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A Deficiency of the Psychiatric Risk Gene DLG2/PSD-93 Causes Excitatory Synaptic Deficits in the Dorsolateral Striatum
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Genetic variations resulting in the loss of function of the discs large homologs (DLG2)/postsynaptic density protein-93 (PSD-93) gene have been implicated in the increased risk for schizophrenia, intellectual disability, and autism spectrum disorders (ASDs). Previously, we have reported that mice lacking exon 14 of the Dlg2 gene (Dlg2–/– mice) display autistic-like behaviors, including social deficits and increased repetitive behaviors, as well as suppressed spontaneous excitatory postsynaptic currents in the striatum. However, the neural substrate underpinning such aberrant synaptic network activity remains unclear. Here, we found that the corticostriatal synaptic transmission was significantly impaired in Dlg2–/– mice, which did not seem attributed to defects in presynaptic releases of cortical neurons, but to the reduced number of functional synapses in the striatum, as manifested in the suppressed frequency of miniature excitatory postsynaptic currents in spiny projection neurons (SPNs). Using transmission electron microscopy, we found that both the density of postsynaptic densities and the fraction of perforated synapses were significantly decreased in the Dlg2–/– dorsolateral striatum. The density of dendritic spines was significantly reduced in striatal SPNs, but notably, not in the cortical pyramidal neurons of Dlg2–/– mice. Furthermore, a DLG2/PSD-93 deficiency resulted in the compensatory increases of DLG4/PSD-95 and decreases in the expression of TrkA in the striatum, but not particularly in the cortex. These results suggest that striatal dysfunction might play a role in the pathology of psychiatric disorders that are associated with a disruption of the Dlg2 gene.
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INTRODUCTION

Discs large homologs (DLG2), also known as postsynaptic density protein-93 (PSD-93) or Chapsyn-110, is a member of the membrane-associated guanylate kinase (MAGUK) family that directly interact with receptors, including AMPA and NMDA as a postsynaptic scaffolding protein (Brenman et al., 1996; Kim et al., 1996; Sheng and Sala, 2001; Sheng and Hoogenraad, 2007). Studies using a large-scale genetic analysis of human patients have indicated that the disruption of the Dlg2 gene is closely associated with psychiatric disorders, including schizophrenia (Walsh et al., 2008; Kirov et al., 2012; Fromer et al., 2014; Sanders et al., 2022), intellectual disability (Reggiani et al., 2017), and autism spectrum disorder (ASD) in humans (Egger et al., 2014; Ruzzo et al., 2019). Despite emerging evidence of its implication in psychiatric and neurodevelopmental disorders, it remains unclear the mechanism by which a DLG2/PSD-93 plays a pathological role.

During mid-fetal development, DLG2/PSD-93 is abundantly expressed in the human striatum (Kang et al., 2011). Structural alterations of the putamen, a part of the dorsal striatum in the human brain, are found to be linked to mutations in the Dlg2 gene (Hibar et al., 2015). Furthermore, a recent study employing longitudinal imaging combined with genetic analyses has demonstrated that single nucleotide polymorphisms (SNPs) in DLG2/PSD-93 are associated with structural asymmetry of subcortical regions, including putamen in patients with Alzheimer’s disease (AD) (Wachinger et al., 2018). In particular, corticostriatal dysfunction has been implicated in ASDs (Peça et al., 2011; Bentea et al., 2020), obsessive-compulsive disorders (Burguiere et al., 2015), and schizophrenia (Zandbelt et al., 2011; Wagshal et al., 2014), implying that striatum-related circuitries play a critical role in the pathology. In this context, we have previously found that Dlg2 mRNA is highly expressed in the mouse striatum during early developmental stages. Mice lacking DLG2/PSD-93 have suppressed excitatory synaptic inputs onto spiny projection neurons (SPNs)–the output cell type in the striatum, as measured by spontaneous excitatory postsynaptic currents (sEPSCs), which accompanied aberrant behaviors, including suppressed locomotor response to novelty, decreased social interaction, and increased repetitive behavior (Yoo et al., 2020), that are tightly associated with dysfunction of striatal circuitries (Welch et al., 2007; Shmelkov et al., 2010; Ishii et al., 2016; Leonzino et al., 2019; Li and Pozzo-Miller, 2020). However, the underlying neural substrate for a DLG2/PSD-93 deficiency still remains elusive.

In this study, we investigated the consequence of the genetic disruption of DLG2/PSD-93 on striatal synaptic connectivity. We found that a DLG2/PSD-93 deficiency significantly suppressed corticostriatal synaptic transmission accompanying the reduced number of functional excitatory synapses in the striatum. Spine densities were significantly reduced, as well as the expression of synapse-related molecules was altered in the dorsolateral striatum, neither of which was found in the cortex of Dlg2–/– mice. Our findings suggest a crucial role for DLG2/PSD-93 in the regulation of striatum-related circuitries, shedding a light on the potential involvement of striatal dysfunction in the pathology of various psychiatric disorders accompanying disruption of the Dlg2 gene.



MATERIALS AND METHODS


Animals

Dlg2–/– mice carrying a deletion of exon 14 of the Dlg2 gene were generated and maintained as previously reported (Yoo et al., 2020). Briefly, all animals were fed ad libitum and housed under a 12-h light/dark cycle. Pups were weaned at postnatal day 21, and 3–6 mice were grouped in each cage. Only male adult mice were used for experiments. Dlg2–/– mice were genotyped by polymerase chain reaction (PCR) using the following primers as previously reported (Yoo et al., 2020): WT allele (312 bp), 5′-CCA GAA TGT AC TTC AGC ACC A –3′ (forward) and 5′-TCG TGGTATCGTTATGCGCC-3′ (reverse); mutant allele (527 bp), 5′-GCC AAG ACT TTT AGA GAC AGC C-3′ (forward) and 5′-AAG CAG GCA ATT CAC ACC AC-3′ (reverse). The use of mice was approved by and performed in accordance with the committees of animal research at KAIST (KA2021-070) and Yeungnam University (2020-037).



Electrophysiology

Acute coronal brain slices for the dorsolateral striatum were obtained following the protective recovery method (Ting et al., 2014). In brief, mice at 3–5 months were anesthetized with an intraperitoneal injection of a ketamine (120 mg/kg)-xylazine (10 mg/kg) cocktail and transcardially perfused with a protective buffer (NMDG aCSF) at room temperature consisting of, in mM: 100 NMDG, 12 NAC, 30 NaHCO3, 20 HEPES, 25 glucose. 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2.5 KCl, 1.25 NaH2PO4,0.5 CaCl2, and 10 MgSO4. Mouse brains were extracted and sectioned (300 μm for whole-cell recording, 400 μm for field recording) in NMDG aCSF buffer at room temperature bubbled with 95% O2 and 5% CO2 gases using Leica VT 1200. The slices were transferred to a 32°C holding chamber containing NMDG aCSF for 11 min, followed by recovery for over 1 h in a chamber at room temperature containing a buffer (in mM: 92 NaCl, 12 NAC, 30 NaHCO3, 20 HEPES, 25 Glucose. 2 Thiourea, 5 Na-Ascorbate, 3 Na-Pyruvate, 2.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2, and 1.3 MgSO4) oxygenated with 95% O2 and 5% CO2 gases. During all recordings, brain slices were maintained in a submerge-type recording chamber perfused with 27.5–28.5°C aCSF (2 ml min–1; in mM: 124 NaCl, 25 NaHCO3, 10 Glucose, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2, and 1.3 MgSO4 oxygenated with 95% O2 and 5% CO2 gases). Recording glass pipettes from borosilicate glass capillaries (Harvard Apparatus) were pulled using an electrode puller (Narishige). All-electric responses were amplified and filtered at 2 kHz (Multiclamp 700B, Molecular Devices) and then digitized at 10 kHz (Digidata 1550, Molecular Devices).

