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Editorial on the Research Topic
 Autism Signaling Pathways




INTRODUCTION

Autism spectrum disorders (ASD), a group of heterogeneous neurodevelopmental disorders, are characterized by two main behavioral features, termed the ASD dyad (https://www.cdc.gov/ncbddd/autism/hcp-dsm.html). The first is defective social interaction and impaired verbal and non-verbal communication. The second is abnormal sensory responses and stereotypic repetitive behaviors (Grzadzinski et al., 2013). As a neurodevelopmental disorder, genetic variation plays a critical role in ASD (De Rubeis et al., 2014; Gaugler et al., 2014; Iossifov et al., 2014; Krumm et al., 2015; Grove et al., 2019). In the SFARI collection (https://gene.sfari.org/database/gene-scoring/), a total of 549 genes (from syndromic and category 1 and 2 groups) have been evidenced as strongly linked to ASD. In addition to diverse genetic factors, various environmental factors also contribute to ASD (Karimi et al., 2017; Modabbernia et al., 2017), rendering study of ASD even more complex and difficult. When investigating ASD etiology and therapeutics, age-dependent effects and homeostasis of neural activity also need to be considered. In this special Research Topic on “Autism Signaling Pathways,” 10 significant publications have been collected to summarize our current understanding of various aspects of ASD and to report on some new findings.



SIGNALING PATHWAYS AND NEURAL CIRCUITS IN ASD

Filice et al. and Janickova and Schwaller have contributed articles related to the roles of parvalbumin and parvalbumin-positive interneurons (PV neurons in short) in ASD. Many autism mouse models display an altered number of PV neurons and/or expression levels of parvalbumin, suggesting involvement of PV neurons in ASD. The physiological significance of PV neurons to ASD is summarized by Filice et al. However, genetic evidence is still lacking to show whether mutation of the paravalbumin gene contributes to ASD. The study by Janickova and Schwaller showed that deletion of the parvalbumin gene results in increased oxidative stress in the brain of mice aged 3 or 6 months but not in younger mice, even though PV−/− mice aged 1 month display autism-like behaviors. Thus, even though PV neurons are critical players in ASD, the disruption of PV neurons in ASD is likely caused by indirect neural circuit alterations as the nervous system tends to adapt to those changes to maintain homeostasis (Fazel Darbandi et al., 2018; Antoine et al., 2019).

As highlighted by Gandhi and Lee, the brain's cerebral cortex, striatum, thalamus, hypothalamus, amygdala, olfactory tubercle, ventral tegmental area (VTA), substantia nigra pars complex (SN), and cerebellum are all involved in ASD, though brain regions respond differentially to diverse genetic variations. Details of the signaling pathways, neural circuits, and anatomical changes related to repetitive behaviors in mice have been explored by Gandhi and Lee. They have also summarized the pharmacological treatments used for repetitive behaviors, representing potential therapeutic treatments for ASD. The corticostriatal circuitry was the focus of articles contributed by Mizuno et al., Brandenburg et al., and Caubit et al. Mizuno et al. investigated the transcriptomic profiles of BTBRTF/ArtRbrc mice as an ASD model, reinforcing the notion of complex signaling pathways and interconnectivity among many ASD-associated genes in the brain cortex and striatum. Brandenburg et al. utilized postmortem brains of ASD patients to analyze expression of GABA and serotonin receptors in the basal ganglia and their results indicate that alterations in an indirect pathway of the corticostriatal circuitry are involved in ASD. Finally, Caubit et al. applied the Camk2a-Cre transgene to selectively control expression of the zinc finger transcriptional factor TSHZ3, a high-confidence causative gene of ASD, providing a model to further characterize the impact of deleting Tshz3 from specific cell types in terms of ASD phenotypes.

This special Research Topic also covers other ASD-associated molecules, including cell adhesion molecules (Gandawijaya et al.), G protein-coupled receptors (GPCR, DelaCuesta-Barrutia et al.) and NMDAR GluN2B (Bahry et al.). Gandawijaya et al. report how deletion of human chromosome 3p that results in absence of three closely related genes encoding neuronal immunoglobulin cell adhesion molecules, i.e. Close Homolog of L1 (CHL1), Contactin-6 (CNTN6), and Contactin-4 (CNTN4), is relevant to ASD. DelaCuesta-Barrutia et al. summarize heterooligomer formation of various neurotransmitter receptors, such as the GPCRs of glutamate, dopamine, oxytocin and serotonin, and they discuss current advances in pharmacological approaches targeting GPCR heteromers. The impact of an early termination mutation at amino acid residue 724 of GluN2B on dendritic outgrowth is reported by Bahry et al. As a voltage-gated glutamate receptor, the finding that mutation of GluN2B promotes dendritic pruning is intriguing, but the underlying mechanism remains unclear and warrants further investigation.

Finally, Béroule discusses the paradoxical effects of the inflammatory cytokine IL-17A and anticonvulsant valproic acid (VPA) on the brain. Exposure to either IL-17A or VPA during pregnancy increases the likelihood of the offspring developing ASD, yet their effects on adult brains differ. Béroule has hypothesized that as a shared downstream target of IL-17A and VPA, type A monoamine oxidase (MAOA) exerts context-dependent paradoxical effects. He also discusses the roles of neuroinflammation and regulated MAOA expression in ASD.



PERSPECTIVE

Overall, ASD represents a highly complex group of disorders. Emerging studies in this Research Topic dissect their pathologies in neurotransmission (including both ion channels and GPCR), cell adhesion, transcriptional regulation, interconnections among different types of neurons and different brain regions. These studies provide foundations for future investigations. Certainly, other detailed discussions, such as chromatin remodeling and synaptic organization, development and signaling are not covered. Here, we further extend and emphasize three worth considering points for ASD research. First, what is the true cause of ASD? One should be cautious in interpreting results from postmortem brain tissues. Differences in postmortem tissues may be a consequence but not the cause of ASD pathology. Similarly, the aforementioned articles on PV neurons imply that altered parvalbumin-mediated regulation of oxidative stress does not cause ASD, even though PV neurons are indeed affected by ASD and are a feature of ASD phenotypes. Second, context- or age-dependent effects of ASD must be considered. Dr. Eunjoon Kim (Korea Advanced Institute of Science and Technology) and colleagues have shown that Shank2-knockout neurons exhibit NMDAR hyperfunction before weaning but NMDAR hypoactivity after weaning (Chung et al., 2019). Consequently, treatment with the NMDAR antagonist memantine exerted the opposite effects on Shank2-knockout mice before and after weaning. The differential effects of IL-17A and VPA on mice of different ages described by Béroule further echo this concept. Thus, to evaluate the effect of pharmacological treatment and signaling pathways of autism, age is one of critical factors for consideration. Finally, although it was not clearly addressed in the articles collected for this Research Topic, it is generally accepted that deviations from homeostasis (the “golden mean,” see Figure 1) are common in ASD. For instance, both increases and decreases in protein synthesis and signaling have been linked to ASD-associated neuronal defects (Lu and Hsueh, 2021). Synaptic morphology and responses must also be controlled within appropriate thresholds so that neuronal activity or function is neither excessive nor inadequate, since any such defects may lead to ASD pathological conditions.


[image: Figure 1]
FIGURE 1. Some considerations on etiology, critical period, and homeostasis (the “golden mean”) for ASD study. Both genetic and environmental factors contribute to ASD. Some changes observed in patients and/or mouse models are consequences and not causes of ASD. It is essential to distinguish the causes of ASD from its consequences. Some causative genes and environmental factors that had been discussed in this Research Topic are indicated. As critical factors of ASD may act opposingly at different developmental stages or in different contexts, the critical period needs to be considered for ASD etiology and treatment. Finally, homeostasis of neuronal responses and nervous system activity must be maintained. Defects in either direction give rise to ASD pathological conditions.
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In neurodevelopmental disorders (NDDs) including autism spectrum disorder (ASD) and schizophrenia, impairment/malfunctioning of a subpopulation of interneurons expressing the calcium-binding protein parvalbumin (PV) –here termed Pvalb neurons– has gradually emerged as a possible cause. These neurons may represent a hub or point-of-convergence in the etiology of NDD. Increased oxidative stress associated with mitochondria impairment in Pvalb neurons is discussed as an essential step in schizophrenia etiology. Since PV downregulation is a common finding in ASD and schizophrenia individuals and PV-deficient (PV−/−) mice show a strong ASD-like behavior phenotype, we investigated the putative link between PV expression, alterations in mitochondria and oxidative stress. In a longitudinal study with 1, 3, and 6-months old PV−/− and wild type mice, oxidative stress was investigated in 9 Pvalb neuron subpopulations in the hippocampus, striatum, somatosensory cortex, medial prefrontal cortex, thalamic reticular nucleus (TRN) and cerebellum. In Pvalb neuron somata in the striatum and TRN, we additionally determined mitochondria volume and distribution at these three time points. In all Pvalb neuron subpopulations, we observed an age-dependent increase in oxidative stress and the increase strongly correlated with PV expression levels, but not with mitochondria density in these Pvalb neurons. Moreover, oxidative stress was elevated in Pvalb neurons of PV−/− mice and the magnitude of the effect was again correlated with PV expression levels in the corresponding wild type Pvalb neuron subpopulations. The PV-dependent effect was insignificant at 1 month and relative differences between WT and PV−/− Pvalb neurons were largest at 3 months. Besides the increase in mitochondria volume in PV’s absence in TRN and striatal PV−/− Pvalb neurons fully present already at 1 month, we observed a redistribution of mitochondria from the perinuclear region toward the plasma membrane at all time points. We suggest that in absence of PV, slow Ca2+ buffering normally exerted by PV is compensated by a (mal)adaptive, mostly sub-plasmalemmal increase in mitochondria resulting in increased oxidative stress observed in 3- and 6-months old mice. Since PV−/− mice display core ASD-like symptoms already at 1 month, oxidative stress in Pvalb neurons is not a likely cause for their ASD-related behavior observed at this age.

Keywords: parvalbumin, autism, schizophrenia, ROS, mitochondria


INTRODUCTION

The etiology of neurodevelopmental disorders (NDDs) including autism spectrum disorder (ASD), schizophrenia and attention deficit hyperactivity disorder remains unclear. Although each NDD is characterized by a specific trajectory with respect to onset, symptoms or behavioral alterations, as well as brain regions and cell types implicated in this process, they share genetic etiology (Schork et al., 2019) and also disorder-associated comorbidities. This hints toward impairments of similar and/or convergent pathways in the various NDD. Such a point-of-convergence may exist in the malfunctioning/impairment of GABAergic interneurons (Marin, 2012; Schork et al., 2019) mostly in the ones expressing the calcium-binding protein parvalbumin (PV) (Ferguson and Gao, 2018) hereafter called Pvalb neurons. This interneuron type present, e.g., in cortex, hippocampus, striatum and cerebellum of rodents and humans (for details, see, Celio, 1990; del Rio et al., 1994; Hashemi et al., 2017; Soghomonian et al., 2017) is characterized by fast, non-adaptive firing and rapid AP kinetics. Pvalb neurons target the perikarya or axon initial segments of excitatory (and inhibitory) neurons and form strong autapses (Deleuze et al., 2019), which make them particularly suitable for enabling and controlling synchronization of neuron ensembles (Sohal et al., 2009; Bohannon and Hablitz, 2018) resulting in oscillatory activity. At the morphological level, a majority of Pvalb neurons is surrounded by perineuronal nets (PNN) that allow for their identification irrespective of PV expression levels as shown before (Filice et al., 2016).

In schizophrenia, a decrease in the number of PV-immunoreactive (PV+) neurons resulting from PV downregulation (initially presumed to result from Pvalb neuron loss) is observed in postmortem brains of affected individuals, as well as in mouse models of schizophrenia (Do et al., 2009; Powell et al., 2012). In most cases, a concomitant decrease in GAD67 (GAD1) occurs indicative of a common/similar regulation of the PVALB and GAD1 genes. The decrease of PV and GAD67 is considered as a downstream effect of NMDA receptor (NMDAR) hypofunction in pyramidal cells resulting in decreased activity of Pvalb neurons (Gonzalez-Burgos and Lewis, 2012; Gonzalez-Burgos et al., 2015) proposed to reduce network gamma oscillatory activity (Volman et al., 2011). An extensively studied hypothesis is centered on oxidative stress-mediated Pvalb neuron impairment likely associated with mitochondrial dysfunction (Steullet et al., 2017), as was also proposed for the etiology of ASD (Bader et al., 2011; Tang et al., 2013). In the redox dysregulation model of schizophrenia oxidative stress is viewed as the “integrator” leading to Pvalb neuron impairment (Steullet et al., 2017). Accordingly, genetic and/or environmental factors weaken antioxidant defense systems leading to NMDAR hypofunction and PV downregulation (reviewed in Hardingham and Do, 2016). However, during hippocampal maturation in vitro, NMDAR inhibition and oxidative stress differentially alter PV expression and gamma oscillation activity (Hasam-Henderson et al., 2018) indicating that general oxidative stress cannot be the main mechanism underlying the decrease in PV expression and that it cannot mechanistically explain the effects of NMDAR hypofunction (Hasam-Henderson et al., 2018).

In the case of ASD, GABA system dysfunction including impaired Pvalb neuron function is a well-accepted hypothesis (Chattopadhyaya and Cristo, 2012; Coghlan et al., 2012; Marin, 2012). Yet, the putative role of the protein PV lending its name to the Pvalb neuron subpopulation has been investigated to a much lesser extent in ASD (and schizophrenia). Reduced numbers of PV+ neurons in ASD patients and in animal models of ASD were initially presumed to be the result of a lower number of Pvalb neurons (Gogolla et al., 2009), reviewed in Schwaller (2020). However, in many cases the observed decreased number of PV+ neurons –at least in mice– is the result of PV downregulation, i.e., in low PV-expressing neurons PV expression levels fall below the detection threshold [e.g., in Shank1−/−, Shank3B−/− (Filice et al., 2016), Cntnap2−/− (Lauber et al., 2018), and VPA mice (Lauber et al., 2016)]. In line, the most strongly downregulated transcript in cerebral cortex of ASD patients is PVALB mRNA (Parikshak et al., 2016) and several transcripts of genes related to synaptic transmission and mitochondria (Schwede et al., 2018). Transcriptomic network analysis of three mouse ASD and schizophrenia models identified four modules [M; two cortical (c) and two hippocampal (h)] of co-expressed genes dysregulated in all three animal models (Gordon et al., 2019). The upregulated cM1 module is enriched for genes implicated in ‘morphogenesis of branching structures,’ while the downregulated cM2 is annotated as mitochondrial related energy balance (‘energy-coupled proton transport’ and ‘respiratory electron transport chain’). Importantly, Expression Weighted Cell-Type Enrichment (EWCE) analysis uncovered a significant increase in cM2 (mitochondrial) genes in fast-firing inhibitory neurons, presumably Pvalb neurons.

We have previously shown that a reduction or complete elimination of PV in PV + /− and PV−/− mice results in a robust ASD-like behavior phenotype showing all ASD core symptoms, as well as ASD-associated comorbidities (Wöhr et al., 2015). Moreover, in all systems investigated so far [fast-twitch muscle, PV-overexpressing epithelial (MDCK), oligodendrocyte-like (CG4) cells (for details, see, Schwaller, 2020)] and Pvalb neurons in vivo (Janickova et al., 2020), PV downregulation leads to a compensatory/homeostatic upregulation of mitochondria volume (Schwaller, 2020), while ectopic PV expression in all neurons of Thy-PV transgenic mice decreases the mitochondria volume evidenced in the striatum (Maetzler et al., 2004). In distinct Pvalb neuron populations in adult PV−/− mice, the mitochondrial volume is augmented and the relative increase strongly correlates with the PV concentration prevailing in the various WT Pvalb neuron subpopulations in the different brain regions, i.e., the higher the concentration of PV, the higher the PV loss-induced increase in mitochondria volume (Janickova et al., 2020). Interestingly, both in CG4 cells and more relevant in PV−/− Pvalb neurons, the increase in mitochondria volume and dendritic mitochondria length is associated with increased branching and length of dendrites (Lichvarova et al., 2019; Janickova et al., 2020), in full agreement with the reported increase in genes of module cM1 (‘morphogenesis of branching structures’) in three ASD and schizophrenia mouse models (Gordon et al., 2019). Thus, we set out to investigate the timeline of events caused by the absence of PV. More precisely, we analyzed the trajectory (temporal changes) in mitochondria volume and mitochondria distribution in selected Pvalb neurons and the level of oxidative stress in the same Pvalb neuron subpopulations, where we had had previously observed an increase in mitochondria volume in adult (3–5 months) PV−/− mice (Janickova et al., 2020). We chose three time points: 1, 3, and 6 months. The first one, since mice deficient for PV (PV + /−, PV−/−) show ASD core symptoms –reduced communication and social interaction and repetitive/stereotyped behavior– already at PND25-30, as well as changes in the morphology (dendrites) of striatal Pvalb neurons (Wöhr et al., 2015). At 3 months, some ASD-like behavior persists in PV−/− mice (Wöhr et al., 2015) and moreover, clear increases in mitochondria volume occur in 3–5 months-old PV−/− Pvalb neurons (Janickova et al., 2020). This is also the time point, when increased oxidative stress (and PV downregulation) is observed in mouse schizophrenia models (Steullet et al., 2018; Cabungcal et al., 2019). Our results indicate that the ASD-like phenotype in PV−/− mice emerges before the onset of an increase in oxidative stress hinting toward absence/reduction of PV as the main contributor to the behavioral ASD-like phenotype.



RESULTS


Age-Dependent Increase in Oxidative Stress in WT Pvalb Neurons Evidenced by 8-Oxo-dG Staining

The strong activity of Pvalb neurons (fast, high-frequency firing) is coupled to elevated metabolism, high mitochondrial activity and associated ROS production. Subsequently, Pvalb neurons contain substantially more mitochondria in their somata, dendrites and axons than any other interneuron subpopulation or pyramidal cells (reviewed in Kann et al., 2014) and are thus highly susceptible to oxidative stress (Kann, 2016). Resulting from the high mitochondria density, the outline of Pvalb cells can be often recognized on brain sections simply by a general staining for mitochondria, particularly in Pvalb neurons of PV−/− mice (Janickova et al., 2020); examples in TRN are shown in Supplementary Figure 1. In this study, we made use of two transgenic mouse lines, where EGFP is selectively expressed in Pvalb neurons (Orduz et al., 2013). In the control (WT) line, mice have two functional Pvalb alleles, while the other one is null-mutant (PV−/− or KO) for Pvalb. Since the transgene driving EGFP expression is not associated with the endogenous Pvalb gene locus, EGFP expression is not coupled to endogenous PV expression. That is, EGFP expression is indistinguishable in WT and KO mice (Janickova et al., 2020). Oxidative stress was determined by immunofluorescence detection of the DNA oxidation product 8-oxo-dG, globally at low magnification on sagittal sections and moreover, in the same Pvalb neuron subpopulations, where we had previously investigated the effect of PV on mitochondria volume and cell morphology, i.e., in the somatosensory and medial prefrontal cortex (SSC, mPFC), striatum, thalamic reticular nucleus (TRN), hippocampal regions DG, CA3 and CA1 and cerebellum [Purkinje cells and molecular layer interneurons (MLI)]. On sagittal sections of 3-months old WT mice scanned by the NanoZoomer at low magnification (Figure 1A), several brain regions showed rather strong 8-oxo-dG staining: higher magnification images of the hippocampal DG granule cell layer and the CA3–CA1 pyramidal cell layer, the TRN, the medial vestibular nucleus (MVN) and the cerebellum, in particular the Purkinje cell layer and MLI are shown in Figure 1B. In the MVN, staining was mostly confined to fibers, but was also observed in some EGFP+ Pvalb neuron somata present in the parvocellular part of the MVN (Supplementary Figure 2) as reported before in rat (Puyal et al., 2002). Essentially all regions showing strong 8-oxo-dG staining also contained higher densities of EGFP+ Pvalb neurons and/or neuropil (fibers) resulting in partial yellow staining in the merged images (Figures 1A,B). In Pvalb neuron populations of WT mice analyzed by confocal microscopy, 8-oxo-dG fluorescence signals (in arbitrary units) were first normalized, taking into consideration the different sizes and morphologies of Pvalb neurons as described before (Janickova et al., 2020). We observed a near-linear age-dependent increase in 8-oxo-dG signals in mice of 1, 3, and 6 months (Figure 1C and Table 1), most evident in the group of high PV-expressing neurons (TRN, MLI, and PC). Linear regression analyses (R2) revealed high linearity values ≥ 0.97 for medium-to-high PV-expressing Pvalb neurons including TRN, MLI, PC, SSC, and striatum (Figure 1C and Table 1). Of note, 8-oxo-dG signals in TRN Pvalb neurons at 1 month were already considerably higher than in all other Pvalb neuron subpopulations [ANOVA: F(8,36) = 64.63; p < 0.0001; Tukey’s multiple comparison test: p < 0.0001 for all other Pvalb subpopulations], yet the time-dependent increase (slope) was not much higher than for medium PV-expressing Pvalb neurons (striatum, SSC) and clearly smaller than for MLI and PC that showed the strongest time-dependent increase. An exception was the subpopulation of mPFC Pvalb neurons (R2 = 0.82), where 8-oxo-dG signals at 6 months were only marginally higher than at 3 months. In low PV-expressing hippocampal (DG, CA3, CA1) neurons, 8-oxo-dG signal intensities in young (1 month) mice were the lowest of all tested Pvalb neuron subpopulations, and the relative age-dependent increase was marginal. Thus, both parameters (WT fluorescence intensity at 3 months, slope) generally correlated positively with the PV concentration previously estimated in the various Pvalb neuron populations [see Figure 1E in Janickova et al. (2020) and Supplementary Figure 4B]. Of note, these changes were not correlated with the relative densities of the mitochondria in the soma cytoplasm of different Pvalb neuron populations, which are rather constant in all Pvalb neurons: 7.8 ± 1.5 vol./vol.% (Janickova et al., 2020).
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FIGURE 1. Age-dependent increase in oxidative stress in WT Pvalb neurons evidenced by 8-oxo-dG staining. (A) Sagittal brain section from a 3-month old WT mouse stained for 8-oxo-dG (oxidative stress marker, red), EGFP (Pvalb neurons expressing EGFP, green) and DAPI (nuclei, blue). Regions with strong 8-oxo-dG staining (white boxes in low-left image in A) –hippocampus, TRN, MVN and cerebellum– are shown at higher magnification in (B). Note the higher densities of EGFP+ Pvalb neurons and/or neuropil (fibers) in these regions resulting in partial yellow staining in the merged images. Scale bar in (A) 1 mm, in (B) 200 μm. Sagittal brain sections scanned by the NanoZoomer serve for demonstration purposes and were not analyzed in the study. (C) Quantitative analyses were performed on confocal microscopy images. Brain sections were scanned in nine regions – 3 hippocampal regions (CA1, CA3, and DG), striatum, SSC, mPFC, 2 cerebellar regions [Purkinje cell layer (PC) and in molecular layer interneurons (MLI)] and TRN. Fluorescence signal quantifications were carried out in 1, 3, and 6-months old mice [normalized values (mean ± SD) are reported in Table 1]; for clarity, error bars and regression lines are omitted; R2 values are from linear regression analyses using the three time points: 1, 3, and 6 months and are listed in Table 1.



TABLE 1. Quantitative results and statistical analyses of 8-oxo-dG and DHE staining intensities are shown as mean ± standard deviations in all investigated brain regions.
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Increased Oxidative Stress in PV−/− Pvalb Neurons Evident in Mice ≥ 3 Months

A comparison of 8-oxo-dG signals between 1-month old WT and PV−/− mice (5 mice/genotype) revealed no significant differences in all nine investigated Pvalb neuron subpopulations as shown for hippocampus (Figure 2; DG, CA3, CA1), striatum, SSC and mPFC (Figure 3), cerebellum (PC, MLI) and TRN (Figure 4). In all cases signals were marginally (average: 5.2 ± 2.1% for all 9 Pvalb neuron populations), but not significantly increased in PV−/− Pvalb neurons. Measurement of acute oxidative stress accumulating during 18.5 h by the DHE method confirmed the results obtained by 8-oxo-dG staining. At 1 month, DHE signals were indistinguishable between WT and PV−/− Pvalb neurons in all investigated Pvalb neuron subpopulations (Supplementary Figure 3 and Table 1).
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FIGURE 2. Comparison of 8-oxo-dG signal intensity between WT and KO mice in hippocampal regions of 1, 3, and 6-months old mice. The 8-oxo-dG fluorescence signal intensities (a.u.) analyzed in DG (A), CA3 (B), and CA1 (C) were normalized, taking into consideration the different sizes and morphologies of Pvalb neurons. Representative images with immunofluorescence labeling for 8-oxo-dG (red), EGFP (green) and merged images with DAPI (blue) are shown for DG (D), CA3 (E) and CA1 (F) regions of 3-months old WT (left panels) and KO (right panels) mice. Scale bars: 50 μm. Each dot in the graphs represents the average obtained in 1 animal (5 mice per genotype) and at least 15 cells per animal resulting in > 75 cells per brain region (DG, CA3, CA1) and genotype. No significant differences were observed between WT and KO mice, ns – not significant. Values are reported in Table 1.
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FIGURE 3. Comparison of 8-oxo-dG signal intensity in striatum, SSC and mPFC of 1, 3, and 6-months old WT and KO mice. Normalized 8-oxo-dG fluorescence signal intensities (a.u.) analyzed in striatum (A), SSC (B) and mPFC (C) are shown. Representative images with immunofluorescence labeling for 8-oxo-dG (red), EGFP (green) and merged images with DAPI (blue) are shown in striatum (D), SSC (E), and mPFC (F) of 3-months old WT (left panels) and KO (right panels) mice. Scale bars: 40 μm. Each dot in the graphs represents the average obtained in 1 animal (5 mice per genotype) and 10–15 cells per animal resulting in > 50 cells per brain region (striatum, SSC, mPFC) and genotype. ns not significant; *p < 0.05; **p < 0.01. Values are reported in Table 1.
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FIGURE 4. Comparison of 8-oxo-dG signal intensity in cerebellum (PC, MLI) and TRN of 1, 3, and 6-months old WT and KO mice. Normalized 8-oxo-dG fluorescence signal intensities (a.u.) analyzed in PC (A), MLI (D), and TRN Pvalb neurons (G). Representative images with immunofluorescence labeling for 8-oxo-dG (red), EGFP (green) and merged + DAPI (blue) in PC from 3 (B) and 6-months old (C) mice are shown. In (E,F) the same is shown for MLI; and in (H,I) for TRN Pvalb neurons in WT (left panels) and KO (right panels) mice. Scale bars: 30 μm. Each dot in the graphs represents the average obtained in 1 animal (5 mice per genotype) and at least 20 cells per animal resulting in > 100 cells per brain region (PC, MLI, TRN) and genotype. ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Values are reported in Table 1.


