results were averaged from multiple experiments (n), which consisted of several wells over 3 different cultures, as indicated in the figure legends. The results were considered statistically significant when the p values were less than 0.05.





3. Results


3.1. Reelin Does Not Phosphorylate Akt or S6 Protein in Numerous Inhibitory Neurons


Primary cortical or hippocampal neurons isolated from the brains of mouse embryos are composed of mostly excitatory neurons and some inhibitory neurons (Figure 1A). The protein extract was used for Western blotting, regardless of the cell type, but individual neurons were visualized with a confocal microscope using immunofluorescence staining of cells. Western blot analysis showed that Reelin-rich protein supplementation phosphorylated Akt and a downstream effector, ribosomal S6 protein, within 20 min after the supplementation in 5-day in vitro (DIV) primary cortical neurons (Figure 1B). The relative levels of Akt phosphorylated at serine 473 and of S6 protein phosphorylated at serine 235/236 or serine 240/244 were 1.46 (0.09), 1.40 (0.26), and 1.17 (0.14) compared to control, respectively (controls = 1.00 (0.07), 1.00 (0.14), and 1.00 (0.05), respectively) (Figure 1C). Since inhibitory neurons make up approximately 10–20% of all neurons in primary neuron cultures, the levels of phosphorylated signaling proteins presented by Western blotting do not indicate the distinct response of inhibitory neurons to Reelin. To investigate whether the Reelin signaling pathway is stimulated in individual inhibitory neurons, an immunofluorescence assay was performed on primary cortical neurons using antibodies against GAD67, a marker of inhibitory neurons; Map2, a dendritic marker of neurons; and phosphorylated Akt at serine 473. Both GAD67- and Map2-positive neurons were considered inhibitory neurons, while GAD67-negative–Map2-positive neurons were considered excitatory neurons. Interestingly, the intensity of phosphorylated Akt in the soma or dendrites of excitatory neurons significantly increased in response to Reelin-rich protein supplementation, but not in those of inhibitory neurons (Figure 1D,E). The relative intensity levels of phosphorylated Akt in response to Reelin-rich protein supplementation in the soma of excitatory and inhibitory neurons were 1.32 (0.72) and 0.90 (0.57), respectively, compared to the controls (1.00 (0.48) and 0.85 (0.47), respectively). These results were also observed in primary hippocampal neurons (Figure 1F), where the relative intensity level of phosphorylated Akt in response to Reelin-rich protein supplementation was 2.22 (1.27) compared to the controls (1.00 (0.63)) in excitatory neurons and 1.58 (1.47) compared to control (1.02 (0.97)) in inhibitory neurons. In addition, we further investigated whether or not the downstream signaling molecule, ribosomal S6 protein, of the PI3K/Akt pathway was affected by Reelin in inhibitory neurons. In accordance with Akt phosphorylation, Reelin-rich protein supplementation-induced phosphorylation of S6 at serine 235/236 was confirmed in excitatory neurons but not in inhibitory neurons (Figure 2A,B). The phosphorylation levels of S6 in both excitatory and inhibitory neurons were completely suppressed by the PI3K inhibitor LY294002, regardless of Reelin supplementation (Figure 2B); however, the levels of phosphorylated S6 were significantly increased in excitatory neurons in response to Reelin-rich protein supplementation after treatment of PI3K inhibitor, which suggests the involvement of other signaling pathways.




3.2. Reelin-Rich Protein Supplementation Induces Phosphorylation of S6 in Somatostatin-Positive Inhibitory Neurons


GABAergic inhibitory neurons are heterogenous and can be classified by their morphology, electrophysiological properties, molecular identities, and neurochemical properties. In the classification of neurochemical properties, parvalbumin (PV) and somatostatin (SST)-expressing inhibitory neurons represent two broad and rarely overlapping subtypes in the neocortex and hippocampus [30,31]. Since PV is not sufficiently expressed in developing neurons [32], and because several antibodies used in this study did not detect endogenous parvalbumin in the immunofluorescence assay, we analyzed SST-positive inhibitory neurons to study the subtype-specific response of inhibitory neurons to Reelin. In SST-positive inhibitory neurons, Reelin-rich protein supplementation significantly phosphorylated S6 at serine 235/236 (Figure 3A,B). The relative intensity levels of phosphorylated S6 at serine 235/236 in response to Reelin-rich protein supplementation were 1.80 (1.18) and 2.10 (1.23) in SST-negative and SST-positive neurons, respectively (controls: 1.00 (0.63) and 1.15 (0.88), respectively). Since GAD67-positive inhibitory neurons and SST-expressing interneurons made up approximately 13.5% and 3.3% of all neurons in our culture, respectively, we presumed that Reelin may not activate the PI3K/Akt/S6 signaling pathway in PV-expressing inhibitory neurons, which is the major subtype of inhibitory neurons.