For extracellular field recordings, a platinum/iridium concentric bipolar stimulation electrode (CBBRC75; inner pole diameter, 25 μm) and glass recording electrodes filled with aCSF were placed on the inner border of the corpus callosum, containing mainly passing cortical axons, and the dorsolateral striatum, approximately 400 μm away from the stimulus, respectively. Paired pulse ratio was measured by applying three paired pulses at different inter-stimulus intervals (25, 50, 75, 100, 200, and 300 ms), averaging across triplicate measurements. Stable baseline responses were monitored for 5 min before the recording. For input-output curves, stimulation intensity (mA) was increased after every third consecutive response. Whole-cell patch-clamp recordings of miniature excitatory postsynaptic currents (mEPSCs) were obtained from voltage-clamped (–70 mV) SPNs of the dorsolateral striatum. Recording pipettes (2.5–3.5 MΩ) were filled with an internal solution consisting of 100 mM CsMeSO4, 10 mM TEA-Cl, 8 mM NaCl, 10 mM HEPES, 5 mM QX-314-Cl, 2 mM Mg-ATP, 0.3 mM Na-GTP, and 10 mM EGTA (pH 7.25, 295 mOsm). Responses were recorded for 2 min after maintaining a stable baseline for 5 min. Picrotoxin (60 μM) and TTX (1 μM) were included in aCSF to block GABA receptors and voltage-gated Na+ channels, respectively.



Transmission Electron Microscopy

Mice were deeply anesthetized with a mixture of ketamine (120 mg/kg) and xylazine (10 mg/kg) and were intracardially perfused with heparinized normal saline, followed by a freshly prepared fixative of 2.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Whole brains were post-fixed for 2 h and stored in PB overnight at 4°C. A total of 50 μm-thick coronal sections were osmicated with 1% osmium tetroxide, dehydrated in graded alcohols, flat embedded in Durcupan ACM (Fluka), and then cured for 48 h at 60°C. Dorsolateral striatum regions were cut out of the wafers and glued onto the plastic block with cyanoacrylate. Ultrathin sections were cut and mounted on Formvar-coated single-slot grids, stained with uranyl acetate and lead citrate, and examined with an electron microscope (Hitachi H-7500) at 80 kV accelerating voltage. A total of thirty two micrographs were taken per animal representing 837.9 μm2 (27.31 μm2 × 32) neuropil regions at a 30,000× magnification. The number of postsynaptic densities (PSDs), the proportion of perforated PSDs, the length and thickness of PSDs, and the number of docked vesicles (as defined by direct contact with presynaptic plasma membrane) per active zone length were quantified by an experimenter blind to the genotype. Digital images were captured with the GATAN DigitalMicrograph software driving a CCD camera (SC1000 Orius, Gatan). The brightness and contrast of the images were adjusted in Adobe Photoshop 7 (Adobe Systems).



Golgi-Cox Staining

Golgi-Cox staining was conducted following the manufacturer’s protocol of the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies, Inc.). One hundred-micrometer-thick sections were collected using a vibratome (Leica VT 1200S). Wholly stained neurons were selected from the dorsolateral striatum and layer V of the motor cortex of Dlg2–/– and WT littermate controls using a brightfield microscope (Leica DMi8). SPNs in the dorsolateral striatum were identified based on their morphological features as previously described (Bentea et al., 2020), e.g., either round or ovoid soma with a diameter ranging from 10 to 20μm that contains at least three primary dendrites having a relatively low density of spines that increases as the branching order becomes higher. Layer V pyramidal neurons in the motor cortex were identified as previously described (Urrego et al., 2015) based on morphological features, e.g., a triangular-shaped and relatively large soma that has the apical dendrites projecting toward the pial surface. Entire neurons within an imaging depth of stained sections (approximately 60 μm), excluding axons, were traced at 40× magnification. Note that long dendrites of pyramidal neurons were often partially reconstructed due to cut by sectioning. A total of 8–12 SPNs and 13–15 pyramidal neurons per animal were traced. The degree of dendritic arborization was assessed using the Sholl analysis in that a series of concentric circles (separated by 10 μm in radius) was overlaid over neuron traces and the number of intersections was counted using ImageJ (Schindelin et al., 2012). The spine density was estimated from dendrites greater or equal to the third order for SPNs and to the second order for pyramidal neurons and at least 30 μm distant from cell soma. For spine quantification, SPNs and pyramidal neurons were imaged at 63× magnification. The spine density was assessed on 8–14 neurons per animal. Statistical comparisons were made based on the representative value of each animal that was averaged from sampled neurons per animal. An experimenter was blinded to the group information throughout the data collecting and analysis processes. The brightness and contrast of the images were adjusted in Adobe Photoshop 7 (Adobe Systems).



Immunoblotting Analysis

For postsynaptic composition analyses, striatum and cortex from 3- to 5-month-old mice were dissected and homogenized with ice-cold buffer (0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM EDTA, pH 8, 2 mM EGTA, pH 8, protease inhibitors, phosphatase inhibitors). Synapse enriched fraction was collected as previously described (Chung et al., 2019). A synaptic or crude membrane (P2) fraction lysates separated in electrophoresis and transferred to a nitrocellulose membrane were incubated with primary antibodies to DLG2/PSD-93 (#1634, rabbit), DLG4/PSD-95 (Neuromab 75-028), pan-Shank (Neuromab 75-089), Homer1 (#1133, rabbit), GluA1 (#1193, rabbit), GluA2 (Millipore MAB397), and α-tubulin (Sigma T5168) at 4°C overnight. Fluorescent secondary antibody signals were detected using the Odyssey ® Fc Dual-Mode Imaging System. For the DRD1, DRD2, and TrkA, expression analysis, striatum and/or cortex lysates were separated in electrophoresis and then transferred to a polyvinyldene fluoride (PVDF) membrane, followed by the incubation with anti-TrkA (#2505S, Cell Signaling Technology), anti-DRD1 (#D2944, Sigma Aldrich), anti-DRD2 (#AB5084P, Merck Millipore), anti–GAPDH (#LF-PA0212, ABfrontier) and anti-β-actin (#sc-47778 Santa Cruz Biotechnology) at 4°C overnight and then with secondary antibodies at room temperature for 1 h. Protein bands were visualized using the FujiFilm LAS-4000 Mini Luminescent Image Analyzer.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7. Repeated measures ANOVA was used for analyzing input/output and paired-pulse ratio. Post hoc analyses were performed using Sidak’s test, as warranted by significant interaction effects. mEPSCs were analyzed using either Student’s t-test for normally distributed data, as determined by the D’Agostino and Pearson’s tests, or by the non-parametric Mann-Whitney test for non-normally distributed data. Student’s t-test was used for the analysis of electron microscopy, Golgi-Cox staining, and immunoblotting. All statistical details, including information on sample sizes, descriptive statistics, normality test results, and t-, F-, U- values, are summarized in Supplementary Table 1. Results are presented as means ± SE, and differences with a p-value < 0.05 were considered statistically significant.