In 3-month old mice 8-oxo-dG signals were significantly higher in PV−/− mice in all Pvalb neurons with the exception of hippocampal (DG, CA3, CA1) Pvalb neurons, the latter shown in Figure 2. Quantitative immunofluorescence results and representative images for the 9 Pvalb neuron subpopulations in the analyzed brain regions are shown in Figures 2–4 and summarized in Table 1. Of note, the magnitude of the increase in 3-month old PV−/− mice was also in a graded manner and ranged from + 20% in striatal to + 36% in TRN Pvalb neurons (Table 1 and Supplementary Figure 4C). The magnitude in increase of oxidative stress strongly correlated with the PV concentration pertaining in the corresponding WT Pvalb neuron populations (compare to Supplementary Figure 3 in Janickova et al., 2020), and moreover with the increase in mitochondria volume in adult (3–5 months-old) PV-/- mice shown previously (Supplementary Figure 3 in Janickova et al., 2020). Thus, the higher the increase in mitochondria volume, the higher the oxidative stress in these PV-deficient Pvalb neurons. In addition to measuring (cumulative) oxidative stress by 8-oxo-dG staining, we used the DHE method to determine acute oxidative stress accumulated during a shorter time period (18.5 h). At 3 months, DHE signals were significantly increased in PV−/− Pvalb neurons in essentially all regions, except SSC (p = 0.0503) and hippocampus. In the latter low PV-expressing neurons, no differences existed between WT and PV−/− in all three subfields (DG, CA3, CA1; for all; p > 0.97), thus nearly perfectly replicating the results obtained by staining for 8-oxo-dG (Supplementary Figure 3 and Table 1).

In 6-months old mice, differences in 8-oxo-dG staining intensities persisted between WT and PV−/− Pvalb neurons, however effect sizes were generally smaller. Significant differences between genotypes were observed only in the groups of high PV-expressing Pvalb neurons including mPFC, MLI and TRN (Figures 3, 4 and Table 1). The smaller differences between genotypes in the other Pvalb neuron subpopulations (striatum, SSC, PC) were mostly resulting from a relatively larger (near-linear) increase in oxidative stress from 3- to 6-month old mice in the WT group, while the increase from 3 to 6 month in PV−/− Pvalb neurons leveled off. Thus, absence of PV leads to a different trajectory of ROS production, i.e., accelerated at 3 months and then approaching the WT condition at 6 months. The same tendency was also observed in mice subjected to DHE treatment. Using this approach, the further increase in DHE signal intensity in PV-deficient mice was significant in two Pvalb subpopulations (MLI and TRN), which are characterized by the highest PV expression levels, namely MLI (stellate and basket cells; [PV]: ∼570 μM (Eggermann and Jonas, 2012)) and TRN Pvalb neurons ([PV]: 600–900 μM, see Supplementary Figure 3 in Janickova et al. (2020).



Trajectory of Increase in Mitochondria Density and Changes in Mitochondria Localization in TRN and Striatal Pvalb Neurons From 1 to 6 Months in WT and PV−/− Mice

While a significant increase in mitochondria density is present in adult (3–5-month old) PV−/− mice that strongly correlates with the PV concentration of various Pvalb neuron subpopulations (Janickova et al., 2020), nothing was previously known to when and to what extent the mitochondria increase occurred in younger mice. Moreover, whether changes took place also between 3 and 6 months was unknown. To close this knowledge gap, mitochondria volumes were determined in selected Pvalb neuron subpopulations at the age of 1, 3, and 6 months. For this analysis, we chose striatal and TRN Pvalb neurons in WT and PV−/− mice. The former, since we intended to correlate presumed mitochondria increases with increased branching observed already at PND18-24 (Wöhr et al., 2015) and persisting to adulthood (Janickova et al., 2020) and the latter, because the increase in mitochondria density and oxidative stress was largest in PV−/− TRN Pvalb neurons (Figure 4). In addition to determining soma mitochondria volume, we were interested in the distribution of mitochondria in the soma, since we had previously reported that in Purkinje cells of adult (3–5 months) PV−/− mice, the ∼40% increase in mitochondria volume was essentially restricted to a subplasmalemmal region of 1.5 μm (Chen et al., 2006). A comparison of the soma mitochondria density in TRN neurons revealed a significant increase in the order of 119% already at 1 month caused by the absence of PV. A similar increase persisted at 3 (+102%) and 6 (+109%) months and was essentially identical to the differences already prevailing at 1 month (Figure 5B). As observed previously (Janickova et al., 2020), absence of PV not only resulted in an increase in mitochondria volume, but also in the volume of the cytoplasm (Figure 5A) and subsequently of the entire soma (Figure 5D). Of note, the small increase in the volume of the nucleus was insignificant (Figure 5C). However even when considering the increase in the cytoplasm volume, the mitochondria density (Vmitochondria/Vcytoplasm) was still significantly higher (Figure 5E). The ratio Vnucleus/Vcytoplasm (Figure 5F) was also not different indicating that the increase in the volume of the nucleus is approximately paralleled by the increase of the entire soma (Figure 5D). Qualitative similar results were observed in striatal Pvalb neurons (Figure 6), although effects were somewhat smaller, most probably related to the lower concentration of PV in striatal than in TRN Pvalb neurons (∼70 vs. ∼750 μM, respectively; Janickova et al., 2020). Nonetheless, the increase in mitochondrial density was substantial, in the order of + 60–65% and as in TRN Pvalb neurons already present in 1-month old mice deficient for PV. Thus, constitutive absence of PV during the entire neurodevelopment led to an increase in mitochondria density, which was already maximal at 1 month. Of note, the considerable increase in mitochondria volume (density) present at 1 month had no measurable effect on ROS production in the analyzed Pvalb neuron subpopulations in striatum and TRN. These findings are discussed below in detail with a focus on mechanisms implicated in the development of an ASD-like behavioral phenotype in PV−/− mice.
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FIGURE 5. Quantitative morphological analyses of TRN Pvalb neurons. A comparison was carried out in 1, 3, and 6-months old WT and KO mice. Analyzed parameters included volume of cytoplasm (A), volume of mitochondria (B), volume of nuclei (C), and volume of soma (D) in a given Pvalb neuron. Additional parameters were calculated, such as ratio Vmitochondria/Vcytoplasm (E) and Vnucleus/Vcytoplasm (F). Quantitative analyses of the relative distribution of mitochondria within the cytoplasmic compartment in TRN Pvalb neurons (G–I). Somata and nuclei of selected Pvalb neurons were identified based on EGFP and DAPI staining, respectively and the distribution of mitochondria from the center of the cell (border of nuclei) to the plasma membrane was partitioned into a set of 4 specified zones: 1 being the innermost (perinuclear) and 4 the outermost (subplasmalemmal). Quantitative analyses are shown for zone 1 (perinuclear; G), zone 2 (perinuclear/central H) and zone 4 (subplasmalemmal; I) mitochondrial volume density. Note the mitochondria shift from the perinuclear region to the periphery of the cells in KO mice. Representative confocal images (J) show EGFP-stained Pvalb neurons (green; cytoplasm), COX I (red; mitochondria) and DAPI (blue; nuclei) in 1, 3, and 6-months old WT (left panels) and KO (right panels) mice. Scale bar: 5 μm. Each dot in the graphs represents the average obtained in 1 animal (5 mice per genotype) and 20–30 cells per animal resulting in > 100 cells per TRN and genotype. ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Values are reported in Table 2.
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FIGURE 6. Quantitative morphological analyses of TRN Pvalb neurons. A comparison was carried out in 1, 3, and 6-months old WT and KO mice. Analyzed parameters included volume of cytoplasm (A), volume of mitochondria (B), volume of nuclei (C), and volume of soma (D) in a given Pvalb neuron. Additional parameters were calculated, such as ratio Vmitochondria/Vcytoplasm (E) and Vnucleus/Vcytoplasm (F). Quantitative analyses of the relative distribution of mitochondria within the cytoplasmic compartment in striatal Pvalb neurons (G–I). Somata and nuclei of selected Pvalb neurons were identified based on EGFP and DAPI staining, respectively and the distribution of mitochondria from the center of the cell (border of nuclei) to the plasma membrane was partitioned into a set of 4 specified zones: 1 being the innermost (perinuclear) and 4 the outermost (subplasmalemmal). Quantitative analyses are shown for zone 1 (perinuclear; G), zone 2 (perinuclear/central H) and zone 4 (subplasmalemmal; I) mitochondrial volume density. Note the mitochondria shift from the perinuclear region to the periphery of the cells in KO mice. Representative confocal images (J) of EGFP-stained Pvalb neurons (green; cytoplasm), COX I (red; mitochondria) and DAPI (blue; nuclei) at all observed time points (1, 3, and 6 months) are shown for WT and KO mice. Scale bar: 5 μm. Each dot in the graphs represents the average obtained in 1 animal (5 mice per genotype) and 10–15 cells per animal resulting in > 50 cells per striatal region and genotype. ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Values are reported in Table 2.


Importantly, the relative distribution of mitochondria within the cytoplasmic compartment was altered in the absence of PV in TRN (Figures 5G–I) and striatal (Figures 6G–I) Pvalb neurons. Clearly more mitochondria (+60%) accumulated in the subplasmalemmal region already at 1 month accompanied by relative mitochondria depletion mostly in the central cytoplasmic region that also persisted in mice of 3 and 6 months (values and statistics are listed in Table 2). Thus, PV-deficiency led to an overall increase in mitochondria and to an accumulation of subplasmalemmal mitochondria, both effects already maximal at 1 month indicating that absence of PV is rapidly sensed by Pvalb neurons and translated into an increase/redistribution of mitochondria.


TABLE 2. Quantitative results and statistical analyses of volumetric analysis and mitochondria position in four zones are shown as Mean ± SD in striatum and TRN.
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MATERIALS AND METHODS


Animals

Two transgenic lines were used in this study: B6.Tg(Pvalb-EGFP)1Hmon mice (WT) expressing normal levels of PV and the enhanced green fluorescent protein (EGFP) selectively in Pvalb neurons (Meyer et al., 2002); the second line B6.Pvalbtm11Swal x B6Tg(Pvalb-EGFP)1Hmon (KO) is additionally devoid of functional Pvalb alleles (Orduz et al., 2013). Both lines have been used in previous studies aimed at elucidating the role of PV in Pvalb neurons (Orduz et al., 2013; Janickova et al., 2020). All together 30 female mice were used in this study, sacrificed when they reached 1, 3, and 6 months of age; five mice per age group and genotype. Mice were group-housed in the rodent facility at the University of Fribourg, Switzerland in temperature-controlled rooms (24°C), with 12:12 h light/dark cycle interval. All animals had free access to water and were fed ad libitum. Experiments were performed according to institutional guidelines of the present Swiss law and the European Communities Council Directive of 24 November 1986 (86/609/EEC). The authorization number for housing of mice is H-04.2012-Fr and for the experiments 2016_37_FR. All experiments were approved by the Cantonal Veterinary Office (Canton of Fribourg, Switzerland).



In vivo Injections of the Fluorescent Dye Dihydroethidium

To analyze superoxide production in specific brain regions, we used the fluorescent probe dihydroethidium (DHE) (Thermo Fisher Scientific, Switzerland, Cat # D11347). The characterization and validation of DHE for whole animal fluorescence imaging has been successfully carried out before (Hall et al., 2012). When administered systemically, DHE distributes rapidly into the various tissues including the brain (Murakami et al., 1998; Quick and Dugan, 2001). There the uncharged lipophilic compound DHE is converted by superoxide radicals to the positively charged product ox-DHE (Barbacanne et al., 2000; Fink et al., 2004) and, if not oxidized, is cleared from tissues and excreted in the urine (Hall et al., 2012). Importantly, ox-DHE is retained in the brain for a sustained period of time due to its charge (Quick and Dugan, 2001). This then allows for the quantification of the amount of superoxide produced over a defined period of time in a given tissue by measurement of ox-DHE (Hall et al., 2012). Mice at the ages of 1, 3, and 6 months received two serial intraperitoneal injections of freshly prepared DHE solution (27 mg/kg) at 30 min intervals (the first bolus was generally injected at ∼16:00 and the second injection at 16:30). Eighteen hours after the second DHE injection (∼10:30), animals were anesthetized with a lethal dose of Esconarkon® (300 mg/kg body weight; Streuli Pharma AG, Uznach, Switzerland) and perfused as described below.



Tissue Preparation and Immunohistochemistry

Mice were anesthetized with 300 mg/kg body weight Esconarkon® (Streuli Pharma AG, Uznach, Switzerland) and perfused using 0.9% NaCl, followed by perfusion with 4% PFA in 0.9% NaCl. Brains were removed, post-fixed for 24 h in 4% PFA in TBS and cryopreserved in 30% sucrose-TBS (0.1M, pH 7.3) at 4°C, as described before (Lauber et al., 2016). From the entire brains of each mouse coronal sections (40 μm) were cut in the rostro-caudal direction using a freezing microtome (Leica SM2010R, Switzerland) as described before (Filice et al., 2016). For the 9 regions of interest embracing the somatosensory cortex (SSC) and mPFC, striatum, TRN, hippocampal regions DG, CA3, CA1 and cerebellar Purkinje cell layer (Purkinje cells) and molecular layer (interneurons; MLI), three sections per mouse and brain region of interest were selected according to the Allen brain atlas and Paxinos Franklin atlas, following the rules of stereological systematic random sampling principles (for details, see, Filice et al., 2016). Selected brain slices were used immediately for immunohistochemistry, unused brain sections were stored in antifreeze solution at −20°C. Free-floating brain sections containing all the regions of interest were first blocked for 1 h at RT in TBS (0.1M, pH 7.3) containing 10% bovine serum albumin (BSA) and 0.4% Triton X-100. Afterward, slices were rinsed three times in TBS. The following primary antibodies were used: rabbit anti-EGFP (Molecular Probes, Thermo Fisher Scientific, Switzerland, Cat # A6455; dilution 1:1000), anti-8-oxo-dG (mouse monoclonal; AMS Biotechnology, Biogio-Lugano, Switzerland, Clone 2E2, Cat # 4354-MC-050, dilution 1:350) as reported before (Cabungcal et al., 2019). 8-oxo-7,8-dihydro-20-deoxyguanine (8-oxo-dG) is a product of DNA oxidation, serving as marker for the evaluation of oxidative stress. Incubation with primary antibodies was performed for 48 h at 4°C (Cabungcal et al., 2019). On parallel sections, COX I antibody (mouse monoclonal anti-cytochrome oxidase 1), clone COX 111 (Molecular Probes, Invitrogen AG, Switzerland, Cat # 35-810; dilution 1:500) and rabbit anti-EGFP antibody (Molecular Probes, Thermo Fisher Scientific, Switzerland, Cat # A6455; dilution 1:1000) were used overnight at 4°C. Sections were rinsed twice with TBS and once with Tris-HCl 0.1M, pH 8.2 for 5 min each and then incubated with anti-rabbit Alexa488-conjugated antibody (Life Technologies, Thermo Fisher Scientific, Switzerland; 1:450 dilution), anti-mouse Cy3-conjugated antibody (Jackson Immunoresearch, Suffolk, United Kingdom) and anti-mouse Alexa647-conjugated antibody (Life Technologies, Thermo Fisher Scientific, Switzerland, 1:450 dilution) used as secondary antibodies for 4 h at 4°C. All sections were washed three times with TBS and nuclei were stained with DAPI (LuBio Science GmbH, Switzerland; 1:1000 dilution), during the last 5 min of the incubation period with secondary antibody in TBS. After final washing, slides were transferred onto MENZEL-GLÄSER SUPERFROST® (Thermo Fisher Scientific, Switzerland) and coverslipped with Hydromount (National Diagnostics, Atlanta, GA, United States).



Whole Slide Scanning

Brain sections were scanned by a fully automated slide scanner NanoZoomer 2.0-HT (Hamamatsu Photonics K.K, Switzerland). Fluorescence images were acquired using the mercury lamp unit L11600-05 and for DAPI, FITC, and Cy3 fluorescence imaging, a filter cube with excitation filters (λEx: 387, 485, and 560 nm) and emission filters (λEm 410, 504, 582 nm) was used. All sections were scanned along the z-axis with a 1.4 μm interval with a 20X objective (numerical aperture 0.75) and using 0.46 μm/pixel as scale factor. Images were exported using NDP.view2 Image viewing software (NanoZoomer, Hamamatsu Photonics K.K, U12388-01) and adjusted in Fiji software (RRID:SCR_002285), an open-source platform for image analysis of biological samples.



Confocal Microscopy and Image Post-processing

Mounted brain sections were examined by laser scanning confocal microscopy using a Leica TCS-SP5 instrument (Leica Microsystems, Inc., Buffalo Grove, IL, United States) equipped with a 40X oil-immersion APO plan objective (numerical aperture 1.3). Fluorescence of oxidized DHE was obtained by excitation at λEx 516 nm and recording the emission at λEm 570–600 nm. For EGFP-stained neurons, confocal settings were λEx 477 nm, λEm 485–510. Specific brain regions were scanned along the z-axis with a 1.4 μm interval as described before (Behrens et al., 2008) with constant acquisition parameters; 1240 × 1240 pixels, 200 Hz scan speed and 1AU pinhole diameter. Fluorescence of 8-oxo-dG was acquired by excitation at λEx 561 nm and recording the emission at λEm 565–660 nm. For volumetric analyses confocal settings were as follows: λEx 405 nm, λEm 410–480 (DAPI), EGFP λEx 488 nm, λEm 495–600 nm (EGFP) and λEx 633 nm, λEm 640–800 (COX I). Sections were scanned along the z-axis at 0.42-μm step intervals, as described previously (Janickova et al., 2020), with constant acquisition parameters; 1240 × 1240 pixels, 200 Hz scan speed and 1AU pinhole diameter. After acquisition, all images were deconvoluted using the Huygens deconvolution software (Scientific Volume Imaging, Netherlands) to eliminate blurring and noise and filtered with a Gaussian filter to remove unwanted background noise and to sharpen cell profile contours.



Image Analysis

Coronal brain sections from 30 mice, 15 WT and 15 KO (n = 5 animals per genotype and age) were used. From each brain, nine specific regions (DG, CA3, CA1, striatum, mPFC, SSC, PC, MLI, and TRN) were selected. From sections containing the above brain regions, three parallel sections were collected following stereological systematic random sampling principles (West et al., 1991). Each section (40 μm) was scanned by laser scanning confocal microscope and z-stacks were acquired. From each defined brain region, a single field was randomly selected and only neuron somata completely positioned within the xyz-stack volume were analyzed, i.e., 3–10 neurons per section. The number of analyzed neurons per section fulfilling the criteria varied based on the density of Pvalb neurons in each brain region; e.g., a relatively low density of Pvalb neurons is characteristic for striatum and a high density of Pvalb neurons is typical for cerebellum and TRN (for more details, see Supplementary Figure 1 in Janickova et al., 2020). The minimum number of neurons that were analyzed from the three sections of each brain region is listed in the figure legends of Figures 2–4. To quantify the overall 8-oxo-dG or DHE fluorescence signal intensity within the ROI, we first used Imaris 9.5.1 software (Bitplane, AG, Switzerland, RRID:SCR_007370) to confirm that the soma of an EGFP+ neuron is completely within the boundaries of the xyz volume. Next the proportion of all 8-oxo-dG or DHE immunolabeled voxels contained in the center 8 images of the z-stacks and the mean fluorescence intensity was calculated as previously reported (Cabungcal et al., 2019) using the LAS AF software (Leica Application Suite X, RRID:SCR_013673). We used maximum intensity projections to obtain the values for ROIs, a ROI was drawn using the “free hand tool” based on the EGFP+ neuron morphology. For background subtraction, a similar-sized ROI within the tissue characterized by weak and diffuse staining not overlapping with EGFP or clearly discernible 8-oxo-dG or DHE fluorescence signals was randomly selected from each microscopy field. The values obtained after background subtraction from all analyzed neurons from each section were averaged resulting in a single value per animal and brain region. Since fluorescence intensity values were obtained from maximal density projections (z-stacks) and the morphology of the different Pvalb neuron subpopulations is quite variable, a correction factor based on Pvalb neuron morphology was calculated (Janickova et al., 2020). Briefly, assuming that neuron somata and nuclei can be approximated by spheres, from the volume of the entire soma and the nucleus, the radii of these two spheres (r2: soma; r1: nucleus) were calculated (see Supplementary Table S1 in Janickova et al., 2020). The difference in the radii is then the thickness (d) of the shell comprising the cytoplasmic volume. Hence, fluorescence values listed in Table 1 are the ones after applying the d-factor correction. To determine the volume of soma, nucleus and mitochondria of EGFP+ neurons entirely localized within z-stack images, the ‘Cell’ and ‘Surface’ module of the Imaris software was used as described before (Janickova et al., 2020). The volume of the cytoplasm, nuclei and mitochondria were calculated for each neuron using the same parameter and algorithm settings. Statistical analyses were performed using the ‘Imaris Measurement Pro’ module as described previously (Lichvarova et al., 2019).



Mitochondria Distribution in Pvalb Neuron Somata

To analyze mitochondria distribution in the somata of Pvalb neurons, the CellProfilerTM (Cell Image Analysis software, Broad Institute Imaging Platform, RRID:SCR_007358) with the ‘Measure Object Intensity Distribution’ module was used. This module allows to measure the spatial distribution of intensities within each identified object. First, morphologically fully intact Pvalb neuron somata contained in the z-stack were selected and somata and nuclei of selected neurons were identified based on EGFP and DAPI staining, respectively. Next, the distribution from the center of the cell (nucleus) to the edge (i.e., the plasma membrane of a selected neuron soma) was partitioned into a set of four specified zones excluding the nucleus: 1 being the innermost and 4 the outermost for details, see CellProfiler. The software then measured automatically the fraction of total staining intensity in an object at a given radius. Data are shown as perinuclear mitochondrial volume (zone1), perinuclear/central mitochondrial volume (zone 2) and subplasmalemmal mitochondrial volume (zone 4).



Statistical Analysis

GraphPad Prism 7.05 software (RRID:SCR_002798) was used for statistical analysis. Two-way multivariate ANOVA followed by Tukey multiple comparison test was performed in order to compare the ratios between PV-EGFP (WT) and PVKO-EGFP (PV−/− or KO) mice and age in different brain regions. For all experiments a p-value < 0.05 was considered as statistically significant. Values are expressed as mean ± SD. The mean 8-oxo-dG and ox-DHE signal intensities were compared among groups using multivariate ANOVA followed by Tukey test for multiple comparisons. Detailed statistical analysis with mean ± SD, age and genotype as factors, as well as exact p-values are reported in Tables 1, 2.



DISCUSSION

Release of mitochondrial ROS (mROS) is suggested to have evolved as a communication system linking mitochondrial function with physiological cellular processes to maintain homeostasis in the brain and to sustain adaptation to stress (reviewed in Sena and Chandel, 2012). In the brain mROS act as physiological modulators of signaling pathways and transcription factors involved in cell proliferation, differentiation and maturation (e.g., in axon formation); in mature neurons mROS also participate in the regulation of synaptic plasticity [details are provided in Figure 1 and the references cited in the review by Beckhauser et al. (2016)]. Converse to their important physiological functions, elevated ROS levels causing an imbalance between ROS production and antioxidant defenses (principally provided by glutathione), as found in post-mortem brain tissue of children with ASD (Siddiqui et al., 2016), and adult schizophrenia patients (Tosic et al., 2006) might be implicated in ASD and schizophrenia etiology. The link between redox dysregulation and schizophrenia has been investigated in a mouse model, i.e., in Gclm−/− mice deficient for the glutamate cysteine ligase modifier subunit, the rate-limiting enzyme for glutathione biosynthesis (Cabungcal et al., 2019). The early-onset developmental redox dysregulation caused by constitutive absence of Gclm most strongly affects the Pvalb neuron circuitry evidenced by increased 8-oxo-dG staining in VVA+ Pvalb neurons. The authors provide evidence “that PV neurons located in different cortical and sub-cortical brain regions exhibit selective vulnerability to oxidative stress during different phases of neurodevelopment” (see Figure 6 in Cabungcal et al., 2019). Potential explanations for these region-specific variances include “differences in (1) maturation time course of PV neurons and their PNN, (2) neuronal and metabolic activity, (3) antioxidant capacity of PV neurons and their neighbored cells, (4) levels of catecholamines (dopamine, noradrenaline)” and possibly temporal changes in functional connectivity between brain regions (Cabungcal et al., 2019).