3.3. Reelin-Rich Protein Supplementation Does Not Affect Dendrite Outgrowth of Inhibitory Neurons in Primary Cultures


Since dendrite outgrowth of immature neurons is reduced in Reln-deficient mice and rescued by Reelin supplementation [7], and because Reelin has a tropic effect on dendrite outgrowth through the PI3K/Akt pathway [33], we studied whether Reelin-rich protein supplementation enhances dendrite outgrowth of inhibitory neurons. We supplemented Reelin-rich protein to 4 DIV hippocampal neurons for 24 h and performed an immunofluorescence assay to measure total dendrite lengths; however, no significant differences in dendrite outgrowth were observed between most inhibitory neurons and SST-expressing neurons in our culture conditions (Figure 3C,D).




3.4. Reelin-Rich Protein Supplementation Reduces the Density of Inhibitory Synapses


Inhibitory synapses located on the dendrites of pyramidal neurons are important for dendritic integration [34]. To study whether Reelin affects the development of inhibitory synapses, we analyzed inhibitory synapses in 12 DIV hippocampal neurons using immunofluorescence assay and confocal microscopy. We examined dendritic inhibitory synapses in hippocampal excitatory neurons for morphological studies because of their better homogeneity than cortical neurons [23,24,28]. Gephyrin, an inhibitory postsynaptic marker, and VGAT, an inhibitory presynaptic marker, were used to measure the density of inhibitory synapses. The thickness of the primary or secondary dendrites used for analysis was approximately 2μm. After 12 h of Reelin-rich protein supplementation, the densities of gephyrin- or VGAT-positive clusters were unchanged (Figure 4A,B); however, the densities of co-localized gephyrin- and VGAT-positive clusters decreased significantly (Figure 4A,C). The average density of gephyrin–VGAT clusters per 10 μm of dendrite with Reelin-rich protein supplementation was 1.05 (0.52) (control, 1.35 (0.68_).



Western blot analysis showed that the expression levels of inhibitory synapse-related proteins, including GAD67, GAD65, gephyrin, and VGAT, were unchanged 12 h after Reelin-rich protein supplementation (Figure 4D). In addition, the mRNA levels of genes, including GAD67, GAD65, Semaphorin4D, Neuroligin1, and Neuroligin2, were not altered (Figure 4E).



These data suggest that Reelin influences the development of inhibitory synapses on excitatory neurons without directly activating the PI3K/Akt/S6 pathway in numerous inhibitory neurons.





4. Discussion


Reelin is a critical protein in migration of excitatory neurons during cortex formation; however, it has been reported that it does not directly affect the migration and positioning of inhibitory neurons [19,20]. Since Reelin is involved in several postnatal processes in the development and function of excitatory neurons, such as dendrite outgrowth, spine formation, and synaptic plasticity [5,6,7,33], it is interesting to study Reelin and the functions of inhibitory neurons. Reelin plays several roles through the activation of the adaptor protein Dab1 and the subsequent PI3K/Akt signaling pathway for dendrite and spine development in excitatory neurons [6,7,33]. The canonical Reelin signaling pathway examined using Western blotting does not represent the responses of individual neurons to Reelin. Since inhibitory neurons make up approximately 10–20% of all neurons, the distinct responses of inhibitory neurons to stimuli can be masked by the responses of excitatory neurons in Western blotting. In this study, an immunofluorescence assay was used to examine Reelin-induced activation of intracellular signaling in individual inhibitory neurons. We found that Reelin-rich protein supplementation did not phosphorylate Akt and S6 protein in most inhibitory neurons. Inhibitory neurons are heterogenous and may respond to Reelin in different ways, depending on the subgroups. In this study, SST-expressing interneurons significantly phosphorylated Akt and S6 under Reelin-rich protein-supplemented conditions, similar to excitatory neurons. It is shown for the first time in this work that Reelin has a differential effect on signaling pathways in certain groups of inhibitory neurons. Because studies on subgroup-specific inhibitory neurons during cortex development are rare, neuronal migration and maturation of SST-expressing neurons related with Reelin needs to be investigated further in vivo. In addition, SST-expressing interneurons have been reported to contribute to hippocampal memory by regulating mTORC1, which is part of an upstream signaling complex involving S6 [35]; thus, mTORC1 is an interesting target for studying the roles of Reelin and SST-expressing interneurons in learning and memory. Furthermore, since SST-expressing interneurons made up about a quarter of the inhibitory neurons in our culture conditions, we presume that Reelin may not activate the PI3K/Akt/S6 signaling pathway in PV-expressing interneurons, the major subtype of inhibitory neurons.