RESULTS


Corticostriatal Synaptic Transmission Is Suppressed in Dlg2–/– Mice

Corticostriatal circuitries play important roles in the regulation of cognitive and motor function (Shepherd, 2013), including locomotor response to novelty (Ishii et al., 2016; Leonzino et al., 2019), social interactions (Li and Pozzo-Miller, 2020), and repetitive “stereotype” behaviors (Welch et al., 2007; Shmelkov et al., 2010; Peça et al., 2011), all of which are found to be abnormal in Dlg2–/– mice (Yoo et al., 2020). To investigate whether a DLG2/PSD-93 deficiency causes dysfunction of corticostriatal projections, we measured extracellular field excitatory postsynaptic potentials (fEPSPs) in the dorsolateral striatum evoked by stimulating the corpus callosum, which mainly contains corticostriatal tracts (Figure 1A), as previously described (Peça et al., 2011; Bentea et al., 2020). Compared with WT animals, Dlg2–/– mice showed significantly decreased fEPSPs in the dorsolateral striatum, with two curves progressively diverging as the stimulation intensity increased (Figures 1B,C), indicating suppressed corticostriatal synaptic transmission in Dlg2–/– mice. The presynaptic function was not impaired by a DLG2/PSD-93 deficiency, as evidenced by the absence of the main effect of genotypes in paired-pulse ratios (PPRs, Figures 1D,E). Instead, there was a tendency toward an increased probability of presynaptic releases in Dlg2–/– mice, as shown by the significantly reduced value of PPRs at 25 ms (Figure 1F).
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FIGURE 1. Corticostriatal synaptic transmission is suppressed in Dlg2–/– mice. (A) Representative micrograph of the dorsolateral striatum region showing placement of extracellular field recordings and stimulus via the corpus callosum. Scale bar, 400 μm. (B) Representative traces of input-output measurements were performed by extracellular field recordings for WT and Dlg2–/– mice. (C) The amplitude of corticostriatal fEPSPs was significantly reduced in Dlg2–/– mice (n = 15 slices from three WT mice and n = 15 slices from three Dlg2–/– mice). Arrowheads indicate p-values being 0.05 in post hoc Sidak’s multiple comparisons tests (see details for Supplementary Table 1). (D) Representative traces of paired-pulse ratio (PPR) from WT and Dlg2–/– mice. Paired-pulse ratio, as shown by fEPSP amplitude plotted against interstimulus intervals, was not significantly altered overall in Dlg2–/– mice in repeated measures of ANOVA (E), but at 25 ms (F), it was significantly reduced in Dlg2–/– mice (n = 15 slices from three WT mice and n = 15 slices from three Dlg2–/– mice). (G) Representative traces of whole-cell patch-clamp recordings of miniature excitatory postsynaptic currents (mEPSCs) from WT and Dlg2–/– mice. (H) The frequency of mEPSCs was decreased in striatal SPNs of Dlg2–/– mice compared with that in WT mice, suggesting the corticostriatal dysfunction attributable to a smaller number of functional synapses in the striatum of Dlg2–/– mice than that of WT. (I) There was no group difference in the amplitude of mEPSCs. n = 15 neurons from three WT mice and n = 19 neurons from four Dlg2–/– mice. Student’s t-test (mEPSC frequency) and the Mann-Whitney test (mEPSC amplitude) were used according to the normality of the data. *p < 0.05; **p < 0.01; ns, not significant.




A Discs’ Large Homologs2/Postsynaptic Density Protein-93 Deficiency Results in the Reduced Number of Functional Excitatory Synapses on Spiny Projection Neurons of the Dorsolateral Striatum

To investigate the physiological driver of the reduction in fEPSPs in the Dlg2–/– striatum, we performed whole-cell voltage-clamp recordings of mEPSCs in SPNs, one of the major output cell types in the dorsolateral striatum. We found that the frequency, but not amplitude, of mEPSCs in SPNs was significantly decreased in Dlg2–/– mice (Figures 1G–I), indicating the absence of changes in the strength of individual excitatory synapses (Figure 1I). Given no evidence of impaired presynaptic function (Figures 1D–F), this result indicates that the number of functional synapses is decreased in Dlg2–/– SPNs.

To determine whether the decreased number of functional synapses on Dlg2–/– SPNs is attributed to the reduction in the total number of excitatory synapses caused by a DLG2/PSD-93 deficiency, quantification of synapses was performed at the ultrastructural level using transmission electron microscopy. The number of PSDs in the dorsolateral striatum was significantly decreased in Dlg2–/– mice compared with that in wild-type (WT) animals (Figures 2A,B). The percentage of perforated synapses, a type of synapse often regarded as a functionally mature form of axospinous synapses (Geinisman, 1993), was also significantly reduced in Dlg2–/– mice (Figure 2F). The number of presynaptic docked vesicles per active zone length, as well as the length and thickness of PSDs, were not significantly different between genotypes (Figures 2C–E). Taken together, these findings suggest that a DLG2/PSD-93 deficiency impairs the corticostriatal synaptic transmission, mainly owing to a reduction in the number of functional excitatory synapses in SPNs of the dorsolateral striatum.
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FIGURE 2. The number of functional synapses is decreased in the dorsolateral striatum of Dlg2–/– mice. (A) Representative electron microscopy images of the dorsolateral striatum of WT and Dlg2–/– mice. Arrows, synapse; arrowheads, perforated synapse. Scale bar, 500 nm. (B) The number of PSDs in the dorsolateral striatum was significantly reduced in Dlg2–/– mice, corroborating the decreased number of synapses in the dorsolateral striatum. (C–E) There were no group differences in the length or thickness of PSDs or the number of presynaptic docked vesicles per active zone length. (F) The percentage of perforated synapses was significantly reduced in Dlg2–/– mice. A total of 32 micrographs per animal were analyzed (WT, n = 3 mice; Dlg2–/–, n = 3 mice). *p < 0.05; **p < 0.01; ns, not significant. Student’s t-test.




Dendritic Spines of Spiny Projection Neurons in the Dorsolateral Striatum, but Not of Pyramidal Neurons in the Cortex, Were Decreased in Dlg2–/– Mice

Given the important role of SPNs in numerous complex striatum-related behaviors (Welch et al., 2007; Shmelkov et al., 2010; Ahmari et al., 2013; Rothwell et al., 2014; Calabresi et al., 2016; Koch et al., 2018), we investigate whether a DLG2/PSD-93 deficiency specifically alters morphological and structural features of SPNs in comparisons with its effect on pyramidal neurons in layer V of the cortex. Golgi-Cox staining results revealed that a DLG2/PSD-93 deficiency did not alter the complexity of dendritic arborization of SPNs in the dorsolateral striatum, nor of pyramidal neurons in the motor cortex (Figures 3A,B). However, the number of dendritic spines of SPNs in the dorsolateral striatum of Dlg2–/– mice was significantly reduced, compared with that in WT animals (Figure 3C). On the other hand, there were no group differences in the number of dendritic spines on either apical or basal dendrites of pyramidal neurons in the motor cortex (Figure 3D), highlighting that the consequence of a DLG2/PSD-93 deficiency on dendritic spines was more prominent in the striatal SPNs than the cortical pyramidal neurons.