Results from our longitudinal study indicate that the magnitude and moreover, the age-dependent increase in oxidative stress in Pvalb neurons is highly correlated with the PV concentration in those neurons of WT mice (Supplementary Figure 4). In absence of PV, the elevated oxidative stress is strongly correlated with the PV deficiency-induced increase in mitochondria volume (density) reported before (Janickova et al., 2020) and shown here for TRN and striatal Pvalb neurons (Figures 5, 6). Compared to WT mice enhanced oxidative stress was detectable in PV−/− mice from 3 months on, although the increase in mitochondrial volume was already maximal at 1 month evidenced in striatal and TRN Pvalb neurons. Yet, at this age oxidative stress was not increased in absence of PV. In summary, the larger the increase in mitochondria volume caused by the absence of PV in Pvalb neurons, the larger the oxidative stress, evident only in older (>3 months) mice.

Inverse (antagonistic) regulation of PV and mitochondria is observed in several in vitro and in vivo models (reviewed in Schwaller, 2020) including Pvalb neurons of PV−/− mice (Janickova et al., 2020). In this study, a strong correlation between the PV deficiency-induced increase in mitochondria and the prevailing PV concentration in Pvalb neurons of WT mice was observed. The increase in mitochondria is likely regulated by the master regulator of mitochondria biosynthesis PGC-1α, as previously shown in fast-twitch muscle of PV−/− mice, where mitochondria volume is also upregulated in absence of PV (Ducreux et al., 2012). Of note, PGC-1α overexpression also increases expression of ROS defense systems likely to maintain redox balance (St-Pierre et al., 2006). In line, in MDCK (epithelial) cells mRNA levels of Ucp2 are higher in PV-negative control cells (a proxy measure for PV-deficient Pvalb cells) compared to PV-overexpressing cells characterized by a decreased mitochondria volume (Henzi and Schwaller, 2015). The same holds true for CG4 cells, where Ucp2 levels are higher in PV-negative control cells than in PV-expressing CG4 cells (L. Janickova, unpublished). Upregulation of uncoupling proteins decreases the mitochondrial membrane potential ΔΨ and concomitantly is expected to reduce mROS production. Thus, possibly elevated ROS defense systems [as found in the MDCK cell model (Henzi and Schwaller, 2015) and CG4 cells] despite a significant increase in mitochondria volume in PV−/− Pvalb neurons of 1-month old mice might prevent elevated ROS production at this age.

Thus, we propose the following timeline for events taking place in Pvalb neurons, if PV expression is constitutively lacking in PV−/− mice. Absence of PV is rapidly detected by Pvalb neurons possibly sensed as changes in the shape of Ca2+ transients shown to occur in Purkinje cells (Schmidt et al., 2003), MLI (Collin et al., 2005) and in a large Pvalb neuron presynapse, the calyx of Held (Muller et al., 2007). At the functional level this results in increased paired-pulse facilitation (PPF) as seen at synapses involving cerebellar (Caillard et al., 2000; Collin et al., 2005), striatal (Orduz et al., 2013), and hippocampal (Vreugdenhil et al., 2003) Pvalb neurons. These alterations are then leading to modifications in excitation-transcription coupling inducing several changes including mitochondria biosynthesis resulting in mitochondria that are tuned to optimally contribute to slow Ca2+ buffering. This mitochondria-mediated process is energy-expensive and can only be maintained by increased ATP production (Palmieri and Persico, 2010) paralleled by increases in mROS production (for reviews, see, Devine and Kittler, 2018; Giorgi et al., 2018) that are manifest in PV−/− mice only at older (>3 months) age. We assume that although increased mitochondria volume (density) in absence of PV is already maximal at 1 month, the possibly concomitant increase in ROS defense systems including UCP2 might be sufficient to prevent augmentation of oxidative stress at this age.

Of relevance, transcriptional regulation of PV is mediated not by the prototypical CaMKII or IV, but by the “atypical” γCaMKI (Cohen et al., 2016). In line, CAMK1G mRNA is among the most strongly downregulated transcripts in cortical samples from ASD individuals initially reported in Parikshak et al. (2016) and further analyzed in Schwede et al. (2018), thus providing the link to decreased levels of PVALB mRNA and elevated mitochondrial genes in human ASD including UCP2. The elevated mitochondria density previously determined in Pvalb neurons of 3–5 months-old mice is ranging from ∼5% (hippocampus) to ∼108% (TRN) and is approximately proportional to the PV concentration prevailing in WT Pvalb neurons (see Supplementary Figure 3 in Janickova et al., 2020). Of importance, in 1-month old PV−/− mice, when PV expression has reached adult levels (as shown in cerebellar Pvalb neurons; see Figure 2 in Collin et al., 2005), the increase in mitochondria density is already maximal: ∼60–65% in striatal and ∼115% in TRN Pvalb neurons. Of importance, in none of the investigated Pvalb neuron subpopulations, an increase in oxidative stress is evident at this time point. However, at the behavioral level PV−/− mice show ASD-like core symptoms at PND25–30 (Wöhr et al., 2015). This essentially precludes oxidative stress as causative for the ASD-like behavioral phenotype of PV−/− mice. It rather supports the hypothesis that altered Ca2+ signals in PV−/− Pvalb neurons subtly modify synaptic plasticity likely translating into changes in neuron ensemble synchrony and oscillations. Notwithstanding additional alterations affecting Pvalb neuron firing caused by the absence of PV might be implicated as well: e.g., striatal PV−/− Pvalb neurons show besides increased paired-pulse facilitation, higher excitability and spontaneous spiking is more regular, likely involving changes in the activation of small conductance (SK) Ca2+-dependent K+ channels (Orduz et al., 2013).

First signs of oxidative stress evidenced by increased 8-oxo-dG and DHE signal intensity were observed at the age of 3 months in PV−/− mice. Preliminary behavioral experiments (3-chamber assay) carried out in 3 months-old male PV−/− mice indicate that the ASD-like phenotype is rather attenuated (Filice, unpublished) compared to PND25-30 mice (Filice et al., 2018) further supporting that most probably oxidative stress is not causally implicated in the development of the ASD-like phenotype of PV−/− mice. Whether this is also the case in other ASD mouse models with reduced PV levels (Supplementary Table S1 in Wöhr et al., 2015) or restricted to PV−/− mice remains to be shown.
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A major challenge in the development of pharmacotherapies for autism is the failure to identify pathophysiological mechanisms that could be targetable. The majority of developing strategies mainly aim at restoring the brain excitatory/inhibitory imbalance described in autism, by targeting glutamate or GABA receptors. Other neurotransmitter systems are critical for the fine-tuning of the brain excitation/inhibition balance. Among these, the dopaminergic, oxytocinergic, serotonergic, and cannabinoid systems have also been implicated in autism and thus represent putative therapeutic targets. One of the latest breakthroughs in pharmacology has been the discovery of G protein-coupled receptor (GPCR) oligomerization. GPCR heteromers are macromolecular complexes composed of at least two different receptors, with biochemical properties that differ from those of their individual components, leading to the activation of different cellular signaling pathways. Interestingly, heteromers of the above-mentioned neurotransmitter receptors have been described (e.g., mGlu2–5HT2A, mGlu5–D2–A2A, D2–OXT, CB1–D2, D2–5HT2A, D1–D2, D2–D3, and OXT–5HT2A). We hypothesize that differences in the GPCR interactome may underlie the etiology/pathophysiology of autism and could drive different treatment responses, as has already been suggested for other brain disorders such as schizophrenia. Targeting GPCR complexes instead of monomers represents a new order of biased agonism/antagonism that may potentially enhance the efficacy of future pharmacotherapies. Here, we present an overview of the crosstalk of the different GPCRs involved in autism and discuss current advances in pharmacological approaches targeting them.
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INTRODUCTION

Autism spectrum disorder (ASD) is a severe developmental disorder that involves difficulties in two behavioral domains: social interaction, including speech and nonverbal communication, and restricted/repetitive behaviors [American Psychiatric Association (Ed.), 2013]. These core symptoms are frequently associated with other emotional and behavioral disturbances, such as anxiety, irritability, inattention, hyperactivity, and sleep problems, resulting in a very heterogeneous clinical manifestation. The etiology of ASD is also complex, caused by a combination of genetic (~80%) and environmental factors (Bai et al., 2019). The causal neuropathology is largely unknown. As a result, there are currently no medications approved for the management of the core symptoms of ASD; however, most affected individuals follow pharmacological interventions to target associated symptoms, albeit with limited evidence-based efficiency and substantial adverse effects.

Research aimed at developing targeted pharmacotherapies for ASD identifies functional alterations in brain areas and networks involved in emotion and social cognition, such as the prefrontal cortex (PFC) and limbic system (Kennedy and Adolphs, 2012; Ecker et al., 2015; Fernández et al., 2018; Müller and Fishman, 2018). At the molecular level, an alteration in several neurotransmitter systems that modulate the activity of these brain areas and networks has been observed. The imbalance between excitatory glutamatergic and inhibitory GABAergic tones has been the most studied (Uzunova et al., 2016). Hence, one strategy that aimed at restoring this imbalance relies on antagonizing glutamate receptors (e.g., memantine) or using GABA agonists (e.g., arbaclofen), in order to reduce the proposed overstimulated glutamate signaling in ASD (Rojas, 2014; Fernández et al., 2018). However, hypo-glutamate theories have also been proposed, and glutamate receptor agonists such as D-cycloserine are also used in some cases, indicating that the excitatory/inhibitory imbalance might occur in both directions (Fernández et al., 2018). Nonetheless, the oxytocinergic (OXT), serotonergic (5HT), dopaminergic (DA), and cannabinoid (CB) systems are also critical for the fine-tuning of the brain excitation/inhibition balance and thus represent putative therapeutic targets in ASD (Marotta et al., 2020).

Once the role of the OXT system in modulating affiliative and social behavior across vertebrate species was established, efforts in translating these findings to the clinic begun (Insel, 2010; Yamasue and Domes, 2017; Erdozain and Peñagarikano, 2020). Alterations in OXT receptor (OXTR) binding and OXTR gene hypermethylation have been found in different brain structures of individuals with ASD (Purba, 1996; Lee et al., 2007). Several studies have also reported altered plasma OXT levels (Modahl et al., 1998; Andari et al., 2010; Aydın et al., 2018; Strauss et al., 2019), albeit there is still much debate on whether peripheral OXT correlates with the one in brain (Jupiter et al., 1988). An increasing number of clinical trials testing the effect of OXT or OXT agonists in ASD are being carried out. Although based on current results OXT seems to have a potential therapeutic value, there are key questions that remain unanswered as to decide the optimal target groups and treatment course (Erdozain and Peñagarikano, 2020).

Regarding 5HT, hyperserotonemia was the first blood biomarker proposed in ASD, as it is present in more than 25% of affected children (Hanley, 1977; Cook, 1990). Since then, many studies have observed changes in the 5HT system in ASD. One example is the decrease of 5HT receptor 2A (5HT2AR) binding detected by imaging studies (Murphy et al., 2006). In postmortem studies, lower binding of 5HT receptor 1A (5HT1AR), in addition to 5HT2AR, has also been reported (Oblak et al., 2013), suggesting a deficient 5HT signaling in brain, albeit the presence of blood hyperserotonemia. Accordingly, selective serotonin reuptake inhibitors (SSRIs) have long been used to treat symptoms of repetitive behavior and anxiety in autism, although with limited clinical efficacy (King et al., 2009).

There are promising studies about the influence of the CB system in ASD due to CB’s pro-social properties and its interaction with the OXT system. Lower serum endocannabinoid levels have been reported in children with ASD (Aran et al., 2019), and there is initial evidence of its effectiveness in improving ASD comorbidities such as self-injury, hyperactivity, and anxiety (Poleg et al., 2019).

Last, dysfunction in the DA system has also been observed in ASD, although with apparently conflicting results, with some studies reporting an overstimulation and others a downregulation of DA transmission. To conceal these results, a DA hypothesis of ASD has been proposed, in which upregulation of the DA nigrostriatal pathway would lead to the stereotypic/repetitive behaviors in ASD, while downregulation of the mesocorticolimbic pathway would lead to social deficits (Pavăl, 2017). The relevance of the DA system in ASD is evident by the fact that the only Food and Drug Administration (FDA)-approved pharmacotherapy to treat associated symptoms in ASD, such as irritability and aggression, are atypical antipsychotics (i.e., risperidone and aripiprazole) that antagonize D2R, albeit they show significant metabolic adverse effects (De Hert et al., 2011).

The scarceness of effective therapeutic treatments for autism and its comorbidities are startling, and the undesirable effects of the currently prescribed drugs abundant. Therefore, an important effort is being made to identify new putative therapeutic targets (Famitafreshi and Karimian, 2018). Oligomerization of G protein-coupled receptors (GPCRs) is one of the latest breakthroughs in pharmacology and could be one of the keys to overcome this therapeutic barrier. In this review, we first introduce the concept of GPCR heteromers. Second, we present different GPCR heteromers that could be of interest as putative pharmacotherapeutic targets in autism. Last, we present some pharmacological tools that are already available to modulate them (Figure 1).
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FIGURE 1. Schematic representation of the potential GPCR heteromers proposed as new therapeutic targets to treat autism. Aside from the widely studied GABAergic and glutamatergic systems, other neurotransmitter systems are critical for the fine-tuning of the excitatory/inhibitory imbalance described in autism. Among these are the dopaminergic, serotonergic, oxytocinergic, and cannabinoid systems. The specific receptors for these neurotransmitters equally represent putative therapeutic targets. Further, these GPCRs heteromers have been shown to display properties that differ from those of their individual components, leading to the activation of distinctive cellular signaling pathways. Differences in the GPCR interactome may underlie the etiology/pathophysiology of autism. This figure shows the DA (blue), 5HT (green), and OXT (red) neural circuits, and the brain regions they connect to (red boxes) where the existence of GPCR heteromers has been described in mammalian brain (mouse, rat, primate, or human). On the right side, the specific GPCR heteromers found in each of these regions are specified.





G PROTEIN-COUPLED RECEPTOR HETEROMERS AS PHARMACOLOGICAL TARGETS


Heteromer History

GPCR are seven-transmembrane (TM) domain proteins involved in cell-to-cell signalization and are the target of 30–40% of current pharmaceutical drugs (Albizu et al., 2010). While oligomerization is a common biological process, the concept of GPCR oligomerization was not introduced until the 1980’s (Agnati et al., 1980, 1982; Birdsall, 1982; Avissar et al., 1983). A relevant historic episode was the discovery of GABAB receptor dimerization, an obligate receptor dimer (Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 1999; White et al., 1998; Margeta-Mitrovic et al., 2000). Since then, several receptor homomers and heteromers have been discovered in the central nervous system (Moreno et al., 2013). Oligomerization exerts significant impact on receptor function and physiology, offering a platform for the diversification of receptor signaling, pharmacology, regulation, crosstalk, internalization, and trafficking (Farran, 2017). Therefore, heteromers could constitute important therapeutic targets for a wide range of disorders, including ASD.



Heteromer Definition Criteria

Receptor heteromers are oligomeric complexes composed of at least two functional receptor units (i.e., protomers), which interact with each other through the TM domains and show different biochemical properties from those of their individual components (Ferré et al., 2009; Gomes et al., 2016). The International Union of Basic and Clinical Pharmacology proposed five recommendations for the recognition and acceptance of receptor heteromers in the scientific community, and at least two of these criteria should be met for this designation: (1) evidence for physical association in native or primary cells; (2) colocalization of the protomers within the same subcellular compartment in the same cell; (3) proof of the physical interaction between the two receptor protomers in native tissue using coimmunoprecipitation experiments, energy transfer technologies, or transgenic animals expressing physiological levels of recombinant fluorescent proteins; (4) identification of a unique pharmacological property specific of the heteromer; and (5) demonstration of in vivo heteromerization using knockout animals or RNAi technology.




PUTATIVE G PROTEIN-COUPLED RECEPTOR HETEROMERS IMPLICATED IN AUTISM

Several GPCR heteromers containing receptors involved in the etiology/pathophysiology of autism, including glutamatergic, DA, OXT, and 5HT receptors, have been described. Dysfunction in the formation and/or function of such heteromers could potentially contribute to the disorder, as has already been suggested for other brain disorders such as schizophrenia. These GPCR heteromers might, thus, represent new pharmacotherapeutic targets for autism (Figure 2).
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FIGURE 2. Representation of the pharmacological tools to modulate GPCR heteromers. Currently available pharmacological tools to modulate the generation and/or signaling of receptor heteromers could represent new therapeutic strategies for ASD. (A) Bivalent ligands are composed of two functional pharmacophores, linked by a spacer, that interact with each of the protomers of the heteromers and activate/block its cellular signaling cascade(s). (B) Allosteric modulators bind to distinct binding sites from the endogenous ligands in one of the protomers and can alter its structure (producing a conformational change), dynamics, and function, which will in turn alter the whole heteromer’s functionality. (C) Interference peptides are synthetic peptides harboring the same amino acid sequence as the interacting transmembrane (TM) domains between the two receptors that compose the heteromer: they get inserted into TM domains and disrupt the receptor heteromer by preventing binding between the two receptor protomers.




mGlu2R–5HT2AR

mGlu2R and 5HT2AR have been shown to colocalize and interact with each other in mouse and human frontal cortex (Delille et al., 2013; Moreno et al., 2016). Although mGlu2R is coupled to Gi/o proteins and 5HT2AR to Gq/11, it has been shown that acting through the mGlu2R–5HT2AR heterocomplex, both 5HT and glutamatergic ligands modulate Gq/11- and Gi/o-dependent signaling (Fribourg et al., 2011). The pathophysiological role of the heterocomplex has been mainly studied in relation to psychosis and schizophrenia, where altered signaling through this heteromer has been observed (González-Maeso et al., 2008; Moreno et al., 2016; Shah and González-Maeso, 2019). Further, observations in mice and cultured cells suggest that the mGluR2–5HT2AR complex, and not 5HT2AR alone, is the molecular target responsible for the actions of hallucinogenic drugs such as lysergic acid diethylamide (LSD) and that activation of mGlu2R abolishes hallucinogen-specific signaling and behavioral responses (González-Maeso et al., 2008; Moreno et al., 2011; Halberstadt et al., 2019). Although so far no study has assessed the role of mGlu2R–5HT2AR heteromer in ASD, its association with schizophrenia, a disorder that shares some risk factors and displays overlapping traits with ASD, including neuroimaging evidence and mutual comorbidity (Chisholm et al., 2015), indicates that its evaluation would be worthwhile. Thus, the evaluation of mGlu2R–5HT2AR complex in ASD animal models and/or postmortem human brain could bring new approaches to understand the disorder and find new pharmacological targets.



mGlu5R–D2R–A2AR

The existence of mGlu5R–D2R–A2AR oligomers has been reported in native rat striatum and GABAergic striatopallidal neurons, where they are mainly formed (Simola et al., 2008; Cabello et al., 2009; Lewis et al., 2019). This heteromer might be of relevance in ASD due to its putative role in repetitive behavior and reward. A recent study has evaluated the potential effect of different drug combinations on the repetitive behaviors characteristic of deer mice: no single drug or double-drug combinations were effective, albeit the combination of a D2R antagonist, an A2AR agonist, and an mGlu5R positive allosteric modulator reduced repetitive behaviors. In contrast, the combination of a D2R agonist, an A2AR antagonist, and an mGlu5R negative allosteric modulator caused a significant increase in repetitive behavior (Lewis et al., 2019). Regarding the reward system, the antidepressant basimglurant, an mGlu5R negative allosteric modulator, has been proposed to reduce the anti-reward effect exerted by GABA neurons of the ventral striatopallidal pathway, because it inhibits D2R signaling in A2A–D2–mGlu5 receptor heteromers (Fuxe and Borroto-Escuela, 2015). This D2R signal reduction in striatopallidal GABA neurons has also been reported with a combination of an mGlu5R antagonist and an A2AR antagonist (Beggiato et al., 2016). Thus, selectively modulating the functionality of this oligomer through any of its protomers could constitute a novel approach to treat repetitive behaviors in ASD and to improve social interaction through the reward system.



D2R–OXTR

D2R–OXTR heteromers’ existence has been revealed in the nucleus accumbens (NAcc) and dorsal striatum of female prairie voles, a species widely used to investigate social behavior (Fuxe et al., 2014). In terms of physiology, radio-ligand experiments in voles with NAcc membrane preparations demonstrated that OXT very significantly modified the affinity of D2R antagonists and agonists, an effect that was blocked by an OXTR antagonist (Fuxe et al., 2014). The co-activation of D2R and OXTR in NAcc has been reported to be necessary for pair bond formation in female voles (Baskerville and Douglas, 2010). Moreover, OXT administration increases NAcc DA release and improves social behavior in rats (Kohli et al., 2019). Hence, difficulties in developing social bonds in ASD could be possibly improved by the activation of D2R–OXTR heteromer in NAcc. In addition, OXT infusion into the central amygdala elicited anxiolytic effects in rats, which was prevented with a simultaneous infusion of a D2/D3 antagonist, suggesting the involvement of the D2R–OXTR heteromer in this brain region. In consequence, OXT’s potential benefit for reducing anxiety in ASD may rely on targeting the D2R–OXTR heteromer, possibly in the amygdala.



CB1R–D2R

The presence of the CB1R–D2R heteromer has been recently reported in the globus pallidus in mice (Bagher et al., 2020). The heteromer activation is characterized by an antagonistic interaction between the protomers, with CB1R agonists reducing the affinity and hyper-locomotor activity exerted by D2R agonists (Marcellino et al., 2008). For this reason, targeting CB1R–D2R with CB1R agonists in striatum may be a pharmacological alternative to treat irritability or hyperactivity in ASD. In addition, immunoelectron microscopy suggests that, in mice, CB1R and D2Rs colocalize in GABAergic terminals of the PFC, in which activation of either receptor could suppress GABA release onto layer 5 pyramidal cells (Chiu et al., 2010). Thus, targeting CB1R–D2R might also represent a novel strategy to improve the excitatory/inhibitory imbalance in ASD.



D2R–5HT2AR

Existence of 5HT2AR–D2R heteromers has been demonstrated in rat striatum (Borroto-Escuela et al., 2014). The heteromer displays bidirectional receptor–receptor interaction, D2R agonists increasing hallucinogenic agonists’ affinity for 5HT2AR (Albizu et al., 2011), and vice versa, hallucinogenic 5HT2AR agonists increasing D2R density (Borroto-Escuela et al., 2014). Thus, the simultaneous antagonization of both protomers has been proposed as an antipsychotic strategy, with fewer side effects and lower doses required (Borroto-Escuela et al., 2014; Zhang et al., 2020). In fact, the advantageous extrapyramidal side-effect profile of the atypical antipsychotic risperidone, which behaves as a D2R and 5HT2A antagonist and is one of the most widely used drugs to treat associated symptoms in ASD, would rely on targeting the dimer and/or inducing its oligomerization (Borroto-Escuela et al., 2014; Kolasa et al., 2018). In agreement with this, a recent computational model of 3D structure–activity relationship of D2R and 5HT2AR antagonists reported that targeting the heteromer simultaneously significantly reduced extrapyramidal side effects of antipsychotic treatment (Zhang et al., 2020).



D1R–D2R

D1R–D2R heteromer was demonstrated in rat and nonhuman primate NAcc (Perreault et al., 2016; Rico et al., 2017) and in human striatum (Pei et al., 2010). The pathophysiological role of this heteromer has been largely studied in depression and anxiety, which are two of the most common comorbidities in ASD (Simonoff et al., 2008). D1R–D2R heteromer formation was found to be increased in human postmortem striatum of subjects with major depression (Pei et al., 2010), and disrupting the dimer in rats produced antidepressant (Hasbi et al., 2014) and anxiolytic effects (Shen et al., 2015). A recent study reported overexpressed D1R–D2R heteromers in female nonhuman primate and rat brain, along with higher depressive-like and anxiety-like behaviors, which are improved by disruption of the dimer (Hasbi et al., 2020). In consequence, D1R–D2R heteromer disruption might be an alternative treatment for individuals with depressive or anxiety symptoms in ASD and potentially more effective in female subjects. Further, the D1R–D2R heteromer might also modulate social behavior through the reward pathway, as disrupting this heteromer in the NAcc has been shown to increase the rewarding effects of drugs of abuse in rats (Perreault et al., 2016).