In this study, we used Reelin-rich protein supplementation. Due to difficulties purifying Reelin, Reelin-conditioned medium has been used to examine the function of Reelin in vitro or ex vivo [5,33,36]; however, the conditioned medium might have several limitations, including other secreted proteins, degradation, and differing protein levels compared to the control medium. Previous studies have elucidated the new role of purified full-length Reelin in the activation of intracellular signaling pathways, such as MAPK/ERK1/2 [4,11], which remains unchanged with the Reelin-conditioned medium; therefore, it could be interesting to further investigate the function of Reelin with purification in inhibitory neurons.



Since Dab1 is critical for the activation of the PI3K/Akt/S6 signaling pathway by Reelin, and because its distribution in tissue is restricted [3,37], it is necessary to investigate the expression of Dab1 in inhibitory neurons to elucidate the cellular mechanisms behind its function; however, due to the limited availability of commercial Dab1 antibodies against mouse species for immunocytochemistry, it is not easy to directly determine the cell-specific expression of Dab1 at this point. Single-neuron transcriptome analyses have shown that in adult mice, the expression patterns of proteins upstream of the Reelin signaling pathway, Dab1, VLDLR, and ApoER2, do not differ between excitatory and inhibitory neurons [38]; however, at postnatal day 0, the transcripts of Dab1 were much lower than those of excitatory neurons, but not those of VLDLR and ApoER2 [39] (http://zylkalab.org/datamousecortex, accessed on: 1 June 2020).



Despite the lack of response of most inhibitory neurons to Reelin, Reelin-rich protein supplementation reduced the density of inhibitory synapses in excitatory neurons without altering the expression of inhibitory synapse-specific proteins in this study. Previous studies have shown that glutamate receptor activity is required for the development of GABAergic synapses in early developing neurons through interactions between excitatory and inhibitory synaptic machinery [22,40,41,42,43]. Given that Reelin stimulates the formation of dendritic spines and excitatory neurotransmission [4,5,6], Reelin may affect the development of inhibitory synapses by modulating glutamatergic activity without direct stimulation of the Akt/S6 signaling pathway in inhibitory neurons. Recent studies have also shown that Reelin reduces the function of presynaptic GABAB receptors in glutamatergic excitatory neurons [44] and that Reln haploinsufficiency leads to immature GABAergic synaptic transmission [45]. This study revealed neuron-specific responses of Reelin, as well as a new function of Reelin in GABAergic inhibitory synapse development, which contributes to the cellular mechanisms underlying Reelin-associated neurological disorders.







Author Contributions


Conceptualization, S.-E.L. and G.H.L.; methodology, S.-E.L. and G.H.L.; software, S.-E.L. and G.H.L.; validation, S.-E.L. and G.H.L.; formal analysis, S.-E.L. and G.H.L.; investigation, G.H.L.; resources, S.-E.L. and G.H.L.; data curation, S.-E.L. and G.H.L.; writing—original draft preparation, S.-E.L. and G.H.L.; writing—review and editing, G.H.L.; supervision, G.H.L.; funding acquisition, G.H.L. Both authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MIST) (NRF-2021R1F1A1046930). This study was also supported by a research fund from Chosun University (2015, K207134001).




Institutional Review Board Statement


The study was conducted according to protocols approved by the Institutional Animal Care and Use Committee at Chosun University (protocol code: CIACUC2017-A0023, CIACUC2020-A0001, date of approval: 3 July 2017, 9 March 2020, respectively).




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no competing interests.




References


	



D’Arcangelo, G.; Miao, G.G.; Chen, S.-C.; Scares, H.D.; Morgan, J.I.; Curran, T. A protein related to extracellular matrix proteins deleted in the mouse mutant reeler. Nat. Cell Biol. 1995, 374, 719–723. [Google Scholar] [CrossRef]

	



Alcantara, S.; Ruiz, M.; D’Arcangelo, G.; Ezan, F.; de Lecea, L.; Curran, T.; Sotelo, C.; Soriano, E. Regional and cellular patterns of reelin mRNA expression in the forebrain of the developing and adult mouse. J. Neurosci. Off. J. Soc. Neurosci. 1998, 18, 7779–7799. [Google Scholar] [CrossRef]

	



Lee, G.H.; D’Arcangelo, G. New Insights into Reelin-Mediated Signaling Pathways. Front. Cell. Neurosci. 2016, 10, 122. [Google Scholar] [CrossRef]

	