[image: image]

FIGURE 3. The consequence of a DLG2/PSD-93 deficiency on excitatory synapses is prominent in the striatum compared to that in the motor cortex. (A,B) Golgi-Cox staining revealed no changes in dendritic arborization of SPNs in the dorsolateral striatum (A) or pyramidal cells in the cortex (B) of Dlg2–/– mice. Left, representative traces. Scale bars, 15 μm; right, quantification by the Sholl analysis. A total of 8–12 SPNs and 13–15 pyramidal neurons per animal were analyzed (WT, n = 4 mice; Dlg2–/–, n = 3 mice). (C,D) The number of dendritic spines was significantly reduced in striatal Dlg2–/– SPNs (C), but not in cortical pyramidal neurons (D). Left, representative images of dendrites. Scale bar, 5 μm. A total of 12–15 neurons per animal were analyzed for spine quantification (WT, n = 4 mice; Dlg2–/–, n = 3 mice; **p < 0.01, Student’s t-test). Representative blot images of postsynaptic density-related molecule in the synapse-enriched fraction of the striatum (E) and the cortex (F). Immunoblot analysis confirmed the absence of DLG2/PSD-93 at striatal and cortical synapses in Dlg2–/– mice. Note that DLG4/PSD-95 protein levels were significantly increased in the striatal, but not the cortical, synaptic fraction of Dlg2–/– mice. No other changes in synaptic composition were found. (G,H) TrkA was significantly decreased in the striatum of Dlg2–/– mice, but not in the cortex. *p < 0.05; ****p < 0.0001; ns, not significant. Student’s t-test.




Alterations in Synapse-Related Molecules Caused by a Discs’ Large Homologs2 Deficiency Are Pronounced in the Striatum, Compared to the Cortex

With the prominent decreases in the number of spines on SPNs in the striatum of Dlg2–/– mice, we then addressed the question of whether a DLG2/PSD-93 deficiency distinctively alters the composition of excitatory synapses in different brain regions. The expression levels of postsynaptic proteins were measured using the synapse-enriched fraction of either the striatum or cortex. Notably, DLG4/PSD-95 protein expression levels were significantly increased in the synaptic fraction of the striatum of Dlg2–/– mice (Figure 3E), indicating a possible compensatory response to the DLG2/PSD-93 deficiency as previously reported in the hippocampus (Winkler et al., 2018). However, the level of DLG4/PSD-95 was not significantly increased in the synaptic fraction of the cortex (Figure 3F). No significant differences were found in other PSD-related molecules, including pan-Shank, Homer, and GluA1 and 2 in either the striatum or cortex (Figures 3E,F). Additionally, there was no significant difference between WT and Dlg2–/– mice in the expression of dopamine D1 and D2 receptors in the striatum, suggesting that a DLG2/PSD-93 deficiency does not alter the expression of dopamine receptors that are linked to either direct or indirect pathways, respectively (Supplementary Figure 1).

It has been recently reported that DLG2 plays an important role in the nerve growth factor (NGF)-induced differentiation through the regulation of its receptor TrkA expression via positive feedback interactions between TrkA and DLG2 in human neuroblastoma cells (Siaw et al., 2020). Therefore, we examined the level of TrkA expression using immunoblotting. The TrkA expression level was significantly decreased in the striatum of Dlg2–/– mice compared to WT animals (Figure 3G), but there was no group difference in its expression in the cortex (Figure 3H). Together, these results suggest that a DLG2/PSD-93 deficiency prominently alters the number and composition of synapses in the striatum, suggesting striatal dysfunction as a major culprit underlying the suppressed corticostriatal transmission.




DISCUSSION

Genetic variations in DLG2/PSD-93 have been implicated in various disorders, including schizophrenia (Walsh et al., 2008; Kirov et al., 2012; Fromer et al., 2014), intellectual disability (Reggiani et al., 2017), and ASD (Ruzzo et al., 2019), as well as neurodegenerative disorders, such as AD (Hondius et al., 2016; Lawingco et al., 2021; Prokopenko et al., 2022) and Parkinson’s disease (PD) (Foo et al., 2017; Wu et al., 2018; Zhao et al., 2020). However, the neural substrate for the genetic disruption of DLG2/PSD-93 has not been well understood. Here, we present findings that a DLG2/PSD-93 deficiency causes deficits in excitatory synapses, in particular of SPNs in the striatum, and consequent dysfunction of corticostriatal neurotransmission, highlighting the potential role of DLG2 in brain disorders linked to striatum-related circuitries.

Striatal circuits play a crucial role in the regulation of cognitive and motor functions, including reward-oriented movement, sociability, and stereotyped behaviors (Báez-Mendoza and Schultz, 2013; Shepherd, 2013; Burguiere et al., 2015; Graybiel and Grafton, 2015; Jurado-Parras et al., 2020). Dysfunction in corticostriatal synaptic transmission has been implicated in both psychiatric [e.g., autism (Fuccillo, 2016), obsessive-compulsive disorders (Burguiere et al., 2015), schizophrenia (McCutcheon et al., 2019)] and neurodegenerative disorders [e.g., AD (Anderkova et al., 2017) and PD (Kravitz et al., 2010; Anderkova et al., 2017; Lang et al., 2020)]. The reduced corticostriatal synaptic transmission found in Dlg2–/– mice appeared to be mainly attributable to the insufficiency of available functional synapses in the dorsolateral striatum. Paired-pulse ratios were significantly reduced at the first interstimulus interval in Dlg2–/– mice, suggesting even a tendency toward increased presynaptic release probability in the context of a DLG2 deficiency, probably as a compensatory response to the reduction in corticostriatal synaptic transmission. Given that the strength of individual excitatory synapses was not altered in Dlg2–/– SPNs, as measured by the amplitude of mEPSCs, the reduction in the number of functional synapses in the striatum could fully account for the observed corticostriatal dysfunction in Dlg2–/– mice. Such an inference is corroborated by the decreased densities of PSDs and dendritic spines in the striatum.

The use of electrical stimulation of corpus callosum encompassing cortical fibers is a well-established approach to investigate corticostriatal projections, as numerously employed in previous studies (Welch et al., 2007; Peça et al., 2011; Assous et al., 2019; Bentea et al., 2020; Hadjas et al., 2020). However, it should be noted that the incoming fibers onto the dorsolateral striatum might contain projections not only from the cortex but also from the thalamus (Alloway et al., 2017). Recent evidence suggests that thalamocortical projections play an important role in the regulation of motor behaviors (Díaz-Hernández et al., 2018). Based on the synaptic deficits found in the striatum of Dlg2–/– mice, it seems reasonable to postulate that a DLG2/PSD-93 deficiency might alter synaptic transmission projecting from the thalamus as well. Furthermore, given that the cortex, striatum, and thalamus are intricately connected at multi-synaptic levels to form the cortico-basal ganglia-thalamus loop (Foster et al., 2021), the striatal synaptic deficits in Dlg2–/– mice might alter projections to and/or from the thalamus via either direct or indirect pathways. Although we did not find significant differences between groups in the expression of dopamine D1 and D2 receptors in the striatum (Supplementary Figure 1), future studies are necessary to investigate whether a DLG2/PSD-93 deficiency influences the synaptic connectivity of direct and/or indirect striatofugal pathways and subsequently, the cortico-basal ganglia-thalamus network.