D2R–D3R

Colocalization of D2R and D3R was detected in the globus pallidus and NAcc of rats (Surmeier et al., 1997), and their interaction was determined by co-immunoprecipitation studies in cultured cells (Scarselli et al., 2001). A putative role for the D2R–D3R heteromer as a target for antipsychotics has been suggested, since antipsychotics with partial D2R agonist properties act as D2R antagonists in the presence of the dimer (Maggio and Millan, 2010). This has strong implications for ASD as aripiprazole, one of the most widely used antipsychotics to treat irritability in autism (Goel et al., 2018), is a partial D2R agonist that would act as antagonist in brain areas where the heterodimer is expressed, gaining brain region-specific effects (Maggio and Millan, 2010). This property of aripiprazole has been proposed to account for the fewer extrapyramidal effects elicited by this drug (Maggio et al., 2015).



5HT2AR–OXTR

Despite the abundant evidence across species of the interaction between the OXT and 5HT systems in the regulation of socio-cognitive behaviors (Lefevre et al., 2017; Nagano et al., 2018; Tan et al., 2020), anxiety (Yoshida et al., 2009), and reward (Aubert et al., 2013; Dölen et al., 2013), only one recent report has provided evidence of the existence of a 5HT2AR–OXTR heterodimer, which was detected in in rat hippocampus, cingulate cortex, and NAcc, key regions associated with cognition and the above-described behaviors (Chruścicka et al., 2019). The authors, using functional cellular-based assays, proved that the 5HT2AR–OXTR heterocomplex formation leads to bidirectional antagonistic receptor−receptor interactions, reducing Gαq signaling (Chruścicka et al., 2019). The implication of this recently identified heteromer in a pathological state has not been evaluated yet, but it might potentially be an interesting target to improve social behavior and anxiety in ASD.




PHARMACOLOGICAL TOOLS TO MODULATE RECEPTOR HETEROMERS

Currently, there are several pharmacological tools that allow the modulation of receptor heteromers. These include bivalent ligands, allosteric modulators, and interference peptides.


Bivalent Ligands

Bivalent ligands are composed of two functional pharmacophores, linked by a spacer, each with potential of interacting with a protomer of the dimeric receptor (Berque-Bestel et al., 2008). Bivalent ligands of the μ opioid receptor (μOR) were the first to be developed, demonstrating that stimulation of the heteroreceptors δOR-μOR, μOR-CB1R, or μOR-mGlu5R reduced nociception to a bigger extent than morphine and without some of its adverse effects such as tolerance, dependence, and respiratory depression (Gomes et al., 2016; Machelska and Celik, 2018). Hence, using bivalent ligands to target the heteromers potentially affected in ASD, as discussed above, could be more efficient than targeting the receptors separately. For instance, antagonist bivalent ligands targeting D2R–5HT2AR or D2R–D3R heteromers could be an alternative to current antipsychotics to improve irritability, and agonist bivalent ligands targeting D2R–OXTR could be beneficial for social behavior.



Allosteric Modulators

Allosteric sites of GPCR are distinct from binding sites for endogenous ligands and can alter the receptor structure, dynamics, and function in order to achieve a potential therapeutic advantage (Hauser et al., 2017). Positive allosteric modulators increase the effect of agonists, in contrast to negative allosteric modulators that inhibit their effect. Selective modulators of receptor heteromers could expand the range of therapeutic options to treat autism. For instance, mGlu5R positive allosteric modulator targeting mGlu5R–D2R–A2AR heteromer in combination with other drugs, such as a D2R antagonist and an A2AR agonist, as described above (Lewis et al., 2019), may improve repetitive behavior symptoms in ASD.



Interference Peptides

Interference peptides are synthetic peptides harboring the same amino acid sequence as the interacting TM domains between the two receptors that compose the heteromer (Botta et al., 2019). These peptides harbor a small signal peptide that facilitates penetration in the cell. They get inserted into TM domains, disrupting the receptor heteromer by preventing binding between the two receptor protomers. Interference peptides have contributed to validate and understand the functional consequences of receptor oligomerization and could become an alternative to treat ASD. As above mentioned, disrupting D1R–D2R receptor heteromer could be beneficial for individuals with autism due to its anxiolytic and antidepressant effect (Hasbi et al., 2014; Shen et al., 2015). Nevertheless, more efficient interference peptides need to be developed, since their in vivo efficacy is often compromised by the loss of secondary structure, deficient cellular penetration, and susceptibility to proteolysis in the digestive system (Botta et al., 2019).




CONCLUSION AND FUTURE DIRECTIONS

There is no doubt that alterations in the GABAergic, glutamatergic, OXT, 5HT, DA, and CB systems are associated with ASD. In an attempt to search for novel targeted therapeutic approaches to treat ASD and overcome the scarceness of effective pharmacological treatments, we propose a potential role for heterocomplexes formed by different receptors of these neurotransmitters. Oligomerization of GPCRs is one of the latest breakthroughs in pharmacology and could be one of the keys to overcome this therapeutic barrier. There is increasing evidence for the role of GPCR heteromers in the pathophysiology of other neuropsychiatric disorders, such as depression or schizophrenia, albeit no study has yet addressed this issue in autism. Postmortem brain samples provide a unique opportunity to advance molecular research in this regard (McCullumsmith et al., 2014). For example, coupling between dopamine D1 and D2 receptors was markedly increased in postmortem brain of subjects suffering from major depression, as detected by co-immunoprecipitation experiments (Pei et al., 2010). Blue native polyacrylamide gel electrophoresis is also a useful technique for this aim, as has already been used to observe alterations in receptor complexes in human brain for other diseases (Falsafi et al., 2016). Further, functional scintillation proximity assays for [35S]GTPγS binding have revealed dysregulated signaling via the mGlu2R–5HT2AR heteromer in postmortem human brain samples of schizophrenia subjects (Moreno et al., 2016). Once a potential molecular alteration is identified, existing pharmacological strategies to selectively modulate these GPCR heteromers could be tested to ascertain their potential to become new therapeutic treatments to improve some symptoms of ASD. Animal models provide a useful tool for mechanistic and behavioral outcome measures to address this issue. There are several well-validated animal models of ASD available (Möhrle et al., 2020), in which the expression of the above-mentioned GPCR heteromers could be quantified. In case that any of the complexes are found to be altered compared with those in control mice, a modulation of the heteromer function could be attempted using the modifiers described above, in order to assess whether it drives a behavioral improvement. In conclusion, the integrative use of ASD animal models and clinical subjects to understand the potential role of GPCR heteromers as mechanistic cause and putative pharmacological targets could open a new direction in understanding and treating ASD.
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Autism spectrum disorder (ASD) is behaviorally defined and diagnosed by delayed and/or impeded language, stereotyped repetitive behaviors, and difficulties with social interactions. Additionally, there are disruptions in motor processing, which includes the intent to execute movements, interrupted/inhibited action chain sequences, impaired execution of speech, and repetitive motor behaviors. Cortical loops through basal ganglia (BG) structures are known to play critical roles in the typical functioning of these actions. Specifically, corticostriate projections to the dorsal striatum (caudate and putamen) convey abundant input from motor, cognitive and limbic cortices and subsequently project to other BG structures. Excitatory dopamine (DA) type 1 receptors are predominantly expressed on GABAergic medium spiny neurons (MSNs) in the dorsal striatum as part of the “direct pathway” to GPi and SNpr whereas inhibitory DA type 2 receptors are predominantly expressed on MSNs that primarily project to GPe. This study aimed to better understand how this circuitry may be altered in ASD, especially concerning the neurochemical modulation of GABAergic MSNs within the two major BG pathways. We utilized two classical methods to analyze the postmortem BG in ASD in comparison to neurotypical cases: ligand binding autoradiography to quantify densities of GABA-A, GABA-B, 5-HT2, and DA type 1 and 2 receptors and in situ hybridization histochemistry (ISHH) to quantify mRNA for D1, D2 receptors and three key GABAergic subunits (α1, β2, and γ2), as well as the GABA synthesizing enzymes (GAD65/67). Results demonstrated significant increases in D2 mRNA within MSNs in both the caudate and putamen, which was further verified by proenkephalin mRNA that is co-expressed with the D2 receptor in the indirect pathway MSNs. In contrast, all other GABAergic, serotonergic and dopaminergic markers in the dorsal striatum had comparable labeling densities. These results indicate alterations in the indirect pathway of the BG, with possible implications for the execution of competing motor programs and E/I imbalance in the direct/indirect motor feedback pathways through thalamic and motor cortical areas. Results also provide insights regarding the efficacy of FDA-approved drugs used to treat individuals with ASD acting on specific DA and 5-HT receptor subtypes.

Keywords: autism spectrum disorder, dopamine, GABA, basal ganglia, indirect pathway, risperidone


INTRODUCTION

Characteristic delayed and/or impeded language, stereotyped repetitive behaviors, and difficulties with social interaction/communication are the core features of an autism spectrum disorder (ASD) diagnosis (Geschwind and Levitt, 2007; Fung and Hardan, 2014). Additionally, motor impairment is a cardinal feature of ASD, and language to reflect repetitive motor behaviors has been added to the DSM-5 diagnostic criteria (American Psychiatric Association, 2013). The behaviors associated with disrupted motor processing are widespread and include differences in fundamental motor skills such as eye movement, fine and gross motor skills, gait and balance as well as more complex skills like movement coordination, action chaining, and inhibition control (for a review see: Becker and Stoodley, 2013; Subramanian et al., 2017). Given the clear disruption in sensorimotor processing in individuals with ASD, it is important to examine postmortem brain areas that are responsible for the intention to execute movements.

The basal ganglia (BG) are known to participate in action selection, learned habits, action sequences, and repetitive behaviors (for a review see: Graybiel, 2008; Graybiel and Grafton, 2015) and increasing evidence implicates the BG in the pathogenesis of ASD. Several studies have found volumetric differences in the dorsal striatum (caudate and/or putamen) of ASD subjects compared to neurotypical individuals via imaging studies (Sears et al., 1999; Hollander et al., 2005; Rojas et al., 2006; Langen et al., 2007; Sato et al., 2014) and one postmortem study demonstrated similar findings (Wegiel et al., 2014). Thus, neuroanatomical differences in the dorsal striatum in individuals with ASD suggest that critical loops within the BG and their cortical connections may be significantly impacted. Increased caudate volume in ASD (Sears et al., 1999; Hollander et al., 2005; Rojas et al., 2006; Wegiel et al., 2014), for example, has been related to complex mannerisms, compulsions/rituals, stereotypy and/or difficulties in routine scores on the Autism Diagnostic Interview (ADI).

Afferent input from the frontal and cingulate cortices to the dorsal striatum provides motor, limbic, and cognitive information (for a review see: Subramanian et al., 2017) and may participate in ASD-related functions. Glutamatergic inputs provide excitatory drive from the thalamus and cortex and mostly target GABAergic medium spiny neurons (MSNs) and GABAergic interneurons, which, via feed-forward synapses, inhibit MSNs, which in turn primarily project to the globus pallidus internus (GPi) or substantia nigra pars reticularis (SNpr; direct pathway; rich in D1 receptors) or the globus pallidus externus (GPe; indirect pathway; rich in D2 receptors). The interplay of these pathways likely affects action performance by facilitation of the selection of action and inhibiting unwanted actions following cortical activation (Lovinger, 2017).

Despite increased recognition that the BG is implicated in ASD, there is a wide gap in our knowledge regarding which aspects of the BG circuitry are impacted in ASD as well as a lack of understanding of defined targets for pharmacotherapeutic treatment. Interestingly, the first drug approved for children with ASD and now the most widely used, Risperidone (Risperdal), has led to significant improvements in behavioral symptoms, such as sensorimotor and repetitive behaviors (McCracken et al., 2002; Shea et al., 2004; McDougle et al., 2005; Pandina et al., 2007; Kent et al., 2013; Goel et al., 2018). Risperidone mainly has high-affinity binding as an antagonist at serotonin (5-HT) 2A receptors and dopamine (DA) type 2 receptors (D2R). Aripiprazole (Abilify), one of the very few other drugs approved by the FDA for ASD (LeClerc and Easley, 2015), acts as a partial agonist to D2R and 5-HT1A receptors and as an antagonist to 5-HT2A receptors (Hirsch and Pringsheim, 2016; Lamy and Erickson, 2018), but targets anxiolytic symptoms (Marcus et al., 2009; Owen et al., 2009; Ichikawa et al., 2017). Although there are clinical reports for use of both of these drugs for ASD patients, there are no postmortem studies from ASD subjects that quantify the density and distribution of DA and 5-HT receptors in key brain structures that are likely involved in repetitive behaviors, such as the BG.

The objective of the current study was to determine if levels of expression of markers of dopaminergic, GABAergic, and serotonergic activity in the striatum are changed in ASD, which could shed light on the mechanisms whereby the BG is impacted. This study utilizes classic methodologies such as in situ hybridization histochemistry (ISHH) and ligand binding autoradiography to quantify select GAD/GABA receptor and DA receptor mRNA expression as well as to quantify GABA, DA, and 5-HT receptor densities in the dorsal striatum of postmortem ASD cases as compared to controls. These methodologies were designed to determine whether there are alterations within the circuitry of the dorsal striatum and/or in receptor density, including those which are primary targets for risperidone and aripiprazole, within the corticostriatal and striatopallidal circuits in age, postmortem interval (PMI), and gender-matched cases. Collectively, these data help to improve our understanding of neurochemical differences within the BG that can inform on likely targets responsible for dysregulation of motor behaviors in ASD. The results indicate a largely normal repertoire of DA, GABA and 5-HT receptors expressed within the dorsal striatum, but reveal an increase of Drd2 mRNA expression within individual MSNs that likely impacts output to the GPe. These insights help to clarify which of the key targets for approved and widely used ASD drugs are altered in the BG of a cohort of postmortem ASD cases.



MATERIALS AND METHODS


Postmortem Tissue

Human postmortem brain tissue was obtained from the University of Maryland Brain and Tissue Bank, a brain and tissue repository of the NIH Neurobiobank. Case demographics are detailed in Table 1. Coronal sections (20 μm) from caudate and putamen were cut on a Leica CM1950 cryostat and kept frozen at −80°C (n = 11 control, n = 11 ASD). Note that brain blocks through a portion of the dorsal striatum were matched for level as far as having both caudate and putamen present in the same sections when cut, but the exact level matching of individual sections is a limitation in postmortem studies due to the availability of material through regions of interest. Several blocks did not contain ventral striatum. The number of cases used in individual experiments may vary due to the occasional loss of sections during processing. Total case ages (p = 0.24) and PMI (p = 0.37) were not significantly different between ASD and control cases using a Student’s t-test. Three ASD cases had at least one seizure reported and six had reported medications (Table 1). All ASD cases had confirmed diagnoses through the Autism Diagnostic Interview-Revised (ADI-R) scores and/or received a clinical diagnosis of autism from a licensed psychiatrist.

TABLE 1. Postmortem brain donor case demographics.
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As this research did not involve live human subjects, Institutional Review Board approval and informed consent were not necessary. However, the University of Maryland Brain and Tissue Bank (NIH Neurobiobank) is overseen by Institutional Review Board protocol number HM-HP-00042077 and de-identifies all cases before distribution to researchers.



Radioisotopic In Situ Hybridization Histochemistry (ISHH)

35S radiolabeled complementary RNA (cRNA) probes were transcribed in vitro from cDNAs selective for the human GAD67, GAD65, PPE, dopamine Drd2, and Drd1 receptors and GABAa alpha1, beta2, and gamma 2 receptor subunits. The circular plasmids containing the cDNAs were linearized according to standard protocols (Wood, 1983). Transcription of the radioactive cRNAs was performed for 2 h at 37°C in the presence of 2.5 μM 35S-uracil triphosphate (UTP; specific activity 1,250 Ci/mmol; Perkin Elmer Life Sciences) and 10 μM unlabeled UTP with ATP, cytosine triphosphate (CTP), and guanine triphosphate (GTP) in excess. The cDNA template was then digested with DNAse I. The labeled cRNAs were purified by phenol/chloroform extraction and ethanol precipitation and the probe length was reduced to 100–150 nucleotides by alkaline hydrolysis (Cox et al., 1984).

Two adjacent sections per subject were used. Sections were fixed for 5 min in 3% paraformaldehyde in 0.1 M phosphate buffer saline (pH 7.2). Pre-hybridization washes were in 2× SSC, phosphate buffer saline (0.4 M), 0.25% acetic anhydride with triethanolamine, and Tris-glycine, then followed by dehydration in ethanol. After rinsing with 2× SSC, sections hybridized for 4 h at 52°C with 8 ng of radiolabeled cRNA probe. The probe was diluted in 20 μl of hybridization solution (containing 40% formamide, 10% dextran sulfate, 4× SSC, 10 mM dithiothreitol, 1.0% sheared salmon sperm DNA, 1.0% yeast tRNA, and 1× Denhardt’s solution). The sections were subsequently washed in 50% formamide at 52°C for 5 and 20 min, RNAse A (100 μg/ml; Sigma–Aldrich) for 30 min at 37°C, and in 50% formamide for 5 min at 52°C, then dehydrated in ethanol and defatted in xylene. Sections were placed in contact with Kodak BioMax MR film in light-tight cassettes for 10–15 days. The films were then developed. Slides were then processed for emulsion autoradiography. In that case, slides were coated with Kodak NTB3 nuclear emulsion diluted 1:1 with distilled water containing 300 mM ammonium acetate, air-dried for 3 h, and stored at room temperature in light-tight boxes for 14 days. Sections were developed in Kodak D-19 developer for 3.5 min at 14°C and lightly counterstained with eosin and hematoxylin, and mounted with Eukitt.



Quantification of mRNA Labeling

The relative levels of GAD67, GAD65, PPE, Drd2, Drd1, α1, β2, and γ2 mRNA labeling were quantified on X-ray film autoradiographs by computerized densitometry with NIH Image (Macintosh1). The autoradiographs were digitized using a CCD Sony video camera and the analog signal was converted to a digital image of 640 × 480 pixels (picture points) with gray values ranging from 0 to 255. Quantification was conducted ensuring most values were in the linear range of the best-fit calibration curve. Relative optical density (OD) measurements were calculated using two adjacent slides from each case. Data were expressed as mean ± S.E.M. Relative differences were compared within groups by Student’s t-test.

Following processing with X-ray films, sections were processed for emulsion autoradiography by dipping in Kodak NTB liquid emulsion. Following 2–3 weeks of exposure duration, the emulsion autoradiographs were developed in Kodak D19 developer, processed in fixative and counterstained with eosin-hematoxylin. Following mounting, the autoradiographs were examined on a Nikon microscope and neurons with five or more silver grains were quantified using NIH image as previously described (Nielsen and Soghomonian, 2004; Lanoue et al., 2010). Only probes showing a significant effect on X-ray films were quantified on emulsion autoradiographs. Two sections per case and 50 neurons per section and per region (caudate and putamen) were analyzed. The results were expressed as a number of pixels per neuron. Data from control and ASD cases were plotted for the caudate and the putamen as a frequency distribution of labeling per neuron and comparisons between the distributions in controls and ASD cases were analyzed with a Kolmogorov-Smirnov test.



Saturation Ligand Binding Assays

Five tritiated [3H] ligands including spiperone [Perkin Elmer, Boston, MA, USA, NET1187 (2016); Palacios et al., 1981; Filer et al., 2019], SCH 23390 [NET930 (2015); Bourne, 2001], flunitrazepam [NET5627 (2015); Guptill et al., 2007; Oblak et al., 2009], Ketanserin [NET7910 (2015); Leysen et al., 1982] and CGP 54626 [American Radiolabeled Chemicals, St. Louis, MO, USA ART715 (2015); Scheperjans et al., 2005] were processed under conditions specified in Table 2. Total binding was quantified from two thawed 20 μm sections while one section from each case was exposed to the ligand and a displacer to determine non-specific binding. Each displacer purchased from Sigma–Aldrich (St. Louis, MO, USA) was used at a concentration of 10 μM for +/− butaclamol hydrochloride [SIG-D033 (2016)] or 100 μM for both Clonazepam [SIG-C1277 (2016)] and CGP-55845 hydrochloride [SIG-SML0594 (2015)]. Imipramine hydrochloride was also used at 100 μM [AAJ6372306 Thermo Fisher Scientific, Waltham, MA, USA (2016)]. Labetalol hydrochloride [SIG L1011 (2016)] and ketanserin +/− tartrate [SIG S006 (2016)] were added to the spiperone buffer to block serotonin receptor 2 and adrenoreceptors.

TABLE 2. Ligand binding conditions.
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All tissue went through a pre-incubation in buffer without ligand for 30 min before incubation with a ligand for 1 h. Buffer for 3H spiperone was composed of 50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2 pH 7.4, 3H SCH 23390 and 3H flunitrazepam was composed of 170 mM Tris-HCl, pH 7.4 and 3H CGP 54626 used 50 mM Tris-HCl and 2.5 mM CaCl2, pH 7.2. After three 5-min rinses in buffer followed by one dip in distilled water, sections were allowed to air-dry overnight. Slides, [3H]-sensitive hyper film [Kodak Biomax MR film Z350389, Sigma–Aldrich, St. Louis, MO, USA (2016)] and a [3H] standard [Tritium standards, American Radiolabeled Chemicals St. Louis, MO, USA ART0123 (2015)] were placed in X-ray cassettes and exposed for 10–14 weeks. Films were processed in the dark for 3 min in developer [Kodak D19 74200, Electron Microscopy Sciences, Hatfield, PA, USA (2015)], fixed [Kodak Rapidfix 74312, Electron Microscopy Sciences, Hatfield, PA, USA (2015)] for 4 min at room temperature, and washed with a stream of water for 1 h and air-dried.

Tissue section autoradiograms from the film were digitized with a QICAM digital camera (QImaging, Surrey, BC, Canada) followed by analysis with MCID Core 7.1 Elite Image analysis system software (InterFocus Imaging Limited, UK). Within the MCID software, one representative standard curve was chosen to normalize all standard curves and images for comparison across films. The ribbon tool was employed to sample binding along the length of the observable region of interest that included the caudate and putamen of the BG (as shown by the Nissl in Figure 1A). OD values of the sampled areas were converted to nanocuries (nCi) per milligram (mg) through the use of [3H] standards then femtomoles (fmol) per mg of protein-based on the specific activity for each ligand. As non-specific binding was less than 5% of total binding, total binding was taken as representative of the specific binding for each ligand. Student t-tests were conducted to compare the binding affinity of each ligand between control and ASD groups.
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FIGURE 1. (A) Radioisotopic in situ hybridization histochemistry showing labeled mRNA of Drd2 and Drd1. (B) Quantification of the relative density of Drd2 measured on film autoradiographs reveals higher expression in autism spectrum disorder (ASD) cases (orange) in both the caudate and putamen. Drd1 expression levels are unchanged in the caudate and putamen in ASD. Drd2 n = 11 control, 11 ASD; Drd1 n = 11 control, 10 ASD.






RESULTS


Dopamine D1 and D2 Receptor Analysis

Radioisotopic ISHH allowed for visualization of mRNA encoding for dopamine receptors (Drd2, Drd1) within the caudate and putamen (Figure 1A). Regional quantification on film autoradiographs indicated that Drd2 mRNA expression was significantly elevated in both the caudate (mean: control 0.014 ± 0.002, ASD 0.023 ± 0.002) and putamen (mean: control 0.020 ± 0.002, ASD 0.026 ± 0.002) of the ASD cases (Figure 1B), with a more pronounced difference shown in the caudate. The expression of the Drd1 mRNA was not different between controls and ASD for neither the caudate (mean: control 0.106 ± 0.005, ASD 0.109 ± 0.007) or putamen (mean: control 0.102 ± 0.007, ASD 0.105 ± 0.006; Figure 1B).

To further examine the increase in Drd2 expression, mRNA levels were quantified at the single-cell level on emulsion autoradiographs (Figure 2). The analysis yielded results that confirmed the effects seen on film autoradiographs and further indicated that higher Drd2 mRNA levels in ASD seen on X-ray films are due to an increased expression per neuron rather than an increase in the number of neurons expressing the mRNA.


[image: image]

FIGURE 2. (A) Representative images of control and ASD caudate. Drd2 emulsion autoradiographs. (B) Histograms of Drd2 mRNA labeling within individuals cells quantifies the distribution from emulsion autoradiographs in controls (upper panels) and ASD (lower panels). Differences between control and ASD distributions were analyzed with a Kolmogorov–Smirnov test. n = 10 control, 11 ASD cases; n = 884 control caudate, 1,004 autism caudate, 766 control putamen, 1,000 autism putamen cells.



To determine whether increased Drd2 mRNA levels were paralleled by increased receptor expression at the protein level, ligand binding assays were conducted. D2R binding levels within the caudate (mean: control 210.014 ± 15.946, ASD 234.108 ± 18.529) and putamen (mean: control 249.161 ± 14.201, ASD 244.190 ± 11.614) were similar between ASD and control cases (Figure 3), indicating that overall D2R tissue expression within the caudate and putamen is unchanged. The D2Rs are primarily distributed on indirect striatal pathway neurons, on cholinergic and GABAergic interneurons as well as on corticostriatal axonal projections, whereas the Drd2 mRNA is detected in intrinsic striatal neurons only. Also, the population of cholinergic interneurons is much lower than the population of indirect pathway neurons. One explanation for the contradictory results between ISHH and ligand binding experiments could be that the ISHH results primarily reflect a change in mRNA levels in indirect pathway neurons. On the other hand, potential changes in ligand binding in indirect pathway neurons may be obscured by the detection of receptors on other populations of neurons, including corticostriatal axons.
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FIGURE 3. (A) Representative images of control and ASD cases for ligand binding with warmer colors indicating higher binding. Black circles over the control case represent typical sampling areas, where we chose only representative areas with appropriate binding levels for quantification and can be applied to all binding images. (B) D2 and D1 receptor expression labeled with tritiated isotopes are similar between ASD (orange) and controls (black) in the caudate/putamen. n = 11 control, 11 ASD.