Lee, G.H.; Chhangawala, Z.; von Daake, S.; Savas, J.N.; Yates, J.R.; Comoletti, D.; D’Arcangelo, G. Reelin Induces Erk1/2 Signaling in Cortical Neurons Through a Non-canonical Pathway*. J. Biol. Chem. 2014, 289, 20307–20317. [Google Scholar] [CrossRef]

	



Trotter, J.; Lee, G.H.; Kazdoba, T.M.; Crowell, B.; Domogauer, J.; Mahoney, H.M.; Franco, S.J.; Müller, U.; Weeber, E.J.; D’Arcangelo, G. Dab1 is required for synaptic plasticity and associative learning. J. Neurosci. 2013, 33, 15652–15668. [Google Scholar] [CrossRef]

	



Niu, S.; Yabut, O.; D’Arcangelo, G. The Reelin Signaling Pathway Promotes Dendritic Spine Development in Hippocampal Neurons. J. Neurosci. 2008, 28, 10339–10348. [Google Scholar] [CrossRef]

	



Niu, S.; Renfro, A.; Quattrocchi, C.C.; Sheldon, M.; D’Arcangelo, G. Reelin promotes hippocampal dendrite development through the VLDLR/ApoER2-Dab1 pathway. Neuron 2004, 41, 71–84. [Google Scholar] [CrossRef]

	



Da Costa, E.M. REELIN and Schizophrenia: A Disease at the Interface of the Genome and the Epigenome. Mol. Interv. 2002, 2, 47–57. [Google Scholar] [CrossRef]

	



De Rubeis, S.; He, X.; Goldberg, A.P.; Poultney, C.S.; Samocha, K.; Cicek, A.E.; Kou, Y.; Liu, L.; Fromer, M.; Walker, S.; et al. Synaptic, transcriptional and chromatin genes disrupted in autism. Nat. Cell Biol. 2014, 515, 209–215. [Google Scholar] [CrossRef]

	



Fatemi, S.H.; A Earle, J.; McMenomy, T. Reduction in Reelin immunoreactivity in hippocampus of subjects with schizophrenia, bipolar disorder and major depression. Mol. Psychiatry 2000, 5, 654–663. [Google Scholar] [CrossRef]

	



Telese, F.; Ma, Q.; Perez, P.M.; Notani, D.; Oh, S.; Li, W.; Comoletti, D.; Ohgi, K.A.; Taylor, H.; Rosenfeld, M.G. LRP8-Reelin-Regulated Neuronal Enhancer Signature Underlying Learning and Memory Formation. Neuron 2015, 86, 696–710. [Google Scholar] [CrossRef]

	



Giovannetti, E.A.; Fuhrmann, M. Unsupervised excitation: GABAergic dysfunctions in Alzheimer’s disease. Brain Res. 2019, 1707, 216–226. [Google Scholar] [CrossRef]

	



Chao, H.-T.; Chen, H.; Samaco, R.; Xue, M.; Chahrour, M.; Yoo, J.; Neul, J.; Gong, S.; Lu, H.-C.; Heintz, N.; et al. Dysfunction in GABA signalling mediates autism-like stereotypies and Rett syndrome phenotypes. Nat. Cell Biol. 2010, 468, 263–269. [Google Scholar] [CrossRef]

	



Lisman, J. Excitation, inhibition, local oscillations, or large-scale loops: What causes the symptoms of schizophrenia? Curr. Opin. Neurobiol. 2012, 22, 537–544. [Google Scholar] [CrossRef]

	



Cline, H. Synaptogenesis: A Balancing Act between Excitation and Inhibition. Curr. Biol. 2005, 15, R203–R205. [Google Scholar] [CrossRef]

	



Rubenstein, J.L. Three hypotheses for developmental defects that may underlie some forms of autism spectrum disorder. Curr. Opin. Neurol. 2010, 23, 118–123. [Google Scholar] [CrossRef]

	



Kaila, K.; Ruusuvuori, E.; Seja, P.; Voipio, J.; Puskarjov, M. GABA actions and ionic plasticity in epilepsy. Curr. Opin. Neurobiol. 2014, 26, 34–41. [Google Scholar] [CrossRef]

	



Curley, A.A.; Arion, M.; Volk, D.W.; Asafu-Adjei, J.K.; Sampson, A.R.; Fish, K.N.; Lewis, D.A. Cortical Deficits of Glutamic Acid Decarboxylase 67 Expression in Schizophrenia: Clinical, Protein, and Cell Type-Specific Features. Am. J. Psychiatry 2011, 168, 921–929. [Google Scholar] [CrossRef]

	



Pla, R.; Borrell, V.; Flames, N.; Marín, O. Layer Acquisition by Cortical GABAergic Interneurons Is Independent of Reelin Signaling. J. Neurosci. 2006, 26, 6924–6934. [Google Scholar] [CrossRef]