It should be noted that this study was focused on the quantification of synapse numbers to confirm the reduction of functional synapse numbers, as hinted by the results of electrophysiological analyses. However, it cannot be ruled out that a DLG2/PSD-93 deficiency might affect various morphological and structural features of individual synapses, and consequently synaptic transmission. The 3D reconstruction of spines and dendrites using serial-section electron microscopy is warranted for detailed assessment regarding the potential effect of a DLG2/PSD-93 deficiency on synaptic morphological features in the striatum.

The consequence of a DLG2/PSD-93 deficiency seems more pronounced in the striatum than in the motor cortex, with respect to the number of dendritic spines. It should be noted that we have quantified the number of spines on pyramidal cells of layer V in the motor cortex since the corticostriatal pathways are mainly projected from cells in layer V of the cortex (McGeorge and Faull, 1989; Shepherd, 2013; Sohur et al., 2014). It has been reported that DLG2/PSD-93 plays an important role in the regulation of developmental synaptic maturation in the mouse visual cortex (Favaro et al., 2018). Therefore, it cannot be ruled out that neurons in different cortical regions and/or layers might be more susceptible to a DLG2/PSD-93 deficiency than those in the motor cortex.

Notably, previous findings have drawn attention to a potential role for DLG2/PSD-93 on striatal development. DLG2/PSD-93 is highly expressed in both the human and mouse striatum during early development (Kang et al., 2011) and its genetic variants are also associated with altered striatal volume in humans (Hibar et al., 2015). We show that a DLG2/PSD-93 deficiency confers the vulnerability to synaptic deficits in the striatum. Although the underlying mechanism remains to be determined, the decreased expression of TrkA in the striatum of Dlg2–/– mice might imply a clue. TrkA is abundantly expressed in the striatum, as well as the basal forebrain, and it is well known to play an important role in the maturation of cholinergic synapses (Sanchez-Ortiz et al., 2012). A study on high-risk neuroblastomas having a genetic disruption of the Dlg2 gene has shown that DLG2/PSD-93 expression drives differentiation of neuroblastoma cells via increases in the TrkA expression (Siaw et al., 2020). Given that DLG2/PSD-93 is abundantly expressed at neuronal cholinergic synapses (Temburni et al., 2004) and regulates their synaptic stability (Parker et al., 2004), it seems reasonable to postulate that the vulnerability of the striatum to a DLG2/PSD-93 deficiency might be attributed to its role at cholinergic synapses that are abundantly expressed in the striatum. It remains to be determined whether a DLG2/PSD-93 deficiency specifically causes a loss of cholinergic synapses in the striatum and if so, whether it affects other cholinergic systems, such as basal forebrain.

Although our previous study has showed that DLG4/PSD-95 is not altered in the whole brain of Dlg2–/– mice (Yoo et al., 2020), the present study revealed that its expression is significantly increased in the crude synaptic fraction of the Dlg2–/– striatum. This finding is reminiscent of the results of a previous study showing that DLG2/PSD-93 is significantly increased in the hippocampal synaptic fraction of Dlg4/PSD-95+/– mice (Winkler et al., 2018). Given the role of these DLG family members in the regulation of AMPA and NMDA receptors in PSDs (Chen et al., 2015), it is possible that the increased expression of DLG4/PSD-95 in the striatal synaptic fraction might, in part, account for the absence of changes in the postsynaptic efficacy of Dlg2–/– SPNs. Future studies should determine how synapses in different brain regions and circuitries cope with a DLG2/PSD-93 deficiency at PSDs and what the functional ramifications of overexpression of DLG4/PSD-95 might be on the organization of postsynaptic receptors and other interacting molecules, including Shank (Naisbitt et al., 1999).

DLG2/PSD-93 has been largely viewed as merely one of the MAGUK family members with apparent biological redundancy with DLG4/PSD-95. We previously identified an important role for DLG2/PSD-93 in behavioral abnormalities, including a reduction in social interaction, abnormal locomotor responses to novelty, and heightened repetitive behavior. The results presented here indicate that genetic disruption of DLG2/PSD-93 leads to a reduction in the number of spines and functional excitatory synapses on SPNs in the dorsolateral striatum, with attendant dysfunction of corticostriatal synaptic transmission. Given that corticostriatal circuitry is strongly implicated in cognitive and motor function, these findings provide clues that may help unveil the pathological role of DLG2/PSD-93 in psychiatric and neurological disorders involving dysregulation of striatal circuits.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the committees’ of animal research at KAIST (KA2021-070) and Yeungnam University (2020-037).



AUTHOR CONTRIBUTIONS

TY and SK conceived the project and designed experiments. TY performed electrophysiological recordings. SJ performed Golgi-Cox staining and immunohistochemistry. TY, SJ, SP, and JK performed western blotting. YC performed electron microscopy analysis under YB’s supervision. TY, SJ, SP, YC, P-HP, and SK analyzed the data and interpreted results. TY, SJ, and SK wrote and edited the manuscript. EK and SK supervised the study. All authors read and approved the final manuscript.



FUNDING

This research was supported by the Institute for Basic Science (IBS-R002-D1) to EK, the National Research Foundation of Korea (NRF) grant funded by the Ministry of Science and ICT of the Korean government (2020R1C1C1014779) to SK and 2020 Yeungnam University Research Grant to SK.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2022.938590/full#supplementary-material

Supplementary Figure 1 | The expression of dopamine D1 and D2 receptors is not altered in the striatum of Dlg2–/– mice. (A) Representative images of immunohistochemical analysis for the expression of dopamine D1 and D2 receptors (DRD1 and DRD2, respectively) in the striatum of WT and Dlg2–/– mice. Scale bar, 50 μm. (B) There was no significant difference in the optical densities of DRD1 and DRD2 in the striatum between groups. A total of 3 sections were used per animal (WT, n = 4, Dlg2–/– mice, n = 4). (C) Representative immunoblot images of the DRD1 and DRD2 expression in the lysates of the striatum. (D) The expression levels of DRD1 and DRD2 were not altered by a DLG2/PSD-93 deficiency in the striatum. Note that all three bands in DRD2 were included for quantification. WT, n = 6, Dlg2–/– mice, n = 6. ns, not significant; Student’s t-test.