To further assess the possibility that the expression of other mRNAs is altered in the indirect pathway neurons, we also measured pre proenkephalin (PPE; Figure 4A), which is selectively expressed in indirect pathway striatal neurons. Although the putamen levels of PPE in ASD cases were not different (mean: control 0.254 ± 0.045, ASD 0.278 ± 0.036; Figure 4B), the caudate of ASD had significantly higher levels of PPE compared to controls (mean: control 0.162 ± 0.020, ASD 0.253 ± 0.036).
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FIGURE 4. (A) Preproenkephalin mRNA labeling with radioisotopic in situ hybridization histochemistry. (B) Preproenkephalin is increased in the caudate, but not in the putamen of ASD cases. n = 10 control putamen, nine control caudate; 11 ASD putamen, nine ASD caudate.





GABAergic and 5-HT Markers

The mRNA levels of GAD65 caudate (mean: control 0.054 ± 0.005, ASD 0.052 ± 0.006) and putamen (mean: control 0.055 ± 0.007, ASD 0.060 ± 0.005) and GAD67 (Figure 5) in the caudate (mean: control 0.063 ± 0.010, ASD 0.069 ± 0.008) and putamen (mean: control 0.074 ± 0.009, ASD 0.079 ± 0.009) as well as the three GABA-A receptor subunits [α1 caudate (mean: control 0.039 ± 0.001, ASD 0.040 ± 0.002), putamen (mean: control 0.041 ± 0.003, ASD 0.040 ± 0.002); β2 caudate (mean: control 0.141 ± 0.009, ASD 0.147 ± 0.012), putamen (mean: control 0.156 ± 0.016, ASD 0.150 ± 0.014); and γ2 caudate (mean: control 0.073 ± 0.005, ASD 0.066 ± 0.002), putamen (mean: control 0.071 ± 0.004, ASD 0.074 ± 0.004); Figure 6] were not significantly different between control and ASD cases. Protein levels were not different between ASD and control groups for GABAA [caudate (mean: control 49.688 ± 11.639, ASD 54.462 ± 8.060), putamen (mean: control 53.421 ± 10.626, ASD 56.352 ± 9.418)] and GABAB receptors [caudate (mean: control 1.723 ± 0.184, ASD 2.229 ± 0.198), putamen (mean: control 1.540 ± 0.128, ASD 2.141 ± 0.159); Figure 7] or 5-HT2 receptors [caudate (mean: control 234.358 ± 23.548, ASD 223.460 ± 16.143), putamen (mean: control 251.705 ± 17.497, ASD 214.465 ± 19.519); Figure 8].
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FIGURE 5. (A) GAD67 and GAD65 mRNA labeling with radioisotopic in situ hybridization histochemistry. (B) Both GAD65 and GAD67 are similarly expressed between ASD and control cases in the caudate and putamen. n = 11 control, 11 ASD.
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FIGURE 6. GABAA subunit mRNA levels are unchanged between control and ASD cases, including α1 (n = 10 control, 8 ASD), β2 (n = 11 control, 9 ASD), and γ2 (n = 11 control, 10 ASD) in both caudate and putamen.
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FIGURE 7. (A) Representative image of ligand binding with warmer colors indicating higher binding. (B) GABAA and GABAB receptor expression labeled with tritiated isotopes is similar between ASD (orange) and controls (black). n = 11 control, 11 ASD.
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FIGURE 8. (A) Representative image of ligand binding with warmer colors indicating higher binding. (B) 5-HT2 receptor expression labeled with a tritiated isotope is similar between ASD (orange) and controls (black). n = 11 control, 11 ASD.






DISCUSSION


Dopaminergic Expression Differences Are Evident in the Dorsal Striatum in ASD

The objective of the present study was to document possible changes in the expression of key markers of dopaminergic and GABAergic neurons in ASD. Our study presents original evidence for neurochemical imbalance in the dopaminergic system in the caudate and putamen in ASD cases. The functional relevance of differences in the BG of individuals with ASD is unclear but the effect seen on Drd2 receptors suggests that modulation of striatal neurons by dopamine is altered in ASD. Dopamine is a major modulator of striatal neurons and dopamine receptors are expressed in striatal interneurons and striatal projection neurons. Projection neurons in particular constitute a large proportion of the striatal neuronal population representing about 85% of all neurons. Other cells are cholinergic or GABAergic interneurons (Assous and Tepper, 2019). In our ISHH studies, analyses did not distinguish between GABAergic projection neurons and interneurons. Because the population of interneurons is very low compared to projection neurons, the changes in Drd2 mRNA documented here likely occurred in GABAergic projection neurons. Also, we did not include large cell bodies in our analyses, which correspond to cholinergic interneurons. It was somewhat surprising to find that the changes in Drd2 mRNA levels were not accompanied by changes in dopamine D2 receptors in our binding experiments. There are several plausible explanations for this apparent mismatch. First, ligand binding detects receptors present not only on projection neurons and interneurons but also on axon terminals of corticostriatal and thalamostriatal inputs. Second, dopamine receptors expressed in striatal projection neurons can be transported to their targets in the globus pallidus and/or substantia nigra, and changes in mRNA levels may not necessarily translate into changes in receptor levels on cell bodies. D2Rs expressed in striatal projection neurons are primarily expressed in indirect pathway neurons that project to the Gpe. This subpopulation of striatal projection neurons co-expressed PPE mRNA (for a review see: Soghomonian, 2016). We found that PPE mRNA levels were also elevated in the caudate, which further supports the interpretation that indirect pathway neurons are impacted in ASD. Drd1 mRNA levels, which are primarily expressed in the direct pathway neurons that project to Gpi were not changed.

Dopamine receptors exert widespread effects on the activity of intrinsic neurons in the caudate and putamen. In particular, Drd2 receptors inhibit striatal indirect pathway neurons. The changes in Drd2 mRNA levels suggest that control of GABAergic indirect pathway projection neurons is affected in ASD, however, a functional change in the striatum is undetermined and there may instead be an impact on D2R in the globus pallidus. A recent study has shown that a DAT mutation identified in an individual with ASD alters dopaminergic transmission in the striatum of a mouse model, an effect paralleled by hyperactive and repetitive behaviors as well as social deficits (DiCarlo et al., 2019). In this context, it would also be important to determine if changes in dopaminergic activity are a developmental feature of ASD. In that regard, it is noteworthy that gene mutations seen in ASD alter corticostriatal activity in mouse models (for a review see: Subramanian et al., 2017). In particular, in Fmr1 mice, a hypoconnectivity of corticostriatal synapses has been documented (Centonze et al., 2008; Jung et al., 2012; Zerbi et al., 2018). Whether or not dopamine plays a role in this hypoconnectivity would be important to determine. The reason why we did not see a parallel effect on GAD or GABAA receptor expression is unclear. The most likely possibility is that GAD and GABAA receptors are expressed in direct and indirect pathway neurons as well as in striatal interneurons. Therefore, a specific effect in indirect pathway neurons would be diluted. Future double-labeling anatomical studies at the single-cell level or single-cell transcriptomics could be used to determine if transcriptional changes are selective to indirect pathway neurons and if they involve other markers of activity.



Corticostriatal Inputs to MSNs of the Direct and Indirect Pathways Are Modulated by Dopamine

The caudate and putamen receive widely distributed inputs from the cortex. These corticostriatal projections originate from cortical layers 5A, 5B, and 6 (for a review see: Kuo and Liu, 2019). Averbeck et al. (2014) used anterograde or bidirectional tract tracers in male macaque monkeys to map corticostriatal inputs, which are topographically organized but largely overlapping, especially from frontal cortical areas (for a review see: Haber, 2016). As an example, ventromedial prefrontal cortex (vmPFC), orbitofrontal cortex (OFC), the dorsal part of the anterior cingulate limbic cortex (dACC) along with parts of dorsal prefrontal cortex (dPFC) project to “hubs” in the medial rostral caudate nucleus, possibly to integrate computations from multiple systems (Buckner et al., 2009; Averbeck et al., 2014) that are involved in decision processes or assigning value associated with actions or stimuli (Seo et al., 2012; Averbeck et al., 2014). These “loops” appear critical for motor functions including motor control, action selection, sequence learning, and formation of habits, but also cognitive/limbic functions that include learning, memory processing, decision making, and planning (Pennartz et al., 2009; Shepherd, 2013; Saunders et al., 2015). The corticostriatal input terminates on GABAergic interneurons and MSNs. GABAergic interneurons exert via feed-forward inhibition on MSN and thereby exert a strong impact on MSNs, which receive both motor and non-motor inputs. This distributed input from cortical areas opens several avenues where alterations in cortical systems could lead to disrupted processing in the striatum in ASD. As one example, the dorsal anterior cingulate cortex is an area that heavily innervates the striatum (for a review see: Haber, 2016) and a recent postmortem study from our laboratory revealed differences in serotonin receptor subtype densities that were age-dependent and not evident in the other cortical brain areas examined (Brandenburg and Blatt, 2019). D1R modulates GABA release in the direct pathway whereas D2R modulates GABA release mainly to the GABAergic GPe (i.e., on striatopallidal neurons) in the indirect pathway (for a review see: Gerfen and Bolam, 2010). Recently, it was determined in the macaque that different regions of the dorsal striatum receive unique sets of cortical inputs (i.e., striatal hubs) and their striatopallidal projections are largely topographic with predictive terminal fields from individual injection sites (Heilbronner et al., 2018). Striatal zones receiving unique combinations of cortical afferents (Averbeck et al., 2014; Choi et al., 2017) parcellate into specific functional topography. An example is the convergence of projections from the inferior parietal lobule and prefrontal cortex onto the rostral dorsal caudate, which subsequently projects to the GPe and is critical for the formation of visual bias toward salient environmental stimuli (Steinmetz and Constantinidis, 1995; Corbetta and Shulman, 2002; Corbetta et al., 2008). Thus, disruption of neurochemical modulation via dopamine within GABAergic MSNs in the dorsal striatum has the potential to affect neuronal firing to output structures (Mamad et al., 2015), which can influence the control of specific motor and/or non-motor activity and function via the reciprocal output projections to cortical areas. As our results demonstrate increased expression of Drd2 and PPE mRNA, we expect that the indirect pathway striatopallidal circuity and its control by corticostriatal inputs are impacted in ASD.

To this end, there are examples of genetic autism-related animal model studies that have demonstrated changes in D2Rs with implications for BG behavioral changes that include repetitive grooming, stereotypic motor routines as well as deficits in decision making and social interactions (Fuccillo, 2016). In the mouse model of the 16p11.2 human copy number variant (CNV), there was an increase in overall numbers of D2R positive MSN phenotypes in the dorsal and ventral striatum and a strong increase in net excitatory strength on D2Rs on MSNs (Portmann et al., 2014). In another genetic animal model, Cntnap4 KOs were administered a D2R antagonist, haloperidol resulting in decreased perseverative grooming by increasing dopaminergic tone (Karayannis et al., 2014). Despite numerous examples of D2R changes in animal models, there is a paucity of studies demonstrating Drd2 mRNA changes in MSNs in animal models and in human studies. Thus, follow-up studies in postmortem autism cases are warranted to further delineate neurochemical differences within human BG circuits.



Implications of Dysfunction of the Indirect Pathway

Disruptions in the indirect striatofugal pathway in ASD could have widespread ramifications. It may contribute to the altered encoding of information relevant to locomotion (Barbera et al., 2016). The indirect pathway projects to the GPe and dopamine controls this pathway via receptors expressed on striatal projection neurons or via presynaptic D2 receptors transported from the striatum to the Gpe (Rommelfanger and Wichmann, 2010; Mamad et al., 2015). Restricted repetitive behaviors, prevalent in ASD and other neurodevelopmental conditions, include stereotypy, rituals, and compulsions and have been reported to develop, in part, due to decreased indirect pathway activity in a mouse model (Tanimura et al., 2011). Recently, a large study of 2,084 children with ASD ≤6 years old measuring motor domain criteria from Vineland tests reported that 35% had significant motor difficulties with another 44% classified as moderately low skilled and included motor stereotypies (hand flapping, spinning, body rocking), and non-verbal behaviors such as use of body postures and gestures (Licari et al., 2020).

While many components in the brain contribute to a variety of these motor functions, MSNs in the dorsal striatum are considered to play a prominent role. The opposing actions of the direct pathway, which facilitates motor activity, vs. the indirect pathway that inhibits competing motor activity, result in smooth motor actions when relayed up to the motor cortex. If either pathway is disturbed, aberrant signals through BG efferent projections may be affected. Dopaminergic transmission dynamically regulates these actions and is critical to maintaining E/I balance within the circuitry. Since D1R excite MSNs of the direct pathway and D2 inhibits MSNs of the indirect pathway, the indirect pathway through the BG can act to terminate or inhibit competing movements selected by the direct pathway (Chu et al., 2015), i.e., if not functioning correctly, dysregulation of the specific part(s) of BG circuitry could lead to stereotypy and repetitive behaviors as seen in ASD.



Pharmacotherapeutic Implications

Pharmacotherapies have been extensively utilized in individuals with ASD, but there are only a few FDA-approved drugs aimed at helping to ameliorate or lessen behavioral symptoms. These include Risperidone (Risperdal), a second-generation antipsychotic, which is the only drug approved by the FDA for children with ASD over 5 years of age with irritability and aggression as well as Aripiprazole (Abilify), a psychotropic drug for irritability and depression (Hirsch and Pringsheim, 2016; Li et al., 2017: Eissa et al., 2018; Lamy and Erickson, 2018). Both drugs target a combination of dopamine and serotonin receptors and both treatments have had paradoxical effects, helping some individuals with ASD but having adverse side effects in others. Each of these drugs targets BG, D2R, and 5-HT2. However, the present study, which is limited in cases, demonstrated similar binding densities for these key receptor types in the dorsal striatum negating any definitive conclusions regarding the efficacy of the drugs on D2R or 5-HT2 receptors. Future studies that address dopaminergic innervation to the GPe and possible effects on D2Rs and/or other BG structures will be important, Another consideration that cannot be ruled out is that changes in Drd2 mRNA levels are secondary to pharmacotherapy as our sample size was not suitable to assess the possible impact of treatment on mRNA levels. Earlier experimental studies in rodents and primates have provided inconsistent results on the effects of neuroleptics on mRNA levels for dopamine receptors in the BG (Fox et al., 1994). Therefore, a possible contribution of pharmacotherapy on Drd2 mRNA levels is unclear and should be further investigated.




CONCLUSIONS

The results suggest that the indirect pathway of the BG is implicated in ASD as evidenced by a significant elevation in Drd2 mRNA within MSNs of the caudate and putamen and a similar increase in caudate MSN PPE mRNA, an indirect pathway marker. Since the indirect pathway is thought to contribute to inhibiting competing motor actions so that a chosen action by the direct pathway can proceed, it is therefore likely that a disturbance in a key regulator of action selection may be relevant for motor dysfunction, stereotypy, and/or other repetitive behaviors in individuals with ASD. In addition to these functions, the BG has been implicated in the cognitive control of language processing, and functional interactions between Broca’s area and the striatum are well documented (Bohsali and Crosson, 2016). Changes in neurochemical or cellular processes in the BG may thus also have significance to language disorders in ASD.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

GB, J-JS and CB: conceptualization. CB, KZ, IS, BR, and MK: methodology. CB, J-JS, KZ, IS, BR, and MK: analysis. CB, GB, and J-JS: original draft. CB, GB, J-JS, KZ, IS, BR, and MK: review and editing. GB and J-JS: supervision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Hussman Foundation grants HIAS #15001 and HIAS #17001 (GB, Principal Investigator).



ACKNOWLEDGMENTS

We acknowledge helpful assistance with references from Ms. Abimbola Oladele. We thank Dr. John P. Hussman for his critical review of the manuscript. We also thank the NIH Neurobiobank at the University of Maryland, Baltimore for supplying the postmortem cases for this study. Finally, the authors are indebted to the families who donated the brain tissue from their loved ones, both autism cases as well as neurotypical controls which made this and other research studies possible.



ABBREVIATIONS

5-HT, serotonin; ADI, Autism Diagnostic Interview; ASD, autism spectrum disorder; BG, basal ganglia; DA, dopamine; D1R, dopamine type 1 receptor; D2R, dopamine type 2 receptor; Drd2, dopamine receptor D2 gene; Drd1, dopamine receptor D1 gene; GPi, globus pallidus internus; GPe, globus pallidus externus; ISHH, in situ hybridization histochemistry; MSNs, medium spiny neurons; PPE, preproenkephalin; SNpr, substantia nigra pars reticularis.



FOOTNOTES

1^www.zippy.nimh.nih.gov



REFERENCES


American Psychiatric Association. (2013). Diagnostic and Statistical Manual of Mental Disorders. 5th Edn. Arlington, VA: American Psychiatric Publishing.


Assous, M., and Tepper, J. M. (2019). Excitatory extrinsic afferents to striatal interneurons and interactions with striatal microcircuitry. Eur. J. Neurosci. 49, 593–603. doi: 10.1111/ejn.13881

Averbeck, B. B., Lehman, J., Jacobson, M., and Haber, S. N. (2014). Estimates of projection overlap and zones of convergence within frontal-striatal circuits. J. Neurosci. 34, 9497–9505. doi: 10.1523/JNEUROSCI.5806-12.2014

Barbera, G., Liang, B., Zhang, L., Gerfen, C. R., Culurciello, E., Chen, R., et al. (2016). Spatially compact neural clusters in the dorsal striatum encode locomotion relevant information. Neuron 92, 202–213. doi: 10.1016/j.neuron.2016.08.037

Becker, E. B., and Stoodley, C. J. (2013). Autism spectrum disorder and the cerebellum. Int. Rev. Neurobiol. 113, 1–34. doi: 10.1016/B978-0-12-418700-9.00001-0


Bohsali, A., and Crosson, B. (2016). “The basal ganglia and language: a tale of two loops,” in The Basal Ganglia: Novel Perspectives on Motor and Cognitive Functions, ed. J.-J. Soghomonian (New York, NY: Springer International Publishing), 217–242.


Bourne, J. A. (2001). SCH 23390: the first selective dopamine D1-like receptor antagonist. CNS Drug Rev. 7, 399–414. doi: 10.1111/j.1527-3458.2001.tb00207.x

Brandenburg, C., and Blatt, G. J. (2019). Differential serotonin transporter (5-HTT) and 5-HT2 receptor density in limbic and neocortical areas of adults and children with autism spectrum disorders: implications for selective serotonin reuptake inhibitor efficacy. J. Neurochem. 151, 642–655. doi: 10.1111/jnc.14832

Buckner, R. L., Sepulcre, J., Talukdar, T., Krienen, F. M., Liu, H., Hedden, T., et al. (2009). Cortical hubs revealed by intrinsic functional connectivity: mapping, assessment of stability and relation to Alzheimer’s disease. J. Neurosci. 29, 1860–1873. doi: 10.1523/JNEUROSCI.5062-08.2009

Centonze, D., Rossi, S., Mercaldo, V., Napoli, I., Teresa Ciotti, M., De Chiara, V., et al. (2008). Abnormal striatal GABA transmission in the mouse model for the fragile X syndrome. Biol. Psychiatry 63, 963–973. doi: 10.1016/j.biopsych.2007.09.008

Choi, E. Y., Ding, S.-L., and Haber, S. N. (2017). Combinatorial inputs to the ventral striatum from the temporal cortex, frontal cortex, and amygdala: implications for segmenting the striatum. eNeuro 4:ENEURO.0392–17.2017. doi: 10.1523/ENEURO.0392-17.2017

Chu, H.-Y., Atherton, J. F., Wokosin, D., Surmeier, D. J., and Bevan, M. D. (2015). Heterosynaptic regulation of external globus pallidus inputs to the subthalamic nucleus by the motor cortex. Neuron 85, 364–376. doi: 10.1016/j.neuron.2014.12.022

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of the human brain: from environment to theory of mind. Neuron 58, 306–324. doi: 10.1016/j.neuron.2008.04.017

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/nrn755

Cox, K. H., DeLeon, D. V., Angerer, L. M., and Angerer, R. C. (1984). Detection of mRNAs in sea urchin embryos by in situ hybridization using asymmetric RNA probes. Dev. Biol. 101, 485–502. doi: 10.1016/0012-1606(84)90162-3

DiCarlo, G. E., Aguilar, J. I., Matthies, H. J., Harrison, F. E., Bundschuh, K. E., West, A., et al. (2019). Autism-linked dopamine transporter mutation alters striatal dopamine neurotransmission and dopamine-dependent behaviors. J. Clin. Invest. 129, 3407–3419. doi: 10.1172/JCI127411

Eissa, N., Al-Houqani, M., Sadeq, A., Ojha, S. K., Sasse, A., and Sadek, B. (2018). Current enlightenment about etiology and pharmacological treatment of autism spectrum disorder. Front. Neurosci. 12:304. doi: 10.3389/fnins.2018.00304

Filer, C. N., Laseter, A. G., and Shelton, E. J. (2019). Spiperone: tritium labelling at high specific activity. Appl. Radiat. Isot. 147, 211–214. doi: 10.1016/j.apradiso.2019.02.008

Fox, C. A., Mansour, A., and Watson, S. J. Jr. (1994). The effects of haloperidol on dopamine receptor gene expression. Exp. Neurol. 130, 288–303. doi: 10.1006/exnr.1994.1207

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

Fung, L. K., and Hardan, A. Y. (2014). Autism in DSM-5 under the microscope: implications to patients, families, clinicians, and researchers. Asian J. Psychiatr. 11, 93–97. doi: 10.1016/j.ajp.2014.08.010


Gerfen, C. R., and Bolam, J. P. (2010). “The neuroanatomical organization of the basal ganglia,” in Handbook of Basal Ganglia Structure and Function. Volume 20 of Handbook of Behavioral Neuroscience, eds H. Steiner and K. Y. Tseng (Amsterdam: Elsevier), 3–28.


Geschwind, D. H., and Levitt, P. (2007). Autism spectrum disorders: developmental disconnection syndromes. Curr. Opin. Neurobiol. 17, 103–111. doi: 10.1016/j.conb.2007.01.009

Goel, R., Hong, J. S., Findling, R. L., and Ji, N. Y. (2018). An update on pharmacotherapy of autism spectrum disorder in children and adolescents. Int. Rev. Psychiatry 30, 78–95. doi: 10.1080/09540261.2018.1458706

Graybiel, A. M. (2008). Habits, rituals, and the evaluative brain. Annu. Rev. Neurosci. 31, 359–387. doi: 10.1146/annurev.neuro.29.051605.112851

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

Guptill, J. T., Booker, A. B., Gibbs, T. T., Kemper, T. L., Bauman, M. L., and Blatt, G. J. (2007). [3H]-flunitrazepam-labeled benzodiazepine binding sites in the hippocampal formation in autism: a multiple concentration autoradiographic study. J. Autism Dev. Disord. 37, 911–920. doi: 10.1007/s10803-006-0226-7

Haber, S. N. (2016). Corticostriatal circuitry. Dialogues Clin. Neurosci. 18, 7–21. doi: 10.31887/DCNS.2016.18.1/shaber

Heilbronner, S. R., Meyer, M. A. A., Choi, E. Y., and Haber, S. N. (2018). How do cortico-striatal projections impact on downstream pallidal circuitry? Brain Struct. Funct. 223, 2809–2821. doi: 10.1007/s00429-018-1662-9

Hirsch, L. E., and Pringsheim, T. (2016). Aripiprazole for autism spectrum disorders (ASD). Cochrane Database Syst. Rev. 2016:CD009043. doi: 10.1002/14651858.CD009043.pub3

Hollander, E., Anagnostou, E., Chaplin, W., Esposito, K., Haznedar, M. M., Licalzi, E., et al. (2005). Striatal volume on magnetic resonance imaging and repetitive behaviors in autism. Biol. Psychiatry 58, 226–232. doi: 10.1016/j.biopsych.2005.03.040

Ichikawa, H., Mikami, K., Okada, T., Yamashita, Y., Ishizaki, Y., Tomoda, A., et al. (2017). Aripiprazole in the treatment of irritability in children and adolescents with autism spectrum disorder in Japan: a randomized, double-blind, placebo-controlled study. Child Psychiatry Hum. Dev. 48, 796–806. doi: 10.1007/s10578-016-0704-x

Jung, K.-M., Sepers, M., Henstridge, C. M., Lassalle, O., Neuhofer, D., Martin, H., et al. (2012). Uncoupling of the endocannabinoid signalling complex in a mouse model of fragile X syndrome. Nat. Commun. 3:1080. doi: 10.1038/ncomms2045

Karayannis, T., Au, E., Patel, J. C., Kruglikov, I., Markx, S., Delorme, R., et al. (2014). Cntnap4 differentially contributes to GABAergic and dopaminergic synaptic transmission. Nature 511, 236–240. doi: 10.1038/nature13248

Kent, J. M., Kushner, S., Ning, X., Karcher, K., Ness, S., Aman, M., et al. (2013). Risperidone dosing in children and adolescents with autistic disorder: a double-blind, placebo-controlled study. J. Autism Dev. Disord. 43, 1773–1783. doi: 10.1007/s10803-012-1723-5

Kuo, H.-Y., and Liu, F.-C. (2019). Synaptic wiring of corticostriatal circuits in basal ganglia: insights into the pathogenesis of neuropsychiatric disorders. eNeuro 6:ENEURO.0076–19.2019. doi: 10.1523/ENEURO.0076-19.2019

Lamy, M., and Erickson, C. A. (2018). Pharmacological management of behavioral disturbances in children and adolescents with autism spectrum disorders. Curr. Probl. Pediatr. Adolesc. Health Care 48, 250–264. doi: 10.1016/j.cppeds.2018.08.015

Langen, M., Durston, S., Staal, W. G., Palmen, S. J., and van Engeland, H. (2007). Caudate nucleus is enlarged in high-functioning medication-naive subjects with autism. Biol. Psychiatry 62, 262–266. doi: 10.1016/j.biopsych.2006.09.040

Lanoue, A. C., Dumitriu, A., Myers, R. H., and Soghomonian, J. J. (2010). Decreased glutamic acid decarboxylase mRNA expression in prefrontal cortex in Parkinson’s disease. Exp. Neurol. 226, 207–217. doi: 10.1016/j.expneurol.2010.09.001


LeClerc, S., and Easley, D. (2015). Pharmacological therapies for autism spectrum disorder: a review. P T 40, 389–397.