	



Pahle, J.; Muhia, M.; Wagener, R.J.; Tippmann, A.; Bock, H.H.; Graw, J.; Herz, J.; Staiger, J.F.; Drakew, A.; Kneussel, M.; et al. Selective Inactivation of Reelin in Inhibitory Interneurons Leads to Subtle Changes in the Dentate Gyrus but Leaves Cortical Layering and Behavior Unaffected. Cereb. Cortex 2019, 30, 1688–1707. [Google Scholar] [CrossRef]

	



Kuzirian, M.S.; Paradis, S. Emerging themes in GABAergic synapse development. Prog. Neurobiol. 2011, 95, 68–87. [Google Scholar] [CrossRef]

	



Lu, W.; Bromley-Coolidge, S.; Li, J. Regulation of GABAergic synapse development by postsynaptic membrane proteins. Brain Res. Bull. 2017, 129, 30–42. [Google Scholar] [CrossRef]

	



Arimura, N.; Kaibuchi, K. Neuronal polarity: From extracellular signals to intracellular mechanisms. Nat. Rev. Neurosci. 2007, 8, 194–205. [Google Scholar] [CrossRef]

	



Nikolaeva, I.; Kazdoba, T.M.; Crowell, B.; D’Arcangelo, G. Differential roles for Akt and mTORC1 in the hypertrophy of Pten mutant neurons, a cellular model of brain overgrowth disorders. Neuroscience 2017, 354, 196–207. [Google Scholar] [CrossRef]

	



Takano, T.; Xu, C.; Funahashi, Y.; Namba, T.; Kaibuchi, K. Neuronal polarization. Development 2015, 142, 2088–2093. [Google Scholar] [CrossRef]

	



Wang, Y.; Markram, H.; Goodman, P.H.; Berger, T.K.; Goldmann-Rakic, P.; Goldman-Rakic, P.S. Heterogeneity in the pyramidal network of the medial prefrontal cortex. Nat. Neurosci. 2006, 9, 534–542. [Google Scholar] [CrossRef]

	



Previtera, M.L.; Firestein, B.L. Glutamate affects dendritic morphology of neurons grown on compliant substrates. Biotechnol. Prog. 2015, 31, 1128–1132. [Google Scholar] [CrossRef]

	



Nelson, S.B.; Sugino, K.; Hempel, C.M. The problem of neuronal cell types: A physiological genomics approach. Trends Neurosci. 2006, 29, 339–345. [Google Scholar] [CrossRef]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef] [PubMed]

	



Rudy, B.; Fishell, G.; Lee, S.; Leffler, J.H. Three groups of interneurons account for nearly 100% of neocortical GABAergic neurons. Dev. Neurobiol. 2010, 71, 45–61. [Google Scholar] [CrossRef]

	



Harris, K.D.; Hochgerner, H.; Skene, N.; Magno, L.; Katona, L.; Gonzales, C.B.; Somogyi, P.; Kessaris, N.; Linnarsson, S.; Leffler, J.H. Classes and continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics. PLoS Biol. 2018, 16, e2006387. [Google Scholar] [CrossRef]

	



Nitsch, R.; Bergmann, I.; Küppers, K.; Mueller, G.; Frotscher, M. Late appearance of parvalbumin-immunoreactivity in the development of GABAergic neurons in the rat hippocampus. Neurosci. Lett. 1990, 118, 147–150. [Google Scholar] [CrossRef]

	



Jossin, Y.; Goffinet, A.M. Reelin Signals through Phosphatidylinositol 3-Kinase and Akt To Control Cortical Development and through mTor To Regulate Dendritic Growth. Mol. Cell. Biol. 2007, 27, 7113–7124. [Google Scholar] [CrossRef] [PubMed]

	



Boivin, J.R.; Nedivi, E. Functional implications of inhibitory synapse placement on signal processing in pyramidal neuron dendrites. Curr. Opin. Neurobiol. 2018, 51, 16–22. [Google Scholar] [CrossRef]

	



Artinian, J.; Jordan, A.; Khlaifia, A.; Honoré, E.; La Fontaine, A.; Racine, A.-S.; Laplante, I.; Lacaille, J.-C. Regulation of Hippocampal Memory by mTORC1 in Somatostatin Interneurons. J. Neurosci. 2019, 39, 8439–8456. [Google Scholar] [CrossRef] [PubMed]

	



Ventruti, A.; Kazdoba, T.; Niu, S.; D’Arcangelo, G. Reelin deficiency causes specific defects in the molecular composition of the synapses in the adult brain. Neuroscience 2011, 189, 32–42. [Google Scholar] [CrossRef]