REFERENCES

Ahmari, S. E., Spellman, T., Douglass, N. L., Kheirbek, M. A., Simpson, H. B., Deisseroth, K., et al. (2013). Repeated cortico-striatal stimulation generates persistent OCD-like behavior. Science 340, 1234–1239. doi: 10.1126/science.1234733

Alloway, K. D., Smith, J. B., Mowery, T. M., and Watson, G. D. (2017). Sensory processing in the dorsolateral striatum: the contribution of thalamostriatal pathways. Front. Syst. Neurosci. 11:53. doi: 10.3389/fnsys.2017.00053

Anderkova, L., Barton, M., and Rektorova, I. (2017). Striato-cortical connections in Parkinson’s and Alzheimer’s diseases: relation to cognition. Mov. Disord. 32, 917–922. doi: 10.1002/mds.26956

Assous, M., Martinez, E., Eisenberg, C., Shah, F., Kosc, A., Varghese, K., et al. (2019). Neuropilin 2 signaling mediates corticostriatal transmission, spine maintenance, and goal-directed learning in mice. J. Neurosci. 39, 8845–8859. doi: 10.1523/JNEUROSCI.1006-19.2019

Báez-Mendoza, R., and Schultz, W. (2013). The role of the striatum in social behavior. Front. Neurosci. 7:233. doi: 10.3389/fnins.2013.00233

Bentea, E., Villers, A., Moore, C., Funk, A. J., O’donovan, S. M., Verbruggen, L., et al. (2020). Corticostriatal dysfunction and social interaction deficits in mice lacking the cystine/glutamate antiporter. Mol. Psychiatry 26, 4754–4769. doi: 10.1038/s41380-020-0751-3

Brenman, J. E., Christopherson, K. S., Craven, S. E., Mcgee, A. W., and Bredt, D. S. (1996). Cloning and characterization of postsynaptic density 93, a nitric oxide synthase interacting protein. J. Neurosci. 16, 7407–7415. doi: 10.1523/JNEUROSCI.16-23-07407.1996

Burguiere, E., Monteiro, P., Mallet, L., Feng, G., and Graybiel, A. M. (2015). Striatal circuits, habits, and implications for obsessive–compulsive disorder. Curr. Opin. Neurobiol. 30, 59–65.

Calabresi, P., Pisani, A., Rothwell, J., Ghiglieri, V., Obeso, J. A., and Picconi, B. (2016). Hyperkinetic disorders and loss of synaptic downscaling. Nat. Neurosci. 19, 868–875. doi: 10.1038/nn.4306

Chen, X., Levy, J. M., Hou, A., Winters, C., Azzam, R., Sousa, A. A., et al. (2015). PSD-95 family MAGUKs are essential for anchoring AMPA and NMDA receptor complexes at the postsynaptic density. Proc. Natl. Acad. Sci. U. S. A. 112, E6983–E6992. doi: 10.1073/pnas.1517045112

Chung, C., Ha, S., Kang, H., Lee, J., Um, S. M., Yan, H., et al. (2019). Early correction of N-methyl-D-aspartate receptor function improves autistic-like social behaviors in adult Shank2-/- mice. Biol. Psychiatry 85, 534–543. doi: 10.1016/j.biopsych.2018.09.025

Díaz-Hernández, E., Contreras-López, R., Sánchez-Fuentes, A., Rodríguez-Sibrían, L., Ramírez-Jarquín, J. O., and Tecuapetla, F. (2018). The thalamostriatal projections contribute to the initiation and execution of a sequence of movements. Neuron 100, 739–752.e5. doi: 10.1016/j.neuron.2018.09.052

Egger, G., Roetzer, K. M., Noor, A., Lionel, A. C., Mahmood, H., Schwarzbraun, T., et al. (2014). Identification of risk genes for autism spectrum disorder through copy number variation analysis in Austrian families. Neurogenetics 15, 117–127. doi: 10.1007/s10048-014-0394-0

Favaro, P. D., Huang, X., Hosang, L., Stodieck, S., Cui, L., Liu, Y. Z., et al. (2018). An opposing function of paralogs in balancing developmental synapse maturation. PLoS Biol. 16:e2006838. doi: 10.1371/journal.pbio.2006838

Foo, J. N., Tan, L. C., Irwan, I. D., Au, W. L., Low, H. Q., Prakash, K. M., et al. (2017). Genome-wide association study of Parkinson’s disease in East Asians. Hum. Mol. Genet. 26, 226–232.

Foster, N. N., Barry, J., Korobkova, L., Garcia, L., Gao, L., Becerra, M., et al. (2021). The mouse cortico–basal ganglia–thalamic network. Nature 598, 188–194.

Fromer, M., Pocklington, A. J., Kavanagh, D. H., Williams, H. J., Dwyer, S., Gormley, P., et al. (2014). De novo mutations in schizophrenia implicate synaptic networks. Nature 506, 179–184. doi: 10.1038/nature12929

Fuccillo, M. V. (2016). Striatal circuits as a common node for autism pathophysiology. Front. Neurosci. 10:27. doi: 10.3389/fnins.2016.00027

Geinisman, Y. (1993). Perforated axospinous synapses with multiple, completely partitioned transmission zones: probable structural intermediates in synaptic plasticity. Hippocampus 3, 417–433. doi: 10.1002/hipo.450030404

Graybiel, A. M., and Grafton, S. T. (2015). The striatum: where skills and habits meet. Cold Spring Harb. Perspect. Biol. 7:a021691. doi: 10.1101/cshperspect.a021691

Hadjas, L. C., Schartner, M. M., Cand, J., Creed, M. C., Pascoli, V., Lüscher, C., et al. (2020). Projection-specific deficits in synaptic transmission in adult Sapap3-knockout mice. Neuropsychopharmacology 45, 2020–2029. doi: 10.1038/s41386-020-0747-3

Hibar, D. P., Stein, J. L., Renteria, M. E., Arias-Vasquez, A., Desrivières, S., Jahanshad, N., et al. (2015). Common genetic variants influence human subcortical brain structures. Nature 520, 224–229.

Hondius, D. C., Van Nierop, P., Li, K. W., Hoozemans, J. J., Van Der Schors, R. C., Van Haastert, E. S., et al. (2016). Profiling the human hippocampal proteome at all pathologic stages of Alzheimer’s disease. Alzheimers Dement. 12, 654–668.

Ishii, T., Sawamoto, N., Tabu, H., Kawashima, H., Okada, T., Togashi, K., et al. (2016). Altered striatal circuits underlie characteristic personality traits in Parkinson’s disease. J. Neurol. 263, 1828–1839. doi: 10.1007/s00415-016-8206-0

Jurado-Parras, M. T., Safaie, M., Sarno, S., Louis, J., Karoutchi, C., Berret, B., et al. (2020). The dorsal striatum energizes motor routines. Curr. Biol. 30, 4362–4372.e6.

Kang, H. J., Kawasawa, Y. I., Cheng, F., Zhu, Y., Xu, X., Li, M., et al. (2011). Spatio-temporal transcriptome of the human brain. Nature 478, 483–489.

Kim, E., Cho, K. O., Rothschild, A., and Sheng, M. (1996). Heteromultimerization and NMDA receptor-clustering activity of Chapsyn-110, a member of the PSD-95 family of proteins. Neuron 17, 103–113. doi: 10.1016/s0896-6273(00)80284-6

Kirov, G., Pocklington, A., Holmans, P., Ivanov, D., Ikeda, M., Ruderfer, D., et al. (2012). De novo CNV analysis implicates specific abnormalities of postsynaptic signalling complexes in the pathogenesis of schizophrenia. Mol. Psychiatry 17, 142–153. doi: 10.1038/mp.2011.154

Koch, E. T., Woodard, C. L., and Raymond, L. A. (2018). Direct assessment of presynaptic modulation of cortico-striatal glutamate release in a Huntington’s disease mouse model. J. Neurophysiol. 120, 3077–3084. doi: 10.1152/jn.00638.2018

Kravitz, A. V., Freeze, B. S., Parker, P. R., Kay, K., Thwin, M. T., Deisseroth, K., et al. (2010). Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature 466, 622–626.