Leysen, J. E., Niemegeers, C. J., Van Nueten, J. M., and Laduron, P. M. (1982). [3H]Ketanserin (R 41 468), a selective 3H-ligand for serotonin2 receptor binding sites. Binding properties, brain distribution, and functional role. Mol. Pharmacol. 21, 301–314.


Li, A., MacNeill, B., Curiel, H., and Poling, A. (2017). Risperidone in combination with other drugs: experimental research in individuals with autism spectrum disorder. Exp. Clin. Psychopharmacol. 25, 434–439. doi: 10.1037/pha0000144

Licari, M. K., Alvares, G. A., Varcin, K., Evans, K. L., Cleary, D., Reid, S. L., et al. (2020). Prevalence of motor difficulties in Autism Spectrum Disorder: analysis of the population-based cohort. Autism Res. 13, 298–306. doi: 10.1002/aur.2230

Lovinger, D. M. (2017). An indirect route to repetitive actions. J. Clin. Invest. 127, 1618–1621. doi: 10.1172/JCI93918

Mamad, O., Delaville, C., Benjelloun, W., and Benazzouz, A. (2015). Dopaminergic control of the globus pallidus through activation of D2 receptors and its impact on the electrical activity of subthalamic nucleus and substantia nigra reticulata neurons. PLoS One 10:e0119152. doi: 10.1371/journal.pone.0119152

Marcus, R. N., Owen, R., Kamen, L., Manos, G., McQuade, R. D., Carson, W. H., et al. (2009). A placebo-controlled, fixed-dose study of aripiprazole in children and adolescents with irritability associated with autistic disorder. J. Am. Acad. Child Adolesc. Psychiatry 48, 1110–1119. doi: 10.1097/CHI.0b013e3181b76658

McCracken, J. T., McGough, J., Shah, B., Cronin, P., Hong, D., Aman, M. G., et al. (2002). Risperidone in children with autism and serious behavioral problems. N. Engl. J. Med. 347, 314–321. doi: 10.1056/NEJMoa013171

McDougle, C. J., Scahill, L., Aman, M. G., McCracken, J. T., Tierney, E., Davies, M., et al. (2005). Risperidone for the core symptom domains of autism: results from the study by the autism network of the research units on pediatric psychopharmacology. Am. J. Psychiatry 162, 1142–1148. doi: 10.1176/appi.ajp.162.6.1142

Nielsen, K. M., and Soghomonian, J.-J. (2004). Normalization of glutamate decarboxylase gene expression in the entopeduncular nucleus of rats with a unilateral 6-hydroxydopamine lesion correlates with increased GABAergic input following intermittent but not continuous levodopa. Neuroscience 123, 31–42. doi: 10.1016/j.neuroscience.2003.08.010

Oblak, A., Gibbs, T. T., and Blatt, G. J. (2009). Decreased GABAA receptors and benzodiazepine binding sites in the anterior cingulate cortex in autism [published correction appears in Autism]. Autism Res. 2, 205–219. doi: 10.1002/aur.88

Owen, R., Sikich, L., Marcus, R. N., Corey-Lisle, P., Manos, G., McQuade, R. D., et al. (2009). Aripiprazole in the treatment of irritability in children and adolescents with autistic disorder. Pediatrics 124, 1533–1540. doi: 10.1542/peds.2008-3782

Palacios, J. M., Niehoff, D. L., and Kuhar, M. J. (1981). [3H]Spiperone binding sites in brain: autoradiographic localization of multiple receptors. Brain Res. 213, 277–289. doi: 10.1016/0006-8993(81)90234-1

Pandina, G. J., Bossie, C. A., Youssef, E., Zhu, Y., and Dunbar, F. (2007). Risperidone improves behavioral symptoms in children with autism in a randomized, double-blind, placebo-controlled trial. J. Autism Dev. Disord. 37, 367–373. doi: 10.1007/s10803-006-0234-7

Pennartz, C. M. A., Berke, J. D., Graybiel, A. M., Ito, R., Lansink, C. S., van der Meer, M., et al. (2009). Corticostriatal interactions during learning, memory processing, and decision making. J. Neurosci. 29, 12831–12838. doi: 10.1523/JNEUROSCI.3177-09.2009

Portmann, T., Yang, M., Mao, R., Panagiotakos, G., Ellegood, J., Dolen, G., et al. (2014). Behavioral abnormalities and circuit defects in the basal ganglia of a mouse model of 16p11.2 deletion syndrome. Cell Rep. 7, 1077–1092. doi: 10.1016/j.celrep.2014.03.036

Rojas, D. C., Peterson, E., Winterrowd, E., Reite, M. L., Rogers, S. J., and Tregellas, J. R. (2006). Regional gray matter volumetric changes in autism associated with social and repetitive behavior symptoms. BMC Psychiatry 6:56. doi: 10.1186/1471-244X-6-56

Rommelfanger, K. S., and Wichmann, T. (2010). Extrastriatal dopaminergic circuits of the Basal Ganglia. Front. Neuroanat. 4:139. doi: 10.3389/fnana.2010.00139

Sato, W., Kubota, Y., Kochiyama, T., Uono, S., Yoshimura, S., Sawada, R., et al. (2014). Increased putamen volume in adults with autism spectrum disorder. Front. Hum. Neurosci. 8:957. doi: 10.3389/fnhum.2014.00957

Saunders, A., Oldenburg, I. A., Berezovskii, V. K., Johnson, C. A., Kingery, N. D., Elliott, H. L., et al. (2015). A direct GABAergic output from the basal ganglia to frontal cortex. Nature 521, 85–89. doi: 10.1038/nature14179

Scheperjans, F., Palomero-Gallagher, N., Grefkes, C., Schleicher, A., and Zilles, K. (2005). Transmitter receptors reveal segregation of cortical areas in the human superior parietal cortex: relations to visual and somatosensory regions. NeuroImage 28, 362–379. doi: 10.1016/j.neuroimage.2005.06.028

Sears, L. L., Vest, C., Mohamed, S., Bailey, J., Ranson, B. J., and Piven, J. (1999). An MRI study of the basal ganglia in autism. Prog. Neuropsychopharmacol. Biol. Psychiatry 23, 613–624. doi: 10.1016/s0278-5846(99)00020-2

Seo, M., Lee, E., and Averbeck, B. B. (2012). Action selection and action value in frontal-striatal circuits. Neuron 74, 947–960. doi: 10.1016/j.neuron.2012.03.037

Shea, S., Turgay, A., Carroll, A., Schulz, M., Orlik, H., Smith, I., et al. (2004). Risperidone in the treatment of disruptive behavioral symptoms in children with autistic and other pervasive developmental disorders. Pediatrics 114, e634–e641. doi: 10.1542/peds.2003-0264-F

Shepherd, G. M. G. (2013). Corticostriatal connectivity and its role in disease. Nat. Rev. Neurosci. 14, 278–291. doi: 10.1038/nrn3469


Soghomonian, J. J. (2016). “Anatomy and function of the direct and indirect striatal pathways,” in The Basal Ganglia: Novel Perspectives on Motor and Cognitive Functions, ed. J.-J. Soghomonian (New York, NY: Springer), 47–67.


Steinmetz, M. A., and Constantinidis, C. (1995). Neurophysiological evidence for a role of posterior parietal cortex in redirecting visual attention. Cereb. Cortex 5, 448–456. doi: 10.1093/cercor/5.5.448

Subramanian, K., Brandenburg, C., Orsati, F., Soghomonian, J. J., Hussman, J. P., and Blatt, G. J. (2017). Basal ganglia and autism—a translational perspective. Autism Res. 10, 1751–1775. doi: 10.1002/aur.1837

Tanimura, Y., King, M. A., Williams, D. K., and Lewis, M. H. (2011). Development of repetitive behavior in a mouse model: roles of indirect and striosomal basal ganglia pathways. Int. J. Dev. Neurosci. 29, 461–467. doi: 10.1016/j.ijdevneu.2011.02.004

Wegiel, J., Flory, M., Kuchna, I., Nowicki, K., Ma, S. Y., Imaki, H., et al. (2014). Stereological study of the neuronal number and volume of 38 brain subdivisions of subjects diagnosed with autism reveals significant alterations restricted to the striatum, amygdala and cerebellum. Acta Neuropathol. Commun. 2:141. doi: 10.1186/s40478-014-0141-7

Wood, E. (1983). Molecular cloning. A laboratory manual. Biochem. Edu. 11:82. doi: 10.1016/0307-4412(83)90068-7

Zerbi, V., Ielacqua, G. D., Markicevic, M., Haberl, M. G., Ellisman, M. H., A-Bhaskaran, A., et al. (2018). Dysfunctional autism risk genes cause circuit-specific connectivity deficits with distinct developmental trajectories. Cereb. Cortex 28, 2495–2506. doi: 10.1093/cercor/bhy046

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.

Copyright © 2020 Brandenburg, Soghomonian, Zhang, Sulkaj, Randolph, Kachadoorian and Blatt. 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.












	
	HYPOTHESIS AND THEORY
published: 11 November 2020
doi: 10.3389/fncel.2020.585395





[image: image2]

Paradoxical Effects of a Cytokine and an Anticonvulsant Strengthen the Epigenetic/Enzymatic Avenue for Autism Research

D. G. Béroule1,2*


1CNRS, Bat.508, Faculté des Sciences d’Orsay, BP 133, Orsay, France

2CRIIGEN, Paris, France

Edited by:
Yu-Chih Lin, Hussman Institute for Autism, United States

Reviewed by:
Chan Young Shin, Konkuk University, South Korea
Charles Albert Hoeffer, University of Colorado Boulder, United States

* Correspondence: D. G. Béroule, dominique.beroule@limsi.fr

Specialty section: This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

Received: 20 July 2020
 Accepted: 28 September 2020
 Published: 11 November 2020

Citation: Béroule DG (2020) Paradoxical Effects of a Cytokine and an Anticonvulsant Strengthen the Epigenetic/Enzymatic Avenue for Autism Research. Front. Cell. Neurosci. 14:585395. doi: 10.3389/fncel.2020.585395



Maternal exposure to the valproate short-chain fatty acid (SCFA) during pregnancy is known to possibly induce autism spectrum disorders (ASDs) in the offspring. By contrast, case studies have evidenced positive outcomes of this anticonvulsant drug in children with severe autism. Interestingly, the same paradoxical pattern applies to the IL-17a inflammatory cytokine involved in the immune system regulation. Such joint apparent contradictions can be overcome by pointing out that, among their respective signaling pathways, valproate and IL-17a share an enhancement of the “type A monoamine oxidase” (MAOA) enzyme carried by the X chromosome. In the Guided Propagation (GP) model of autism, such enzymatic rise triggers a prenatal epigenetic downregulation, which, without possible X-inactivation, and when coinciding with genetic expression variants of other brain enzymes, results in the delayed onset of autistic symptoms. The underlying imbalance of synaptic monoamines, serotonin in the first place, would reflect a mismatch between the environment to which the brain metabolism was prepared during gestation and the postnatal actual surroundings. Following a prenatal exposure to molecules that significantly elicit the MAOA gene expression, a daily treatment with the same metabolic impact would tend to recreate the fetal environment and contribute to rebalance monoamines, thus allowing proper neural circuits to gradually develop, provided behavioral re-education. Given the multifaceted other players than MAOA that are involved in the regulation of serotonin levels, potential compensatory effects are surveyed, which may underlie the autism heterogeneity. This explanatory framework opens up prospects regarding autism prevention and treatment, strikingly in line with current advances along the gut microbiome–brain axis.

Keywords: autism spectrum disorders, brain enzymes, epigenetics, cytokines, short-chain fatty acids, gut microbiome, MAOA, guided propagation networks


INTRODUCTION

Living organisms do not passively undergo inputs from their biological environment. Whether air particle, radiation, food, or drug, any ambient stimulus generates different net effects depending on both its strength and context of intrusion into the human body. Contradictory global effects can even be initiated by the same input and can raise a paradox deserving examination for possibly gaining insights into the biological mechanisms at work. Although not considered as fully “environmental” (Modabbernia et al., 2017), autism spectrum disorder (ASD) cases have followed an asymptotic increase in number over the last 50 years (Demeneix, 2014), too rapidly to argue a clear genetic cause like in hemophilia (Evatt, 2010; Figure 1). Rather than being attributable to a significant genetic mutation, such as Fragile X, Brunner (Piton et al., 2014), and Rett syndromes among close conditions, ASD is usually described by several symptoms of variable severities. Communication deficits are likely to result from a lack of emotional guiding and control of perception, worsened in most severe cases by irrelevant repetitions of a few acts (stereotypy). A high comorbidity evokes a condition of the systemic type, including poor sleep, digestive problems, and epileptic signs.
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FIGURE 1. Evolution of the autism rate (blue asymptotic curve, from Demeneix, 2014) compared with genetic diseases: hemophilia (yellow line superimposed on a graph (excerpt from Evatt, 2010) and Brunner syndrome (BS; displayed by green line segments). Intellectual disabilities associated with BS, as observed in only two families around 1993 and 2013 (Piton et al., 2014), prevent transgenerational transmission, contrary to hemophilia, which can be passed on by healthy carriers from one generation to the next. By contrast with BS, the rate of hemophilia follows at least a slight progression, as reflected by a Venezuelan survey of affected patients over a decade (Evatt, 2010). The asymptotic increase of autism spectrum disorder (ASD) cases is proposed here to result from environmental factors inducing the silent inheritance of an epigenetic mark. The latter would remain hidden until genetic features are met across human generations. Accordingly, the ASD rates currently released would only account for cases of “overt autism”, irrespective of “healthy carriers” of the epigenetic mark at issue.



The survey reported here has been motivated by the identification of an intriguing phenomenon relating recent trials of molecules with potential impact on autism. As a matter of fact, paradoxical data were issued by distinct scientific experiments whose respective molecular targets [i.e., IL-17a cytokine and valproate (VPA) anticonvulsant] were found to alleviate autistic symptoms (Yim et al., 2017; Aliyev and Aliyev, 2018), albeit previously seen as “at risk” if absorbed by the embryonic brain (Schneider and Przewłocki, 2005; Christensen et al., 2013; Wong and Hoeffer, 2018). In other words, separate studies suggest that some molecules can be implicated in the etiology of ASD when interfering with gestation, while providing potential remedies against overt autism. This issue requires clarification, notably in order to avoid promising treatments being shadowed by the knowledge of their adverse effects on pregnancy. More fundamentally, resolving this paradox may shed new light on the genesis of autism, as well as on its prevention and potential treatments.



CONTEXT-DEPENDENT EFFECTS OF DRUGS

Life is communication. Indeed, living beings are driven by complex networks of signal transmission and control, within and between their constituent cells. More precisely, biological interactions between the cell and its microenvironment are performed through “cell signaling”, thanks to small proteins named cytokines, functionally close to hormones. At the macro-environmental level, drugs contain chemicals aimed at favorably interfering with the signaling cascades that interweave within the human body. Not surprisingly then, any single drug is likely to activate many such pathways, including the subnetworks responsible for protecting the host organism against pathogens: the immune system. Moreover, the expression of genes—orchestrated by epigenetics—can be disrupted by pharmaceutical formulations (Csoka and Szyf, 2009). In any case, the impact of a given drug depends on possible coincident stimuli (e.g., polypharmacy), plus the ongoing business of the host organism, as well as its background (epi)genetic traits. For example, the efficacy of a subclass of anti-hypertension agents (beta-blockers) undergoes variations throughout the day, coincidently with systems that control the blood pressure (Morgan and Anderson, 2003). Of note here, pregnancy constitutes a unique period during which most drugs must be either avoided or prescribed with caution, because critical periods of fetal development especially enhance drug side effects involving epigenetic and immune systems. With respect to ASD, exposure to the following molecules, either “during” or “after” pregnancy, may either “induce” or “reduce” symptoms.


1.   Cytokine IL-17a is a small protein that contributes to cell signaling; it belongs to the interleukin family on which the immune system relies for regulating the maturation and responsiveness of cellular populations. IL-17a triggers signals aimed at recruiting white blood cells involved in immunity, while promoting the expression of anti-microbial peptides. It is important to add here that IL-17a is known to enhance the action of IL-13, an anti-inflammatory interleukin (Hall et al., 2017).

2.   VPA is a synthetic short-chain fatty acid (SCFA), chemically similar to a molecule found in valerian. Among several medical uses, VPA is primarily an antiepileptic drug, which, in the early century, turned out to be deleterious for the offspring when prescribed across pregnancy.




TWO MOLECULES IN QUESTION

Temporary improvements have been reported in autistic individuals who experienced fever (Yim et al., 2017; Grzadzinski et al., 2018) or followed an antiepileptic treatment based on VPA (Hollander et al., 2001; Aliyev and Aliyev, 2018; Béroule, 2019). As introduced above, such reduction of symptoms is surprising because both medical conditions can also produce adverse effects during pregnancy (Patterson, 2011; Meador et al., 2013). At first sight, the same initial event (e.g., infection or drug) may therefore result in opposite final effects depending on the context, either embryonic or “postnatal with ASD.”


Interleukin-17a

A large-scale study of children born in Denmark between 1980 and 2005 found that severe viral infections occurring within the first trimester of gestation increased by a factor of three the risk for autism in the offspring (Atladóttir et al., 2010). A molecular basis was given to account for this epidemiological study, namely, the elevation of cytokines associated with maternal immune response (Patterson, 2011). Among the set of pro-inflammatory actors that play their part in fighting infection, a significant contribution comes from interleukin-17a signaling. In pregnancy with maternal inflammatory condition, the activation of IL-17a pathways in the placenta may indeed predispose to the postnatal onset of ASD-like deficits (Choi et al., 2016; Wong and Hoeffer, 2018). Specifically, in pregnant mice, intestinal Th17 cells, which produce IL-17a and are released by the human bacteria, are more likely to cause inflammation-associated abnormalities in the offspring (Kim et al., 2017). Other investigations evidenced that cytokine IL-17 participates in several neurological diseases, notably through the disruption of the blood–brain barrier (BBB) as well as a direct effect on brain cells (Cipollini et al., 2019). Unexpectedly, then, episodes of fever have been shown to temporarily alleviate aberrant behaviors in some autistic children (Curran et al., 2007). A molecular–behavioral link is now proposed between the release of IL-17a and the temporary reduction of impairments in animal models of autism (Reed et al., 2020). According to the authors of the relevant study, maternal exposure to this cytokine would impact a brain region (S1DZ) located in the somatosensory cortex, by getting bound to receptors and thus reducing neural activity in this cortical area (Yim et al., 2017). Autistic symptoms would result from the disturbed development of S1DZ during gestation. Near inhibition of the same region through IL-17a release would then restrict its defective functioning. However, it remains unclear how reducing the activity in this specialized brain area could either generate long-term wide-spectrum deficits or temporarily inhibit them, afterwards.



Valproate

In 2006, building on previous work concerning the effectiveness of VPA against mood lability and irritability (Hollander et al., 2001), a 2-month, double-blind, placebo-controlled trial tested its benefits on stereotypy in ASD (Hollander et al., 2010). Based upon these preliminary results and the link found between isolated epileptiform discharges and deficits in attention, language, and behavior (Spence and Schneider, 2009), a clinical trial was planned in 2014 for investigating several medical outcomes of VPA. Because not enough subjects could satisfy the enrolment criteria, including the presence of epileptiform discharges, this study was withdrawn. No clinical trial was carried out until the end of the decade, preventing VPA from being assessed as a potential treatment against autistic symptoms. Incidentally, the US Food and Drug Administration (FDA) had advised health professionals mid-2013 that anti-seizure drugs based on VPA were contraindicated for pregnant women. This alert was supported at that time by a study showing that children exposed to VPA while their mothers were pregnant had significantly lower IQs at age 6 than children exposed to other antiepileptic drugs (Patterson, 2011). Consequently, the pregnancy status of VPA had then been shifted from a “possible use despite potential risks” to the “X” category warning that the risk of use clearly outweighs any possible benefit. In France, a 2015 administrative report stated that existing medical alerts had not accurately informed about known risks for pregnant women (Chastel et al., 2015). As a matter of fact, up to 40% of women exposed to VPA during pregnancy had given birth to children with intellectual disabilities and autism. Meanwhile, on the research front, a computational model of autism (Béroule, 2018) predicted that besides its classical anticonvulsant properties, VPA could serve as an autism-modifying drug for its capacity to promote the type A monoamine oxidase (MAOA) genetic expression (Gupta et al., 2015). In 2015–2016, a preliminary case study concerned the daily intake of a VPA-based anticonvulsant, monitored over 12 months in an 11-year-old child with severe autism and epileptic signs. Gradual improvements arose across a broad autism spectrum, some of them showing up only 9 months after the trial beginning, and sometimes disturbed by bursts of overactivity. In order to remedy the latter, methylphenidate could complete VPA at the pharmacological level, without mutual interference (Béroule, 2019). This favorable outcome has been corroborated by a double-blind placebo-controlled trial of the same VPA-based drug, involving 100 children and using a global rating scale of ASD; 80% of the treated subjects showed significant global improvement, compared with 12% in subjects having received a placebo (Aliyev and Aliyev, 2018). The researchers who conducted this clinical study eventually gave neurobiological interpretations that are often put forward to explain autism, relating the amplitude of sodium-dependent action potentials, as well as the inhibitory GABA neurotransmitters. However, neither heterogeneity of ASD nor paradoxical effects of specific molecules like VPA can currently be enlightened by the only global excitatory/inhibitory imbalance of brain neural circuits (Uzunova et al., 2015).




PERSISTENT ADAPTATION TO THE FETAL ENVIRONMENT

At this stage, the paradox raised by inconsistent effects of two molecules can be addressed through the following couple of questions.


1.   What kinds of physiological events, caused by the same input, could either (during gestation) underlie the development of an ASD case or (in the autistic child) facilitate the onset of proper behavior?

2.   Are there common signaling pathways at the intersection of those activated by the molecules under focus here? Accordingly, if all autism inducers shared a chemical cascade leading to ASD onset, any of them could form the basis of a potential remedy, regardless of the condition actual initiators.



In attempting to answer the above questions, the human broad adaptability can first be reminded and associated with the trend to keep track of environmental stimuli in the long run. Even early molecular memory acquired in the fetal life may thus modulate the impact of postnatal inputs. By contrast, the seemingly sudden onset of autistic signs in the infancy is still believed to readily result from early medications, especially vaccination, despite epidemiological studies based on large populations evidencing no such causal relationship (Hviid et al., 2019). The occurrence of symptoms before the age of 3 can less directly be linked to prenatal adverse events memorized in some way and silently integrated into the developmental script of the infant until a revealing situation. As a matter of fact, not so many biological systems (e.g., neural and immune) are capable of reliably implementing both “print” and “reading” memory functions in the long run. Of noticeable exception is that the DNA gene pool sustainably crosses generations, although experiencing rare mutations. Additionally, the embryonic genetic programming of stem cells—through epigenetics—propagates unaltered identities along cell lines (e.g., X chromosome inactivation; Pinheiro and Heard, 2017) and, under certain conditions, over human generations without genetic mutations: among pathologies of epigenetic origin, defects are still reported in the third generation after the grandmother was treated with diethylstilbestrol during a pregnancy carried in the third quarter of the 20th century (Gore et al., 2015). Beyond this transgenerational pathology, it seems that critical periods of embryonic brain development (Kim et al., 2011) exhibit enhanced susceptibility to the environment. Quite possibly, an early “snapshot” of this environment may be taken as reference for the baseline expression of “regulating genes” being fixed once and for all (e.g., MAOA enzyme). In particular, the synaptic concentration of neurotransmitters is likely adapted to the maternal health and feeding resources conveyed by the composition of the mother’s blood. With the latter being passed through both placenta and BBB to the fetus neural system, the neurotransmitters’ metabolism could be tuned so as to account for environmental signals. But this partial information may not actually reflect the chemical surroundings that the newborn will find after the end of gestation, when breastfeeding is over. In case of significant gap between (maternal) signals received in the womb and (autonomously) after birth, weaning may resemble a sort of withdrawal (a well-known example is the newborn of a smoking mother, whose brain does not receive any more psychotropic molecules). This environmental mismatch would be harmless if the early genetic programming could be refined according to the postnatal context, encompassing the erasure of obsolete epigenetic marks. Otherwise, a closer fit of prenatal and postnatal situations may however be reached by bringing the child chemical environment closer to influential events experienced in the mother’s womb. Although unusual, this view is consistent with the paradoxical situations addressed here. Environmental feature(s) to the metabolic effects of which the fetal brain got permanently adapted during a critical stage of gestation would thus favorably be brought into play. But apart from a few identified factors such as maternal infection, VPA-based treatment, or polluted surroundings (von Ehrenstein et al., 2019), the origin of a given case of autism remains often uncertain. Furthermore, not every environmental item, such as a pesticide, can form the basis of a safe treatment. These difficulties bring us back to the second question concerning the possibility that, although respectively generating various physiological outcomes, all potential initiators of an autistic case could share a subset of signaling pathways. Interestingly, this would allow molecules that are medically safe to partly reinstate the “lost environment” for which neuronal stem cells had been programmed into the womb.