	



Rice, D.; Sheldon, M.; D’Arcangelo, G.; Nakajima, K.; Goldowitz, D.; Curran, T. Disabled-1 acts downstream of Reelin in a signaling pathway that controls laminar organization in the mammalian brain. Development 1998, 125, 3719–3729. [Google Scholar] [CrossRef]

	



Tasic, B.; Menon, V.; Nguyen, T.N.; Kim, T.K.; Jarsky, T.; Yao, Z.; Levi, B.P.; Graybuck, L.; Sorensen, S.A.; A Dolbeare, T.; et al. Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nat. Neurosci. 2016, 19, 335–346. [Google Scholar] [CrossRef]

	



Loo, L.; Simon, J.M.; Xing, L.; McCoy, E.S.; Niehaus, J.K.; Guo, J.; Anton, E.S.; Zylka, M.J. Single-cell transcriptomic analysis of mouse neocortical development. Nat. Commun. 2019, 10, 1–11. [Google Scholar] [CrossRef]

	



Rosato-Siri, M.; Grandolfo, M.; Ballerini, L. Activity-dependent modulation of GABAergic synapses in developing rat spinal networks in vitro. Eur. J. Neurosci. 2002, 16, 2123–2135. [Google Scholar] [CrossRef]

	



Marty, S.; Wehrlé, R.; Sotelo, C. Neuronal Activity and Brain-Derived Neurotrophic Factor Regulate the Density of Inhibitory Synapses in Organotypic Slice Cultures of Postnatal Hippocampus. J. Neurosci. 2000, 20, 8087–8095. [Google Scholar] [CrossRef] [PubMed]

	



Hartman, K.N.; Pal, S.K.; Burrone, J.; Murthy, V. Activity-dependent regulation of inhibitory synaptic transmission in hippocampal neurons. Nat. Neurosci. 2006, 9, 642–649. [Google Scholar] [CrossRef]

	



Aamodt, S.M.; Shi, J.; Colonnese, M.; Veras, W.; Constantine-Paton, M. Chronic NMDA Exposure Accelerates Development of GABAergic Inhibition in the Superior Colliculus. J. Neurophysiol. 2000, 83, 1580–1591. [Google Scholar] [CrossRef] [PubMed]

	



Hamad, M.I.K.; Jbara, A.; Rabaya, O.; Petrova, P.; Daoud, S.; Melliti, N.; Meseke, M.; Lutz, D.; Petrasch-Parwez, E.; Schwitalla, J.C.; et al. Reelin signaling modulates GABA B receptor function in the neocortex. J. Neurochem. 2021, 156, 589–603. [Google Scholar] [CrossRef] [PubMed]

	



Bouamrane, L.; Scheyer, A.; Lassalle, O.; Iafrati, J.; Thomazeau, A.; Chavis, P. Reelin-Haploinsufficiency Disrupts the Developmental Trajectory of the E/I Balance in the Prefrontal Cortex. Front. Cell. Neurosci. 2017, 10, 308. [Google Scholar] [CrossRef]








[image: Ijms 22 07510 g001 550] 