Lang, S., Yoon, E. J., Kibreab, M., Kathol, I., Cheetham, J., Hammer, T., et al. (2020). Mild behavioral impairment in Parkinson’s disease is associated with altered corticostriatal connectivity. NeuroImage 26:102252. doi: 10.1016/j.nicl.2020.102252

Lawingco, T., Chaudhury, S., Brookes, K. J., Guetta-Baranes, T., Guerreiro, R., Bras, J., et al. (2021). Genetic variants in glutamate-, Aβ−, and tau-related pathways determine polygenic risk for Alzheimer’s disease. Neurobiol. Aging 101, 299.e13–299.e21. doi: 10.1016/j.neurobiolaging.2020.11.009

Leonzino, M., Ponzoni, L., Braida, D., Gigliucci, V., Busnelli, M., Ceresini, I., et al. (2019). Impaired approach to novelty and striatal alterations in the oxytocin receptor deficient mouse model of autism. Horm. Behav. 114:104543. doi: 10.1016/j.yhbeh.2019.06.007

Li, W., and Pozzo-Miller, L. (2020). Dysfunction of the corticostriatal pathway in autism spectrum disorders. J. Neurosci. Res. 98, 2130–2147.

McCutcheon, R. A., Abi-Dargham, A., and Howes, O. D. (2019). Schizophrenia, dopamine and the striatum: from biology to symptoms. Trends Neurosci. 42, 205–220.

McGeorge, A., and Faull, R. (1989). The organization of the projection from the cerebral cortex to the striatum in the rat. Neuroscience 29, 503–537. doi: 10.1016/0306-4522(89)90128-0

Naisbitt, S., Kim, E., Tu, J. C., Xiao, B., Sala, C., Valtschanoff, J., et al. (1999). Shank, a novel family of postsynaptic density proteins that binds to the NMDA receptor/PSD-95/GKAP complex and cortactin. Neuron 23, 569–582. doi: 10.1016/s0896-6273(00)80809-0

Parker, M. J., Zhao, S., Bredt, D. S., Sanes, J. R., and Feng, G. (2004). PSD93 regulates synaptic stability at neuronal cholinergic synapses. J. Neurosci. 24, 378–388. doi: 10.1523/JNEUROSCI.3865-03.2004

Peça, J., Feliciano, C., Ting, J. T., Wang, W., Wells, M. F., Venkatraman, T. N., et al. (2011). Shank3 mutant mice display autistic-like behaviours and striatal dysfunction. Nature 472, 437–442. doi: 10.1038/nature09965

Prokopenko, D., Lee, S., Hecker, J., Mullin, K., Morgan, S., Katsumata, Y., et al. (2022). Region-based analysis of rare genomic variants in whole-genome sequencing datasets reveal two novel Alzheimer’s disease-associated genes: DTNB and DLG2. Mol. Psychiatry 27, 1963–1969. doi: 10.1038/s41380-022-01475-0

Reggiani, C., Coppens, S., Sekhara, T., Dimov, I., Pichon, B., Lufin, N., et al. (2017). Novel promoters and coding first exons in DLG2 linked to developmental disorders and intellectual disability. Genome Med. 9:67. doi: 10.1186/s13073-017-0452-y

Rothwell, P. E., Fuccillo, M. V., Maxeiner, S., Hayton, S. J., Gokce, O., Lim, B. K., et al. (2014). Autism-associated neuroligin-3 mutations commonly impair striatal circuits to boost repetitive behaviors. Cell 158, 198–212. doi: 10.1016/j.cell.2014.04.045

Ruzzo, E. K., Pérez-Cano, L., Jung, J.-Y., Wang, L.-K., Kashef-Haghighi, D., Hartl, C., et al. (2019). Inherited and de novo genetic risk for autism impacts shared networks. Cell 178, 850–866.e26.

Sanchez-Ortiz, E., Yui, D., Song, D., Li, Y., Rubenstein, J. L., Reichardt, L. F., et al. (2012). TrkA gene ablation in basal forebrain results in dysfunction of the cholinergic circuitry. J. Neurosci. 32, 4065–4079. doi: 10.1523/JNEUROSCI.6314-11.2012

Sanders, B., D’andrea, D., Collins, M. O., Rees, E., Steward, T. G., Zhu, Y., et al. (2022). Transcriptional programs regulating neuronal differentiation are disrupted in DLG2 knockout human embryonic stem cells and enriched for schizophrenia and related disorders risk variants. Nat. Commun. 13:21. doi: 10.1038/s41467-021-27601-0

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

Sheng, M., and Hoogenraad, C. C. (2007). The postsynaptic architecture of excitatory synapses: a more quantitative view. Annu. Rev. Biochem. 76, 823–847.

Sheng, M., and Sala, C. (2001). PDZ domains and the organization of supramolecular complexes. Annu. Rev. Neurosci. 24, 1–29.

Shepherd, G. M. (2013). Corticostriatal connectivity and its role in disease. Nat. Rev. Neurosci. 14, 278–291.

Shmelkov, S. V., Hormigo, A., Jing, D., Proenca, C. C., Bath, K. G., Milde, T., et al. (2010). Slitrk5 deficiency impairs corticostriatal circuitry and leads to obsessive-compulsive–like behaviors in mice. Nat. Med. 16, 598–602. doi: 10.1038/nm.2125

Siaw, J. T., Javanmardi, N., Van Den Eynden, J., Lind, D. E., Fransson, S., Martinez-Monleon, A., et al. (2020). 11q deletion or ALK activity curbs DLG2 expression to maintain an undifferentiated state in neuroblastoma. Cell Rep. 32:108171.

Sohur, U. S., Padmanabhan, H. K., Kotchetkov, I. S., Menezes, J. R., and Macklis, J. D. (2014). Anatomic and molecular development of corticostriatal projection neurons in mice. Cereb. Cortex 24, 293–303. doi: 10.1093/cercor/bhs342

Temburni, M. K., Rosenberg, M. M., Pathak, N., Mcconnell, R., and Jacob, M. H. (2004). Neuronal nicotinic synapse assembly requires the adenomatous polyposis coli tumor suppressor protein. J. Neurosci. 24, 6776–6784.

Ting, J. T., Daigle, T. L., Chen, Q., and Feng, G. (2014). Acute brain slice methods for adult and aging animals: application of targeted patch clamp analysis and optogenetics. Methods Mol. Biol. 1183, 221–242. doi: 10.1007/978-1-4939-1096-0_14

Urrego, D., Troncoso, J., and Múnera, A. (2015). Layer 5 pyramidal neurons’ dendritic remodeling and increased microglial density in primary motor cortex in a murine model of facial paralysis. Biomed. Res. Int. 2015:482023. doi: 10.1155/2015/482023

Wachinger, C., Nho, K., Saykin, A. J., Reuter, M., Rieckmann, A., and Initiative, A. S. D. N. (2018). A longitudinal imaging genetics study of neuroanatomical asymmetry in Alzheimer’s disease. Biol. Psychiatry 84, 522–530. doi: 10.1016/j.biopsych.2018.04.017

Wagshal, D., Knowlton, B. J., Suthana, N. A., Cohen, J. R., Poldrack, R. A., Bookheimer, S. Y., et al. (2014). Evidence for corticostriatal dysfunction during cognitive skill learning in adolescent siblings of patients with childhood-onset schizophrenia. Schizophr. Bull. 40, 1030–1039. doi: 10.1093/schbul/sbt147

Walsh, T., Mcclellan, J. M., Mccarthy, S. E., Addington, A. M., Pierce, S. B., Cooper, G. M., et al. (2008). Rare structural variants disrupt multiple genes in neurodevelopmental pathways in schizophrenia. Science 320, 539–543.