SHARED BRAIN ENZYMATIC PATHWAYS

Among neurotransmitters, monoamines are modulating agents involved in the control of behavior and learning. The ongoing synaptic concentration of monoaminergic neurotransmitters is therefore central in the brain function, relying on a subtle balance to be preserved between their production/synthesis, recycling, and degradation/catabolism. Reabsorbed through reuptake into the afferent synapse, monoamines can either be used again (recycled) or be degraded in the presynaptic neuron by MAOA, while another enzyme, named catechol-O-methyl transferase (COMT), works in the postsynaptic neuron. The potential for regulated trafficking between relevant systems relies on early epigenetic setup, as well as feedback loops to properly adjust metabolic parameters. Provided an optimal range of synaptic levels for a given neurotransmitter, the inner promotion of its catabolism may for instance be set “down” and its synthesis be boosted in case of a too-low concentration. Such out-of-range output may be due to an accidental input involving for instance MAOA. The A type of MAO, carried by the X chromosome and known as a vital regulator of embryonic brain development (Wang et al., 2011), is capable of degrading at least three key monoamines, namely, dopamine (DA), serotonin (5-HT), and norepinephrine (NE), whereas type B monoamine oxidase (MAOB) and COMT cannot catabolize 5-HT. On first analysis, this discrepancy is likely to elicit unbalanced synaptic concentrations between 5-HT and other monoamines. However, as long as MAOA remains the main player to carry on the degradation of all monoamines, their levels consequently decrease at the same rate. In the Guided Propagation (GP) model of autism, monoaminergic equilibrium tends to continue if COMT is poorly expressed, if X-inactivation occurs (in women), and until MAOB is fully operational (around 2 years after birth). At the computational level, the higher the local parameter Da that codes for DA, the more controlled the response of elementary processing units (EPUs) despite possible imbalance of other monoamine-like parameters; this occurs when the “Da concentration” is decreased, which in the real world accompanies an increase of MAOB activity. A theoretical scenario therefore begins with an accidental stimulation of MAOA during gestation, eliciting a long-term epigenetic regulation of the same enzyme in the embryonic neurons. This epigenetic mark would become deleterious when meeting high-functioning COMT promoter, and without protection by X-inactivation (because all X chromosomes carry the downregulated MAOA). The relatively poor degradation of 5-HT assumed here would only initiate visible effects in the early childhood, when the third metabolizer (MAOB) is mature enough to supply the baseline catabolism of DA. This enzymatic reading provides an explanation for the regressive feature of ASD, while the X-inactivation and COMT polymorphism (low to high expressions) can together account for the male prevalence (Béroule, 2018, 2019). Consequent structural deficits are represented by a GP network in which the local 5ht parameters decrease slower than Ne across offline encoding, inducing either aberrant or lacking memory pathways (Béroule, 2016). The higher the 5ht/Ne ratio, the wider the misconnections, namely, the chaining of meaningless sensorimotor patterns, magnified convergence of inner stimuli towards EPUs inducing their overactivity, and missing links between channels that normally cooperate in sensorimotor tasks. For the sake of simplicity, the way the above events are represented in the GP model can be displayed by an assembly of puzzle pieces (Figure 2).
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FIGURE 2. Puzzle of autism, according to the Guided Propagation (GP) model. Pieces containing a green label in italics represent hypotheses, while labels in black indicate actual facts. The main stream of pieces goes from the epigenetic regulation hypothesis (top-left piece, no. 1) towards core symptoms (bottom-right piece, no. 12). Two-tone pieces (nos. 4, 6, and 11) stand for facts that appear downstream of two pieces coding for a hypothesis and another fact: in this theoretical framework, the disrupted architecture of sleep (no. 7) is caused by a poor degradation of serotonin (no. 3), which leads to aberrant neural paths (no. 11) that are built “offline” in the anticipation mode normally only relevant “online” (no. 10). For further details, see Béroule (2018).



Given that the downregulation of MAOA is being proposed as key crossover point between prenatal signaling and a spectrum of postnatal symptoms, the second question to be addressed is about the generic nature of this central feature. Ultimately, is IL-17a able to affect MAOA just as VPA?

As stated above, VPA is already known to stimulate the MAOA gene promotion, through select signal pathways (Gupta et al., 2015). Of note, several “medium-chain” fatty acids and SCFAs share chemical and structural properties with VPA, making them potential MAOA inducers; they are named pelargonic/nonanoic, decenoic, propionic, butyric, and valeric from which VPA is made. Now, with regard to the IL-17 cytokine, no direct action was reported towards MAOA. But other molecules activated by IL-17 could promote MAOA and therefore be responsible for ASD cases through a mathematical transitive relation. Indeed, MAOA is one of the most strongly upregulated gene within cells activated by the IL-13 anti-inflammatory interleukin (Dhabal et al., 2018), which gives the following: (1) IL-13 → MAOA+. Not surprisingly then, elevated gestational IL-13 associated with maternal inflammatory immune response and maternal–fetal cytokine signaling increases the risk for the offspring to develop abnormalities, namely, ASD, hyperactivity, and inattention (Thürmann et al., 2019). Importantly here, the genetic expression of IL-13 is enhanced by the pro-inflammatory IL-17, i.e., (2) IL-17 → IL-13, provided that their signaling pathways are present in the same cell (Hall et al., 2017). Indeed, IL-13 can be produced inside the brain, where its receptors have been evidenced (Mori et al., 2016); for its part, the IL-17 generated outside the brain is conveyed by the blood, can get across the fetal BBB, and then reach receptors (IL-17R) found in neural cells (Luo et al., 2019), together with IL-13 receptors. Taken together, (1) and (2) lead to IL-17 → MAOA+.

To sum up, the paradoxes that motivated this study only appear from a distant point of view. A close-range focus shows an immediate common effect of molecules at issue, regardless of context, namely, an increased promotion of the MAOA enzyme. In the GP model, second-order effects differ according to the context of exposure:


1.   Blank situation, critical period of neurulation: The monoamine metabolism is durably adapted to the current fetal environment through MAOA downregulation (MAOA–in Figure 2). When the transport of causal molecule(s) by maternal blood/milk is discontinued, no later than the end of gestation/breastfeeding, the MAOA setting remains.

2.   Then, the occurrence of MAOA inducers is expected by the epigenetic memory to comply with its prenatal regulation. A metabolic imbalance may otherwise result from the high-expression variant of COMT and be enhanced by matured MAOB.

3.   In case of epigenetic masking (i.e., X-inactivation in women) or genetic variant (low/medium COMT), the MAOA downregulation is silently transferred to the next offspring where it may occur in a different genetic context leading to overt autism (case 2 above).



According to this possible etiology of ASD (Figure 3), only the erasure of specific epigenetic traits supporting the MAOA downregulation could permanently reverse the brain enzymatic imbalance at issue. Disease-modifying treatments based on MAOA stimulation nevertheless represent an alternative thanks to neurogenesis and targeted neural migration. Favored by an educational program, the gradual growth of proper neural structures is assumed to support the enrichment of social conduct, at the price of a sustained supply of drugs aimed at approaching the embryonic microenvironment. The sooner the treatment initiation, the better its expected outcomes. However, while shown to be effective against both epileptic signs and some ASD symptoms, VPA-based drugs can be toxic to detoxification organs, most commonly below 6 years of age (Star et al., 2014), encompassing the earlier time at which behavioral deficits start arising. Alternative treatments remain to be established with the aim of being safe at an early age. Accordingly, one should care about recent strides in the understanding of the gut microbiome function.


[image: image]

FIGURE 3. Theoretical key functions of the molecular stimulation of type A monoamine oxidase (MAOA) in either initiation or alleviation of autism. At the top, several non-genetic factors share the property to significantly promote the expression of the MAOA gene. In the early gestation, an epigenetic downregulation of MAOA (MAOA—), which notably combines here with genetic variants of the catechol-O-methyl transferase (COMT) enzyme, may be inherited (blue arrow at the left-hand side) and/or favored/caused by MAOA enhancers (brown down arrow to the left). At the right-hand side, the series of smaller green arrows stand for a daily intake of MAOA inducer, which may bridge the gap between gestational and postnatal respective environments by reducing the metabolic imbalance of monoamines and consequently support behavioral re-education. At the bottom, a genetic variant (low-to-medium expression of COMT) and the classical epigenetic X-inactivation may hide the “MAOA—” mark, which is however silently carried towards the next human generation.





THE MICROBIOME RESOURCES

The enteric nervous system (ENS), also referred to as the “second brain,” notably allows some autonomy in the management of digestion, however mediated by the same chemical mediators as those at work in the “first” brain. It logically follows that a systemic metabolic imbalance of monoamines is likely to affect the neural cells of both nervous systems. In the close neighborhood of trillions of microbes, some of which induce inflammation and produce SCFAs, the ENS appears to be better equipped than the brain to deal with a metabolic dysregulation. Molecules elicited by the gut microbiota mostly serve local functions before being degraded in the liver, but those which can reach the blood circulation (via the distal colon bypass) and get through the BBB are eventually able to spread their metabolic influence across the brain. In particular, regulatory outcomes primarily aimed at the second brain may benefit the first one. Besides a common lowered diversity of the autistic children microbiome, a trend seems to emerge from existing data, reminiscent of the alternative ASD inducer/remedy represented here by cytokines and SCFAs. In absence of medical intervention involving antibiotics, the microbiota would develop along the inflammatory arm and its associated digestive troubles: any shift towards a gut pro-inflammatory state can in turn trigger the activation of neuro-inflammatory responses in the brain (Golubeva et al., 2017), with potential improvement of ASD. A relatively low concentration of SCFAs can then be observed in the plasma of autistic children (El-Ansary et al., 2011). When reset by a strong antibiotic, short diet, and replaced by typical germs, following a microbiota transfer therapy, the SCFA by-products arm can be privileged in a long-lasting way (Kang et al., 2017). Data obtained in vitro by using a neuron-like embryonic cell-line notably demonstrate the regulation exerted by propionic acid (PPA) and butyric acid (BA; i.e., propionate and butyrate) over the expression of neural genes (Nankova et al., 2014). Among a large set of genes tested for their link with ASD, the MAOA expression is doubled by each of these acids, while COMT is decreased by a factor of 2.7 (which means a total of 7.3 if assuming a multiplicative combination of the two acids). Whereas both genetic modulations alleviate the harmful setting pointed out by the GP model (MAOA–and high COMT), therefore suggesting a corrective action of the microbiome, the latter is rather usually believed to exacerbate ASD symptoms (Goines and Ashwood, 2013; Slattery et al., 2016). Even at odds with the theory presented here, immediate behavioral worsening has been proposed to result from exposure to SCFA. Rats whose brain directly receives PPA show epileptiform activity within the 30 min of infusion, accompanied by a variety of abnormal responses (retropulsion, hyperextension, turning, and dystonia) considered as “bearing some resemblance” to bouts of irrelevant actions found in autism (MacFabe et al., 2007). Bacteria that produce SCFAs and elicit inflammation can thus be viewed as unwelcome guests in the gut of subjects with ASD. This position is now challenged by a study in which significant improvements of 18 children with ASD occurred together with the colonization of the gut by antibiotic-resistant and SCFA-producing bacteria (Bifidobacterium, Prevotella, and Desulfovibrio). Persistency of this favorable effect has been confirmed in the same subjects, 2 years after their initial enrollment. Both Prevotella and Desulfovibrio were on average more abundant in ASD subjects following treatment than in the donor samples: Prevotella was 712 times higher after 6 weeks and maintained an 84-times increase after 2 years (Kang et al., 2019). Although Clostridia and Bacteroides are also reported as PPA producers in ASD, they share with Sutterella the joint occurrence of gastrointestinal disorders such as inflammatory bowel disease (Bezawada et al., 2020). An added plus in favor of the Prevotella prevalence is the production of up to three times more PPA than the Bacteroides-dominated microbiota associated with high-fat intake (Chen et al., 2017). If PPA was confirmed as effective against overt autism, evidence of its deleterious effects on gestation would provide further support to the present theory. Unexpectedly, such indication already exists. As a matter of fact, propionic acidemia is a genetic disease—obviously affecting early gestation—in which the accumulation of PPA elicits several metabolic disorders, including seizures, gastrointestinal disturbances, intellectual disability, and delayed development (Pena and Burton, 2012). In addition, a microbiome shift in maternal gut, leading to formation of PPA and BA by-products during the early stages of the fetus’ neural development, has been linked to ASD (Abdelli et al., 2019).

Through daily intake, VPA primarily protects against epilepsy. A preliminary trial led to its association with the methylphenidate psychostimulant for balancing the monoaminergic metabolism (Béroule, 2019). By comparison, the possible natural production of propionate and butyrate by the microbiome, following a process for initiating the relevant change (Kang et al., 2017), may be preserved by a high-fiber diet. Furthermore, PPA and BA would properly regulate MAOA and COMT, whereas VPA proved to require a complementary medication. Although this avenue still requires closer analyses and refinements, the gut microbiota are therefore likely to provide an alternative to the pharmacological approach of ASD. Regarding now the protection of gestation, SCFA gut by-products should be restricted, particularly when realizing that they would add to similar substances widely used as anti-mold/preservative ingredients in the food industry (Abdelli et al., 2019). Together with the immune system, the microbiome may consequently require follow-up when planning pregnancy, as part of a strategy aimed at limiting autism development (Paysour et al., 2019).



DISCUSSION: ALLOCATION OF ROLES AMONG NETWORKS OF PLAYERS


Facing the Autism Complexity

In 2020, a wide-angle approach to the wide spectrum of autism can be adopted (e.g., Marotta et al., 2020). Given the myriad of various factors that have been linked to ASD over the past decades, a shared responsibility is assumed today, however possibly modulated by emphasis on a selection of signaling pathways. At the molecular level, interdependent systems control the expression of numerous susceptibility genes constrained by their respective polymorphisms and rare mutations, and moreover submitted to environmental stimuli through epigenetics. A strict focus on any of these participants is thus challenged by the known involvement of many other players. With regard to neurotransmitters (Cetin et al., 2015), their metabolic breakdown by brain enzymes only concludes a series of contributions for them to be synthesized, released in the synaptic space, and either recycled or degraded in the presynaptic neuron thanks to transporters, towards several subtypes of receptors. All along repetitive rounds of this “neurotransmitter cycle”, any player disruption is likely to alter the functions of its partners. Conversely and more positively, several partners may respond by implementing compensatory mechanisms, hence possibly repairing/masking an original impairment. An irrelevant molecular activity can thus be elicited in signaling cascades by upstream previous alterations as well as feedbacks from downstream events, whereas the impact of a local deficit may be hidden by the genetic background and ongoing homeostatic regulations. This situation confirms that the actual picture is obviously more complicated than the representation displayed in Figure 3.



Pivotal Role of Serotonin

Despite the complex crosstalk between numerous candidates likely to underlie the ASD heterogeneity, a leading role can be attributed to one monoamine for its recognized contribution to the brain development. Among neurotransmitters, 5-HT has truly become a main biomarker of autism (Benza and Chugani, 2015; Muller et al., 2016). Half a century ago, elevated whole blood 5-HT (hyperserotonemia) was the first molecular phenomenon found in a subset of ASD subjects, today associated with 25–30% of cases. The fact that hyperserotonemia is not detected in every autistic case is consistent with the correlation of this feature with ASD severity (Abdulamir et al., 2018) and also reveals individual variations in the biological inner management of disturbances impacting the 5-HT system. Along this line, it is worth knowing first that the level of 5-HT contained in blood platelets does not reflect its synaptic concentration. The opposite relationship rather applies, notably through the SERT transporter, which transfers 5-HT from the “extra-” to “intra-” cellular space of neurons, glial cells, and platelets. The 5-HT 2B receptor (5-HT2BR) signaling has recently been proposed to control this process thanks to a feedback loop that keeps synaptic 5-HT at tonic concentrations necessary for brain functions (Baudry et al., 2019). Consequently, a high synaptic level of 5-HT would promote its low uptake. 5-HT2BR, among other auto-receptors, thus participates in 5-HT tuning, which also relies on opposed contributions, namely, synthesis and degradation. The brain 5-HT precursor, named “type 2 tryptophan” (TPH2), is key in 5-HT synthesis and affects both 5-HT availability and synaptic levels in the opposite way as MAOA. These various agents form a team that allows a player irrelevant action to be alleviated by the overexpression/subexpression of other team members. Studies concerning either knock-out (KO) or overexpressed genes are informative of this partnership, aimed at keeping sufficient 5-HT concentrations in both presynaptic vesicles and synaptic cleft.



Multiple-Source Serotonin Tuning

Targeted genetic modifications of the “5-HT team” members have provided animal models of autism to be compared with wild-type (WT) subjects (Muller et al., 2016). In SERT-KO mice, the aforementioned vesicles lack the “recycled 5-HT” input; 5-HT availability then depends on its upgraded synthesis and/or reduced breakdown. On the opposite side, in high-functioning SERT (Ala56) gain-of-function mutants, the related high-rate uptake favors the storage of 5-HT into vesicles at the expense of synaptic 5-HT signaling extent and duration. In both out-of-range situations, whether regulating factors could on the one hand optimize the availability of 5-HT packaged into vesicles and, on the other hand, could maintain tonic concentrations in the synapse represents a known conceptual problem for the mechanism of vesicular release (Blakely and Edwards, 2012). However, 5-HT-enhanced synthesis and reduced degradation can be suspected to: (a) better feed the pool of releasable 5-HT despite inactive reuptake (in SERT-KO mice); and (b) maintain the 5-HT synaptic level required for receptor activation despite hyperactive reuptake (in Ala56 mice). Consistent with this common solution, the 5-HT synthesis capacity has been found to increase gradually in autistic children, up to 1.5 times the adult normal value (Chugani et al., 1999), while a 30% deficit of MAOA activity has been identified in the cerebellum (for 70% of autistic children) and in the frontal cortex (for 55% of young subjects; Gu et al., 2017). Of note, such a depressed enzymatic activity cannot be witnessed by platelets since they only harbor MAOB. Amazingly enough, despite a significant in vivo increase in the rate of synaptic clearance in Ala56 vs. WT mice, no change was observed in brain tissue 5-HT levels (Veenstra-VanderWeele et al., 2012), which underpins the implication of compensatory processes. Moreover, the male full prevalence suggests the mediation of at least one protein whose gene is carried by the X chromosome (i.e., MAOA), besides sex-specific loci present in the SERT gene (Weiss et al., 2005). In addition, the surprising time delay of positive effects following SERT inhibition aimed at alleviating ASD symptoms in Ala56 mice (Robson et al., 2018) can be explained by the time-consuming neural migration necessary for new neural structures to be encoded and consolidated under well-regulated MAOA (Béroule, 2018).

After having pointed to metabolic implications of out-of-range SERT, let us start now from the downregulated MAOA hypothesis. In order to avoid a 5-HT synaptic overload caused by MAOA deficiency, possible counteractions include a stronger SERT gene expression, possibly less controlled by 5HT2BR. Indeed, the SERT gene promoter variants determine different levels of expression affecting 5-HT levels and social skills (Tanaka et al., 2018); a potent clearance of synapses can then be linked with the peripheral hyperserotonemia found in a subset of children with autism, likely carriers of the long allelic variants of the SERT gene promoter (Quinlan et al., 2020). On the opposite, low expressing short-allele of SERT in autistic children and SERT knock-out in mice are both associated with increased cortical volume (macrocephaly), counted as hallmark of severe autism. Either loss-of-function polymorphism or epigenetic downregulation of TPH2, the rate-limiting enzyme that allows tryptophan to be transformed into brain 5-HT, could modulate the biosynthesis of the latter (Chen and Miller, 2012). Consequently, a lower 5-HT concentration in the synapse would in turn generate the observed enhanced sensitivity of 5HT1A and 5HT2A postsynaptic receptors in mice mutants (Veenstra-VanderWeele et al., 2012). It eventually appears that the modulating agents mentioned above (TPH2 enzyme, SERT-based recycling system, and 5-HT receptors) are likely to counteract a chronic metabolic breakdown of synaptic 5-HT, while exerting a specific influence on ASD-nonspecific behaviors, such as the management of stress (Chen and Miller, 2012).



Reviewed Position of Type A Monoamine Oxidase

The acute excess of MAOA, which is assumed to trigger an epigenetic reaction, may stand downstream a signaling cascade initiated by factors that stimulate the synaptic 5-HT at an early stage of the brain development. Among molecules holding this property, exposure of fetuses to 5-HT selective reuptake inhibitors increases the risk of ASD (Harrington et al., 2014), unless the 5-HT3 receptor is knocked out (Engel et al., 2013). Within the GP framework, this receptor would be required to detect the 5-HT excess leading to an acute boost of MAOA, fostering then its persistent epigenetic downregulation. The scenario shown in Figure 3 is more fundamentally challenged by the fact that a MAOA deficit has not been evidenced in every case of autism. An imbalance activity between the transporter proteins in charge of monoamines (e.g., Low SERT) could then induce the 5-HT synaptic excess at issue, in which case MAOA would not represent a key factor in ASD etiology.

To conclude this discussion, variations of synaptic 5-HT induced by several interactive players may combine so as to cover the full ASD spectrum. Not systematically tested in connection with blood levels of 5-HT (Weiss et al., 2005) nor in SERT-oriented models of autism (Quinlan et al., 2020), MAOA and its enzymatic partners however deserve interest, in connection with other concerned agents, including SERT, 5-HT receptors, and TPH2 among a large family of neurotransmission regulators.

First, MAOA is the only enzyme to catabolize 5-HT, whose disruption is a prime ASD biomarker.

Second, the co-occurrence of a weak MAOA, high COMT, and mature MAOB can account for two ASD features that remained unexplained beforehand, namely, the onset of symptoms before 3 years of age and the sex ratio that partly results from the localization of MAOA on the X chromosome. Other characteristics of the condition can be simulated in a computational model that incorporates a representation of monoamine functions.

Third, among genetically modified rodents—whose neuromodulating system is comparable with the human one, MAOA-KO mice exhibit high correspondence to ASD core symptoms, which warrants its status of “animal model of autism.” In human, the very rare mutation of MAOA responsible for the BS has only been linked to autism 20 years after the former discovery of a family with serious behavioral troubles (Piton et al., 2014). At that time, according to the GP model of autism, ASD symptoms could have been masked by genetic variants such has low-COMT polymorphism, or immature MAOB enzyme, or DA overexpression. MAOA might have raised more awareness among researchers, otherwise.

Fourth but not false, the extinction of both 5-HT and NE across every sleep cycle cannot take full advantage of the online multiple regulations of 5-HT addressed above. If the balanced offset of these two monoamines turned out to hold a critical functional role, the disparate 5-HT levels observed online within the autism spectrum would eventually appear not so critical for the structural foundation of autism. Essentially, the GP theory puts forward a 5-HT “noise” that improperly remains into the synaptic cleft during sleep whatever the (non-null) baseline level of 5-HT at the beginning of every sleep cycle, therefore relatively irrespective of the online regulation exerted by the players introduced above.




CONCLUSION: NATURAL FATTY ACIDS UNDER FOCUS

In our modern environment, possible enzymatic disruptions during gestation are substantiated by the finding of chemical factors that overexpress the MAOA enzyme and strikingly entail similar paradoxical effects. One purpose of the present article was to clarify this point, which included confronting a theory of autism to experimental data. An avenue for research now appears to widen, already suggesting medical approaches. In a few words, the goal would be to reinstate the enzymatic shift that caused a persistent epigenetic reaction through which the identity of neuron cell lines was irreversibly fixed in the early gestation (Figure 3). From a clinical point of view, this global prediction can be tested on the occasion of future trials concerning MAOA-inducing molecules. Relevant biomarkers have been proposed (Béroule, 2019), including the periodic control of sleep electroencephalogram (EEG), levels of monoamines, their metabolizers and metabolites, and, if possible, the family phenotyping of selected genes responsible for the management of monoamines.