Figure 1. Phosphorylation of Akt and ribosomal S6 protein by Reelin-rich protein supplementation in individual inhibitory neurons: (A) Schematic diagram of the neuronal culture and methodology. Primary cortical or hippocampal neurons isolated from the brain of mouse embryos are composed of mostly excitatory neurons and some inhibitory neurons. The protein extract was used for Western blotting, regardless of the cell type, but individual neurons were visualized with a confocal microscope using immunofluorescence staining of cells. (B) Five-day in- vitro cortical neurons were supplemented with Reelin-rich protein for 20 min and assayed using Western blotting. The levels of phosphorylated Akt and S6 were significantly increased by Reelin-rich protein supplementation. (C) The results were averaged from three individual experiments and analyzed using the Mann–Whitney U test. (D) Five-day in vitro cortical neurons were supplemented with Reelin-rich protein for 20 min and imaged by confocal microscopy using Map2 (neuron marker), GAD67 (inhibitory neuron marker), or phospho-Akt antibodies. GAD67-positive inhibitory neurons are indicated with arrows and GAD67-negative excitatory neurons with arrowheads. A significant increase in the level of phosphorylated Akt was shown in GAD67-negative–Map2-positive excitatory neurons, but not in GAD67-positive inhibitory neurons. (E) The fluorescence intensity of the soma was quantified and the sample distribution of individual cortical neurons is shown (number of excitatory neurons = 200, number of inhibitory neurons = 200). (F) Fluorescence intensity quantification and sample distribution of individual hippocampal neurons (number of excitatory neurons = 100, number of inhibitory neurons = 33–34). The results were analyzed using the Kruskal–Wallis test followed by Dunn’s comparison test. Note: * p < 0.05, ** p < 0.01, *** p < 0.001; n.s., nonsignificant. Scale bar, 50 μm. 
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Figure 2. Phosphorylation status of ribosomal S6 protein, a downstream molecule of the PI3K/Akt pathway, by Reelin-rich protein supplementation in individual inhibitory neurons: (A) Five-day in vitro hippocampal neurons were supplemented with Reelin-rich protein for 20 min and imaged using confocal microscopy using Map2, GAD67, or phospho-S6 (serine 235/236) antibodies. GAD67-positive inhibitory neurons are indicated with arrows and GAD67-negative excitatory neurons with arrowheads. (B) The fluorescence intensity of the soma was quantified and the sample distribution of individual neurons is shown (number of excitatory neurons = 75–119, number of inhibitory neurons = 20–33). A significant increase in the levels of phosphorylated S6 was shown in GAD67-negative–Map2-positive excitatory neurons, but not in GAD67-positive inhibitory neurons. S6 phosphorylation in both excitatory and inhibitory neurons was completely suppressed under the PI3K inhibitor LY294002 (10 μM), regardless of Reelin-rich protein supplementation. The results were analyzed using the Kruskal–Wallis test followed by Dunn’s comparison test. Note: *** p < 0.001; n.s., nonsignificant. Scale bar, 50 μm. 
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Figure 3. Reelin-rich protein-induced phosphorylation of S6 without dendrite outgrowth effect in SST-positive inhibitory neurons: (A) Five-day in vitro hippocampal neurons were supplemented with Reelin-rich protein for 20 min and imaged by confocal microscopy using Map2, GAD67, or phospho-S6 (serine 235/236) antibodies. Somatostatin-positive inhibitory neurons are indicated with arrows and somatostatin-negative excitatory neurons with arrowheads. (B) The fluorescence intensity of the soma was quantified and the sample distribution of individual SST-positive inhibitory neurons is shown (number of SST-negative neurons = 99–102, number of SST-positive inhibitory neurons = 20). (C) Four-day in vitro hippocampal neurons were supplemented with Reelin-rich protein for 24 h and imaged by confocal microscope using Map2, GAD67, or somatostatin antibodies. GAD67-positive inhibitory neurons are indicated with arrows and somatostatin-positive inhibitory neurons with arrowheads. (D) Fluorescence intensity quantification and sample distribution of individual hippocampal neurons (number of GAD67-positive inhibitory neurons = 47–67, number of SST-positive inhibitory neurons = 38–46). No significant differences in dendrite outgrowth were observed between most inhibitory neurons and SST-expressing neurons. The results were analyzed using the Kruskal–Wallis test followed by Dunn’s comparison test. Note: * p < 0.05, *** p < 0.001; n.s., nonsignificant. Scale bar, 50 μm. 
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Figure 4. Reduced density of inhibitory synapses by Reelin-rich protein supplementation without changes in expression of inhibitory synapse-related proteins. (A) Twelve-day in vitro hippocampal neurons were supplemented with Reelin-rich protein for 12 h and imaged using immunofluorescence followed by confocal microscopy. Gephyrin-positive or VGAT-positive clusters were seen on the dendrites of Map2-positive excitatory neurons. (B,C) The numbers and fluorescence intensity levels of synaptic gephyrin-positive or VGAT-positive clusters were quantified and the sample distribution of both gephyrin- and VGAT-positive clusters is shown. Each density of gephyrin- or VGAT-positive clusters did not change, but the density of both gephyrin- and VGAT-positive clusters decreased significantly. The results (number of dendritic fields = 37–39) were analyzed using the Mann–Whitney U test. (D) Twelve-day in vitro cortical neurons were treated with Reelin-rich protein for 12 h and assayed using Western blot analysis. The expression levels of inhibitory synapse-related proteins were not changed in response to Reelin-rich protein supplementation. The results were averaged from four individual experiments. (E) Twelve-day in vitro cortical neurons were treated with Reelin-rich protein for 3 h and mRNA contents were quantified using quantitative real time-PCR. The transcripts levels of inhibitory synapse-related genes were not changed in response to Reelin-rich protein supplementation. The results were analyzed using the Mann–Whitney U test. Note: * p < 0.05 and n.s., nonsignificant. Scale bars, 5 μm. 