Welch, J. M., Lu, J., Rodriguiz, R. M., Trotta, N. C., Peca, J., Ding, J.-D., et al. (2007). Cortico-striatal synaptic defects and OCD-like behaviours in Sapap3-mutant mice. Nature 448, 894–900. doi: 10.1038/nature06104

Winkler, D., Daher, F., Wüstefeld, L., Hammerschmidt, K., Poggi, G., Seelbach, A., et al. (2018). Hypersocial behavior and biological redundancy in mice with reduced expression of PSD95 or PSD93. Behav. Brain Res. 352, 35–45.

Wu, H. C., Chen, C. M., Chen, Y. C., Fung, H. C., Chang, K. H., and Wu, Y. R. (2018). DLG2, but not TMEM229B, GPNMB, and ITGA8 polymorphism, is associated with Parkinson’s disease in a Taiwanese population. Neurobiol. Aging 64, 158.e1–158.e6.

Yoo, T., Kim, S.-G., Yang, S. H., Kim, H., Kim, E., and Kim, S. Y. (2020). A DLG2 deficiency in mice leads to reduced sociability and increased repetitive behavior accompanied by aberrant synaptic transmission in the dorsal striatum. Mol. Autism. 11:19. doi: 10.1186/s13229-020-00324-7

Zandbelt, B. B., Van Buuren, M., Kahn, R. S., and Vink, M. (2011). Reduced proactive inhibition in schizophrenia is related to corticostriatal dysfunction and poor working memory. Biol. Psychiatry 70, 1151–1158. doi: 10.1016/j.biopsych.2011.07.028

Zhao, A., Li, Y., Niu, M., Li, G., Luo, N., Zhou, L., et al. (2020). SNPs in SNCA, MCCC1, DLG2, GBF1 and MBNL2 are associated with Parkinson’s disease in southern Chinese population. J. Cell. Mol. Med. 24, 8744–8752. doi: 10.1111/jcmm.15508


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yoo, Joshi, Prajapati, Cho, Kim, Park, Bae, Kim and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Deficiency of the Psychiatric Risk Gene DLG2/PSD-93 Causes Excitatory Synaptic Deficits in the Dorsolateral Striatum



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Electrophysiology



		Transmission Electron Microscopy



		Golgi-Cox Staining



		Immunoblotting Analysis



		Statistical Analysis







		RESULTS



		Corticostriatal Synaptic Transmission Is Suppressed in Dlg2–/– Mice



		A Discs’ Large Homologs2/Postsynaptic Density Protein-93 Deficiency Results in the Reduced Number of Functional Excitatory Synapses on Spiny Projection Neurons of the Dorsolateral Striatum



		Dendritic Spines of Spiny Projection Neurons in the Dorsolateral Striatum, but Not of Pyramidal Neurons in the Cortex, Were Decreased in Dlg2–/– Mice



		Alterations in Synapse-Related Molecules Caused by a Discs’ Large Homologs2 Deficiency Are Pronounced in the Striatum, Compared to the Cortex







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

A Deficiency of the Psychiatric
Risk Gene DLG2/PSD-93
Causes Excitatory Synaptic
Deficits in the Dorsolateral
Striatum






OPS/images/fnmol-15-938590-g001.jpg
o
N
o

B« 157 o~ WT :I*
=
2 1 —— DIg2”
= L4
=
©
i 05
n
o
.'LH 0 1 1 L] Ll I 1 1 1 I I 1 1 1
Q.Q('DQ'-\Q'.\("Q@?’Q(%?‘Q?’Q@Q- SN
Stimulus intensity (mA)
D E 2-
. 2.5-
WT O .
o 1.5 H ® 20- &
o e
L = e
= ('{l) o0 °
8 1_ }/—‘ 19 15‘ AQ.¥ .0.
7)) © .. ®
Dig2” i Q107 |93
P ~—" ®
2 o 0.5- ~— WT L
a Dl 2./_] ns 05‘
o - Uig
02mV| 0 T T T T T 1 OO : i
0.05s 25 50 75 100 200 300 WT Dlg2”*
Interstimulus interval (ms)
G H 5. ** I 40- L
WT :
N4 < 30{ °
d : <
10 pA |__ ~ 3- . i = .
0.1s 8 “:‘: T 20- g':-:
g = @ ..3 oo
DIg2* 3 °1 N 5 “e°
g o= °° £ 1o-
1 - ®
0 0
WT Dig2” WT Dig2”






OPS/images/fnmol-15-938590-g002.jpg
WT Dig2”

X
© o 0 o
(%) mwamc>w pajelopuad
i Jo abejuadliad
/"2
. >
. ) S
; @
He =
=

1 1 T

(e0) W © ()
yibus| sauoz aAnoe Jad
W S|OISOA Payo0p JO JaqWINN

ns

WT Dig2”

© v ® o = O
S & & & 9 9
5 o &6 O o O
o  (wr) asd jo ssauyolyl
N
o_.+_o mU
) (3
=
g {8 S NS
o o O o o

o (wr) asd v,o yibua

. . .. l .
. . . . A. A . .
. \l.. . n. ,. , .. .‘ . .. J.
.._“0\1 .,m .... v J-.. 4 ...
«Wv n_..,... ,. _ .\ _
» v
.., ,-‘ .& . .‘. ..v , .
f..:. #..r . .n f ‘ ..; .;.(

‘. : w_; - . l 4 . . - ..l.v
. . ‘

P . ! , 2
i«. e TN 4 S 4 ; , , Nk

: < ot .
.m. s t.

m o fi,

WT Dig2”

iv»v.x!.

JE vl ?

2 160

< m






OPS/images/fnmol-15-938590-g003.jpg
Striatum Cortex
A ) B )
Z2b" /- - 20
i c Dig2- - WT
WT Dig2- % 0. DIg?’ 1ns % o Dig2* 1ns
() ()
N »10 -
§ 15 - o
— S
4 10 “g 5 -
o 5 - ®
o) 0
E , ol
- & 0 50 100 150 200 Z 0 50 100 150 200
Distance from the soma Distance from the soma
C D Apical dendrites Apical dendrites Basal dendrites
10 - — WT e 10-
® ): >
. =
e’ [ Dig2" peperier] 5° =
- e e W B o 6 °
‘? 6 ‘?_) i :.
g 4 Basal dendrites 2 4.
£ (%
a2 &
0 0 -
WT Dlg2” WT Dlg2” WT Dlg2”
E F
WT  Dig2” WT  Dig2*
DLG2/PSD-93 | > - | DLG2/PSD-93

pan Shank { ' ]

Homer [

e @ = DLG4/PSD-95_

pan Shank

Homer ! [
Gluat [ S ] Gluat
cua2 [ Glun2

a-tubulinl— —I ) l T 1 a-tubulin WSS -
0 3 0

1 2 l
Fold change
G H
WT Dlg2’
-acti
B-ac |n |2 ;I?,

1 2
Fold change Fold change






OPS/images/logo.jpg
’ frontiers | Frontiers in Molecular Neuroscience