Figure 4. Reduced density of inhibitory synapses by Reelin-rich protein supplementation without changes in expression of inhibitory synapse-related proteins. (A) Twelve-day in vitro hippocampal neurons were supplemented with Reelin-rich protein for 12 h and imaged using immunofluorescence followed by confocal microscopy. Gephyrin-positive or VGAT-positive clusters were seen on the dendrites of Map2-positive excitatory neurons. (B,C) The numbers and fluorescence intensity levels of synaptic gephyrin-positive or VGAT-positive clusters were quantified and the sample distribution of both gephyrin- and VGAT-positive clusters is shown. Each density of gephyrin- or VGAT-positive clusters did not change, but the density of both gephyrin- and VGAT-positive clusters decreased significantly. The results (number of dendritic fields = 37–39) were analyzed using the Mann–Whitney U test. (D) Twelve-day in vitro cortical neurons were treated with Reelin-rich protein for 12 h and assayed using Western blot analysis. The expression levels of inhibitory synapse-related proteins were not changed in response to Reelin-rich protein supplementation. The results were averaged from four individual experiments. (E) Twelve-day in vitro cortical neurons were treated with Reelin-rich protein for 3 h and mRNA contents were quantified using quantitative real time-PCR. The transcripts levels of inhibitory synapse-related genes were not changed in response to Reelin-rich protein supplementation. The results were analyzed using the Mann–Whitney U test. Note: * p < 0.05 and n.s., nonsignificant. Scale bars, 5 μm.



[image: Ijms 22 07510 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-22-07510


  
    		
      ijms-22-07510
    


  




  





media/file6.jpg





media/file1.png
Immunofluorescence
staining of cells.

/\ Primary neuron culture Western blotting  |= ~
1 \ E

1 \
Mouse embryo excitatory inhibitory
neuron neuron

Reelin 20 == W pAKt
— -rich 2 2R mpS6 235/236
pS6 15 OpS6 240/244
20523 | HOW 3
10
pS6 3
Akt | o— — 0 |—— §05
3
S6 | e emp ¢ 4
Reelin-rich

54 *kk ns.
@ . =
£ .
S 44
bd .
= N
= o
14 o
k]
> @
2 2+ o
2
€
2
2 14
]
0]
x L 932800
T T T T
Reelin-rich - Reelin-rich - Reelin-rich - Reelin-rich

Excitatory CN Inhibitory CN Excitatory HPN Inhibitory HPN





media/file7.png
Reelin

-rich

GAD67
GAD65
Gephyrin
VGAT

Actin

HHH

Gephyrin/VGAT/Map2 Gephyrin

VGAT

1

Reelin-rich

B Gephyrin QJVGAT

n.s.

£ n.s.
2
=]}
=
)
c
()
©
52
2
El
(@]

0

o - [N
(4] o (%))
N w e
N 1 3
.

>*

Relative cluster intensity (%)

Gephyrin+VGAT+
cluster density (/10um)

"'::EF"'
[}

C

Reelin-rich Reelin-rich

E

— Reelin- f'Ch W GAD67 @GAD65 B Gephyrin DVGAT

il

Reelin-rich

M GAD67 MGADSE5 OSEMA4D ENLGN1 EBNLGN2

-
a
o
-

e
o
o

(o)l
o
Relative mRNA level (%)

Relative protein level (%)

o

Reelin-rich





media/file5.png
A B

Reelin-rich

Relative intensity of pS6 in SOM+ neuron

1 1 U
- Reelin-rich e Reelin-rich

Reelin GAD67+ neurons S8T+ neurons

-rich

- Reelin-rich - Reelin-rich
SST- neurons SST+ neurons
C D
n.s.
y 2009
- %
A
- n.s.
E 150 A
= L
.E.
Reehn g L

% 100 0 c" A o W
= - 0 A
£ () ogee’ 2AA A “‘ A
& . o® LY Aut
= °°O$ ' A """““'
% 504 0 A8
L . ‘: ﬁ AR f‘ A

(’ A% A“‘A





media/file3.png
Reelin
-rich

(<o}

g ° %o

Yo}

< o

© 4 4 °

1%}

o

G %

2> 8

@

€ 27 3

g S82%

'—_(% 0092 00 £

& i r~
AAAA AA
aafigte el

T — T T
= Reelin-rich = Reelin-rich LY Reelin-rich+LY LY Reelin-rich+LY

Excitatory neurons Inhibitory neurons Excitatory neurons Inhibitory neurons





media/file4.jpg
Reeinich Reein-ich

ST newons ST+ meurons






media/file0.jpg





media/file2.jpg
Reein

Relative intensty of

- Reelndich - Reeindch LY ReelinrichelY_LY _ReslinrichslY

Exciatoy neurons  Inhibitory newrons.  Exctaory neurons  Inhibitory neurons