Although not initially expected to be relevant, data on the gut microbiome turned out to strengthen the resolution presented in this article, while offering a potential medical resource. Feedbacks from the gut microbiota towards nervous systems can in fact be viewed as an attempt to reduce the enzymatic imbalance assumed here to underlie autism. As an aside, the continuous release of microbiota by-products remains challenging, since it may maintain the causal epigenetic traits in a sort of vicious cycle, a point to be raised in future works. Furthermore, studies focused on the microbiome enlarged the list of “at risk” industrial chemicals, the natural origin of which is often put forward by their marketer. Obviously, “natural” does not mean “safe.” It would be wise for women with a parenthood plan to avoid several products that contain SCFAs or medium-chain fatty acids close to VPA (e.g., food ingredient; Martinez-Mayorga et al., 2013), among other MAOA inducers such as progesterone (Kobayashi, 1980) and forskolin. Studied for inhibiting ASD progression in rat (Sidharth et al., 2020), forskolin is likely to enhance the MAOA promoter activity, at least in Neuro2a cells akin to neural stem cells, and particularly responsive to environmental factors (Gupta et al., 2015). It is also known as an effective weight-loss agent extracted from the Indian coleus plant, but its consumption is already not recommended for pregnant women (Godard et al., 2005). As an illustration of misleading advertisement, the glyphosate herbicide molecule has been replaced by the FDA-approved pelargonic acid, declared to occur naturally in many plants and animals. One may however bear in mind that pelargonic and valproic acids are close molecules and that permitted concentrations of the first one are comparable with the initial dosing of the second one for an anticonvulsant treatment, which is now forbidden during gestation (Béroule, 2019). Although potentially harmful during pregnancy, some of the molecules that stimulate the expression of MAOA could paradoxically form the basis of medications aimed at stopping the growth of aberrant neural structures, as soon as possible after the onset of autistic signs, hopefully giving conventional school a chance to be effective.

A shifted conception of autism emerges from the above organized set of data and hypotheses, as a side effect of systemic adaptation to environmental changes that, incidentally, could participate in the human evolution. Against this background, medical problems occur in case of critical mismatch between the after-birth surroundings of the brain and the gestational “snapshot” on which a persistent metabolic regulation of its monoamines is supposedly based. Accordingly, this instance of transgenerational epigenetics might one day reveal appropriate, if our environment became continuously overwhelmed by small/medium fatty acids in food, cosmetics, drugs, and pesticides, not mentioning inflammation associated with widespread viral dissemination.
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Mouse line BTBR T+ Iptr3tf/J (hereafter referred as to BTBR/J) is a mouse strain that shows lower sociability compared to the C57BL/6J mouse strain (B6) and thus is often utilized as a model for autism spectrum disorder (ASD). In this study, we utilized another subline, BTBRTF/ArtRbrc (hereafter referred as to BTBR/R), and analyzed the associated brain transcriptome compared to B6 mice using microarray analysis, quantitative RT-PCR analysis, various bioinformatics analyses, and in situ hybridization. We focused on the cerebral cortex and the striatum, both of which are thought to be brain circuits associated with ASD symptoms. The transcriptome profiling identified 1,280 differentially expressed genes (DEGs; 974 downregulated and 306 upregulated genes, including 498 non-coding RNAs [ncRNAs]) in BTBR/R mice compared to B6 mice. Among these DEGs, 53 genes were consistent with ASD-related genes already established. Gene Ontology (GO) enrichment analysis highlighted 78 annotations (GO terms) including DNA/chromatin regulation, transcriptional/translational regulation, intercellular signaling, metabolism, immune signaling, and neurotransmitter/synaptic transmission-related terms. RNA interaction analysis revealed novel RNA–RNA networks, including 227 ASD-related genes. Weighted correlation network analysis highlighted 10 enriched modules including DNA/chromatin regulation, neurotransmitter/synaptic transmission, and transcriptional/translational regulation. Finally, the behavioral analyses showed that, compared to B6 mice, BTBR/R mice have mild but significant deficits in social novelty recognition and repetitive behavior. In addition, the BTBR/R data were comprehensively compared with those reported in the previous studies of human subjects with ASD as well as ASD animal models, including BTBR/J mice. Our results allow us to propose potentially important genes, ncRNAs, and RNA interactions. Analysis of the altered brain transcriptome data of the BTBR/R and BTBR/J sublines can contribute to the understanding of the genetic underpinnings of autism susceptibility.

Keywords: in situ hybridization, co-expression network, bioinformatics analysis, transcriptome, BTBR mouse model, autism spectrum disorder, RNA-RNA interaction network


INTRODUCTION

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized by altered functionality across two symptom domains: (1) social and communication deficits, and (2) stereotyped repetitive behaviors with restricted interests (American Psychiatric Association, 2013). ASD is highly heterogeneous in terms of clinical symptoms and etiology. The current prevalence rate of ASD is ~1 in 40 children (Xu et al., 2018). As there is no cure for ASD, understanding its pathophysiology is an important health issue. ASD is highly heritable and is also affected by environmental factors. Recent advances in next generation sequencing have revealed more than 1,000 mutations associated with ASD (Devlin and Scherer, 2012). However, many of the genomic alterations identified thus far are rare variants that represent only a small fraction of cases of ASD (Chaste and Leboyer, 2012; Devlin and Scherer, 2012). Recent ASD studies performed at the molecular, cellular, and behavioral levels, including mouse model studies, suggest that ASD is clinically heterogeneous with diverse pathophysiological processes that lead to similar behavioral manifestations (de la Torre-Ubieta et al., 2016). Integrative analysis of large-scale genetic data reveals distinct gene networks affected in ASD, mainly related to synaptic function and formation within the brain. Network-based analysis of large-scale transcriptome data also highlights that co-expression modules related to synaptic development, neuronal activity, and immune function are deregulated in ASD (Voineagu et al., 2011; Gupta et al., 2014; de la Torre-Ubieta et al., 2016). Thus, the pathophysiological processes in ASD seem to converge on specific molecular pathways and networks, with a clear interplay between immune and synaptic functions (Estes and McAllister, 2015).

The black and tan brachyury (BTBR) mouse strain was originally created by Leslie Clarence Dunn (Columbia University) using stock obtained from Nadine Dobrovolskaia-Zavadskaia (Pasteur Institute); they were maintained by Karen Artzt (the University of Texas, Austin; named as “BTBRTF/Art” in Wu et al., 2007) after passing them to some researchers, according to Clee et al. (2005) and the Jackson Laboratory (Bar Harbor, ME). BTBRTF/Art was then distributed to and bred in many other laboratories, including the Jackson Laboratory (BTBR T+ Iptr3tf/J, MGI ID: 4452239, hereafter referred to as “BTBR/J”) from 1994 and the RIKEN BioResource Research Center (RBRC) (Tsukuba, Japan; BTBRTF/ArtRbrc, RBRC ID: 01206, hereafter referred to as “BTBR/R”) from 1987. Both BTBR subline BTBR/J and BTBR/R mice have the spontaneous mutations T (brachyury), Itpr3tf (inositol 1,4,5-trisphosphate receptor 3, tufted), and at (black and tan). Interestingly, BTBR/J mice have been shown to have reduced social behavior relevant to ASD (Bolivar et al., 2007; Moy et al., 2007, 2008; McFarlane et al., 2008; Pobbe et al., 2010; Defensor et al., 2011; Pearson et al., 2011; Scattoni et al., 2011, 2013; Wöhr et al., 2011; Silverman et al., 2012, 2015). Gene transcriptional profiling in ASD has been performed by utilizing post-mortem brain samples. The restricted availability of brain tissue from humans with ASD represents a significant challenge. From this point of view, BTBR/J is a valuable animal model of ASD to analyze the molecular and pathological mechanism at the gene and protein expression level. For this purpose, BTBR/J mice have been subjected to transcriptome analyses of the hippocampus (Daimon et al., 2015; Provenzano et al., 2016; Gasparini et al., 2020), frontal cortex (Kratsman et al., 2016), dorsal striatum (Oron et al., 2019), and cerebellum (Shpyleva et al., 2014), as well as proteome analyses of cortical (Jasien et al., 2014; Wei et al., 2016) and hippocampal tissues (Jasien et al., 2014; Daimon et al., 2015).

In this study, we analyzed the brain transcriptome of BTBR/R mice that have enhanced turnover of dendritic spines in the anterior frontal cortex, similar to that seen in ASD model mice, namely patDp/+ with paternal duplication of chromosome 7c and NLGN-3 R451C with a point mutation of human neuroligin-3, during the postnatal developmental stage (Isshiki et al., 2014). We performed a comprehensive brain transcriptome analysis between BTBR/R mice and C57BL/6J (hereinafter referred to as B6) mice with high sociality, using genome-wide microarray analysis, quantitative RT-PCR (qRT-PCR) analysis, various bioinformatics analyses, and in situ hybridization (ISH). We paid particular attention to the cerebral cortex and striatum, since altered cortico-striatal connectivity has been suggested to be present in patients with ASD (Abbott et al., 2018) and in an ASD model mouse with complete knockout (KO) of Shank3 (Wang et al., 2016). Our results revealed the differential transcription profiles in microarray expression levels as well as cellular-regional levels in the cerebral cortex and striatum of BTBR/R mice and B6 mice. Some genes and non-coding RNAs (ncRNAs) that we detected have also been reported or suggested to be ASD-related genes, or as differentially expressed genes (DEGs) in ASD animal models including BTBR/J mice. Moreover, our behavioral analysis data suggested that BTBR/R mice have a slight autistic-like tendency in terms of social novelty recognition and stereotypic behavior. Taken together, the results of our study suggest the genetic aspects of BTBR/R mice brain function, which is informative to the understanding of the genetics of the observed behavioral defects.



MATERIALS AND METHODS


Animals

All experimental protocols were evaluated and approved by the Regulation for Animal Research at Tokyo University of Science. All experiments were conducted in accordance with the Regulations for Animal Research at The University of Tokyo and Tokyo University of Science. The BTBR/R mouse strain (BTBRTF/ArtRbrc, RBRC01206) was provided by the RBRC through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology, Japan (Isshiki et al., 2014) and were housed in the animal facility at The University of Tokyo and Tokyo University of Science on 12-h light and dark cycle from 8 a.m. to 8 p.m. The B6 mouse strain (C57BL/6J) was purchased from the Japan SLC, Inc. (Hamamatsu, Japan) and were housed in the animal facility at Tokyo University of Science on 12-h light and dark cycle from 8 a.m. to 8 p.m.



Microarray Analysis

Male BTBR/R (4–6 months of age) and B6 (4 months of age) mice were deeply anesthetized with Somnopentyl (64.8 mg/ml pentobarbital sodium, 150 mg/kg, i.p.; Kyoritsu Seiyaku Corporation, Tokyo, Japan) and were decapitated. Brain tissue samples (cerebral cortex and striatum) from four mice (N = 4) of each strain were dissected out and treated in an RNA-stabilizing agent (RNAlater, Qiagen, Hilden, Germany). Microarray analysis was performed by RIKEN Genesis Co., Ltd. (Tokyo, Japan). Briefly, total RNA was extracted with the RNeasy Plus Universal Mini Kit (Qiagen) and RNA quality was analyzed using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). Only RNA with a high (>8) RNA integrity number was selected. Cys3-labeled complementary RNAs (cRNAs) were prepared using the Low Input Quick Amp Labeling Kit, One-Color (Agilent), and were analyzed by using the SurePrint G3 Mouse Gene Expression 8x60K v2 microarray (Agilent) that features complete coverage of established RefSeq coding transcripts (NM sequences) from the latest build and updated long ncRNA (lncRNA) content (27,122 Entrez genes and 4,578 lncRNAs), according to the manufacturer's protocol. Hybridization images were acquired using the DNA Microarray Scanner (Agilent) and were analyzed with Feature Extraction Software version 10.7.3.1 (Agilent). Signal analysis and batch normalization were carried out using GeneSpring GX (Agilent). The gene expression datasets of the BTBR/R and B6 mice have been deposited in the NCBI Gene Expression Omnibus database (accession number GSE156646).



Analysis of DEGs

Gene expression in BTBR/R mice was normalized to that of B6 mice to obtain the fold change (FC) of all probes (the value obtained in B6 was set to 1). The probes were tested for differential expression using unpaired two-tailed Student's t-tests, and the false discovery rate (FDR) was calculated using P-values (Benjamini and Hochberg, 1995). An FDR cut-off of <0.05 and FC of ≥ absolute 2.0 were applied. The DEGs are listed in Supplementary Table 1.



Bioinformatics Analyses

Transcript types (such as splicing variants) of the detected genes were defined using the gene databases GenBank (NCBI; Sayers et al., 2020a), Refseq (NCBI; O'Leary et al., 2016), Ensembl release 100 (EMBI-EBI; Yates et al., 2020) and Agilent microarray's information. Each transcript type was categorized into “Protein coding,” “Non-coding RNA,” “Pseudogene,” and “Other.” The category descriptions are listed in Supplementary Table 2.


Enrichment Analysis of GO Annotations and KEGG Pathways by DAVID

For gene description and pathway enrichment analyses of the DEGs, we utilized the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) bioinformatics databases and visualized as well as integrated the DEGs based on these resources using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) Functional Annotation tool (Huang et al., 2009a,b; Leidos Biomedical Research). For all analyses, the background of animal species was set to Mus musculus, and the enrichment threshold was a DAVID-corrected P < 0.05. The data of enriched GO descriptions and KEGG pathways are listed in Supplementary Tables 3, 4.




Weight Correlation Network Analysis (WGCNA)

WGCNA was run with R version 4.0.2 and the WGCNA package version 1.69 (Langfelder and Horvath, 2008), using microarray data of the most informative (top 20%) probes in terms of per-probe variance, in accordance with previous work (Provenzano et al., 2016). We used the similarity between gene expression profiles to construct a similarity matrix based on pairwise Pearson correlation coefficient matrices. The similarity matrix was transformed into an adjacency matrix using a power adjacency function (Zhang and Horvath, 2005). In this study, we chose the power of 14 that this value was calculated by using the integration function (pickSoftThreshold) in the WGCNA software package. We then calculated the topological overlap measure (TOM), which is a robust measure of network interconnectedness, using an adjacency matrix. Finally, we performed an average linkage hierarchical clustering according to the TOM-based dissimilarity measure. The tree-cut algorithm method was adopted to identify the module of gene co-expression with a minModuleSize of 30 and a mergeCutHeight of 0.25. GO enrichment analysis for each module was performed using the integration function (GOenrichmentAnalysis) of the WGCNA software package. The module genes and the enriched GO results are listed in Supplementary Tables 5, 6.


ENCORI and Cytoscape Analyses

RNA interaction data were obtained using the RNA target database ENCORI (Li et al., 2014). In this analysis, we used each DEG and their targets as network nodes. The interactions network was analyzed and visualized by the network visualization software Cytoscape version 3.8.0 (https://cytoscape.org/). The RNA interactions are listed in Supplementary Table 7.



AutDB Search

Genes associated with ASD referenced the autism database AutDB (MindSpec; Pereanu et al., 2018). “Gene Score” and “Syndromic” annotations were obtained from the autism gene database SFARI (https://gene.sfari.org/). Mouse ASD gene orthologs were detected using the gene databases Homologene (Sayers et al., 2020b), Ensembl release 100 (Yates et al., 2020) and Mouse Genome Database (The Jackson Laboratory; Bult et al., 2019). The list of Mouse ASD gene orthologs and DEGs identical to ASD-related genes registered in the AutDB are shown in Supplementary Tables 8, 9.




qRT-PCR

cDNA libraries were prepared from total corticostriatal RNAs using the SuperScript IV VILO Master Mix (Thermo Fisher Scientific) according to the manufacturer's protocol. qRT-PCR was performed using 7300 systems (Thermo Fisher Scientific) with real-time detection of fluorescence, using the Power SYBR Green PCR Master Mix (Thermo Fisher Scientific). Mouse glyceraldehyde-3-phosphate dehydrogenase was used as a standard for quantification. Primer sequences (Integrated DNA Technologies, Coralville, IA, USA) are listed in Supplementary Table 10. Expression analyses were performed using the 7300 system SDS software version 1.4 (Thermo Fisher Scientific). Quantitative values were obtained from the threshold cycle (CT) number. Fold change was calculated using the ΔΔCT method, with B6 sample data as the control. All transcripts were run in duplicates and plotted as the average of two independent reactions obtained from each cDNA.



ISH

ISH was performed as described previously, with small modification (Sano et al., 2014). Male BTBR/R (2–3 months of age) and B6 (2–4 months of age) were used for this experiment. Brains were perfused with 4% paraformaldehyde (PFA), harvested, post-fixed with 4% PFA at 4°C for 1 d, and then equilibrated in 30% (w/v) sucrose in phosphate-buffered saline (PBS). Coronal sections (50 μm thickness) were prepared using a cryostat. All steps were performed at room temperature unless indicated otherwise. Sections were incubated with methanol (MeOH) for 2 h, then washed three times for 10 min in PBS containing 0.1% Tween-20 (PBST), incubated with 3.3 μg/ml proteinase K (Sigma-Aldrich, St. Louis, MO, USA) in ProK buffer (0.1 M Tris HCl, pH 8.0, 50 mM EDTA) for 30 min at 37°C, incubated with 0.25% Acetic anhydride in 0.1 M triethanolamine, pH 7.0 for 10 min, washed twice for 5 min in PBST and, finally, incubated with hybridization buffer (5 × SSC, 50% formamide, 0.1% Tween-20, 5x Denhardt's solution) for 1 h at 60°C. Prior to hybridization, digoxigenin (DIG)-labeled cRNA probes in hybridization buffer were denatured at 80°C for 5 min and then quickly cooled on ice for 10 min. cRNA probes were generated using a DIG RNA labeling kit (Roche, Penzberg, Germany). Hybridization was performed at 60°C overnight. Sections were washed in 2 × SSC containing 50% formamide and 0.1% Tween-20 (SSCT) twice for 20 min, incubated with 20 μg/ml RNase (Nippon Gene, Tokyo, Japan) in RNase buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 M NaCl) for 30 min at 37°C, washed in 2 × SSCT twice for 15 min at 37°C, and 0.2 × SSCT twice for 15 min at 37°C. Then, the sections were incubated with 1% blocking reagent (Roche; 10 mM maleic acid, 15 mM NaCl, pH 7.5) for 1 h, and finally incubated with alkaline phosphatase-conjugated anti-DIG antibody (1:2,000, Roche) in blocking reagent at 4°C overnight. The sections were washed three times in TNT (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.05% Tween-20) for 15 min. For staining with nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate 4-toluidine salt (NBT/BCIP), the signal was developed in 2% (v/v) NBT/BCIP stock solution (Roche) diluted in TS9.5 (0.1 M NaCl, 10 mM MgCl2, 0.1 M Tris pH 9.5) at room temperature overnight. Sections were imaged using a NanoZoomer Digital Pathology virtual slide scanner (Hamamatsu Photonics, Hamamatsu, Japan). ISH images were verified by analyzing at least three different brain sections from 1–3 mice for each strain. ISH data with clarity as well as reproducibility in terms of signal intensities and patterns were used in this study, although many other genes were also analyzed. The probe sequences are listed in Supplementary Table 11.



Statistical Analysis

All statistical analyses were performed in Excel 2019 (Microsoft, Redmond, WA, USA). Datasets were analyzed for significance using unpaired two-tailed Student's t-tests. All data are presented as mean ± SEM. In this study, P < 0.05 were considered significant. The additional information on each statistical analysis is described in the corresponding sections of the Materials and Methods section and the figure legends.




RESULTS


Differential Cortical and Striatal Gene Expression Between BTBR/R and B6 Mice

To compare the transcriptome features in the cerebral cortex and striatum between BTBR/R and B6 mice, we performed DNA microarray analysis for a total of 27,122 Entrez genes and 4,578 lncRNAs. Principal component analysis showed that the total RNA expression in BTBR/R and B6 mice were separated into two distinct groups (Figure 1A), indicating that each strain has distinct gene expression patterns and there is no outlier of the arrays. The data indicated that BTBR/R mice exhibited the differential expression of 1,280 transcripts (974 downregulated, 306 upregulated) in the cerebral cortex and striatum compared to B6 mice (Figures 1B,C, Supplementary Table 1).
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FIGURE 1. Significant alterations in BTBR/R cortical and striatal gene expression compared to B6. Gene expression changes in the cortical and striatal tissues from BTBR/R mice compared to tissues from B6 mice controls. (A) Principal component analysis of gene expression profiles of all samples. (B) Volcano plots depicting fold change vs. adjusted P-values for gene expression between BTBR/R and B6 mice. (C) Heat map of all differentially expressed genes between BTBR/R mice and B6 mice. The threshold was set to fold change ≥2 and t-test adjusted P-value ≤ 0.05 as illustrated in B. qRT-PCR-mediated validation revealed significantly downregulated (D) and upregulated (E) transcripts. Histogram black bars represent B6 mice data and red bars represent BTBR/R mice data. Unpaired two-tailed Student's t-test; *P < 0.05,**P < 0.01,***P < 0.001.


For verification of the microarray data, we performed qRT-PCR analyses in the cerebral cortex and striatum samples between BTBR/R and B6 mice for 15 DEGs: eight downregulated genes for plastin 3 (Pls3), CD276 antigen (Cd276), glycine amidinotransferase (Gatm), aldehyde dehydrogenase family 1, subfamily A3 (Aldh1a3), parkin RBR E3 ubiquitin protein ligase (Prkn), ribonuclease P and MRP subunit p25 (Rpp25), calcium channel, voltage-dependent, beta 2 subunit (Cacnb2), and nitric oxide synthase 1 adaptor protein (Nos1ap; Figure 1D); and seven upregulated genes for prune homolog 2 (Prune2), folate hydrolase 1 (Folh1), lipoprotein lipase (Lpl), DPY30 domain containing 2 (Dydc2), lysine-specific demethylase 5B (Kdm5b), occludin/ELL domain containing 1 (Ocel1), and serine peptidase inhibitor, clade A, member 3N (Serpina3n; Figure 1E). Only ASD-related DEGs and DEGs with high fold change were selected. As a result, we confirmed that the increased and decreased expression of tested genes were consistent with the results of the microarray analysis.

Using the NCBI and Ensembl databases, we classified types of the differentially expressed transcripts identified, as shown in Figure 2. Downregulated and upregulated transcript groups consisted of 524 and 184 protein-coding transcripts, 387 and 111 non-coding transcripts, 33 and 6 pseudogenes, and 30 and 5 other transcripts, respectively (Supplementary Table 2).
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FIGURE 2. Classification of differentially expressed transcripts into protein-coding genes, non-coding RNAs, pseudogenes, and others. The transcript types of differentially expressed genes between BTBR/R mice and B6 mice. (A) 974 downregulated transcripts were classified into 524 protein-coding genes (53.8%), 387 non-coding RNAs (ncRNAs; 39.7%), 33 pseudogenes (3.4%), and 30 others (3.1%). (B) 306 upregulated transcripts were classified into 184 protein-coding genes (60.1%), 111 ncRNAs (36.3%), 6 pseudogenes (2.0%), and 5 others (1.6%).



ENCORI and Cytoscape RNA–RNA Interaction Networks Analysis

To understand the coordinated expression of RNAs, we focused on RNA–RNA interactions. By using the Cytoscape network analysis tool, we analyzed the relationship between specific RNA and its binding target RNAs. For DEGs, both the “DEG and DEG” interactions and the “DEG and non-DEG” interactions were analyzed, while for non-DEGs only the “non-DEG and DEG” interactions were analyzed. We found that DEGs had an RNA interaction network with 3,684 “nodes” (genes) and 5,376 “edges” (interactions; Figure 3A, Supplementary Table 7). These network nodes included 75 upregulated genes and 253 downregulated genes (Figure 3D). Moreover, this network had 227 ASD-related genes connected with 670 edges (Figures 3D,E). Figures 3B,C list the top 10 “hub” genes that interact highly with DEG and non-DEG nodes, in terms of the number of nodes (Figures 3B,C).
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FIGURE 3. RNA–RNA interaction network analysis of BTBR/R gene expression. (A) RNA–RNA interaction networks constructed by 328 differentially expressed genes (DEGs) and 3,356 non-DEGs. The top 10 hub genes of DEGs (B) and non-DEGs (C) were based on the number of edges. Node's and Edge's attribute. (D) Nodes were classified into upregulated genes (2.04%), downregulated genes (6.87%) and non-DEGs (91.1%). Nodes were also classified into autism spectrum disorder (ASD)-related genes (6.16%) and ASD non-related genes (93.8%). (E) Edges constructed by ASD-related genes were 12.5%.


In DEGs, predicted gene 37194 (Gm37194; downregulated) was the node with the largest RNA–RNA interaction network and acted as a hub RNA interacting with 2,085 target RNAs, including 163 ASD-related genes (Figure 4A). In non-DEGs, predicted gene 26917 (Gm26917; non-DEG) was the node with the largest RNA–RNA interaction network and acted as a hub interacting with 105 nodes including seven ASD-related genes (Figure 4B). In ASD-related genes, ankyrin repeat domain 11 (Ankrd11; downregulated) and calcium dependent activator protein for secretion 2 (Cadps2; non-DEG) were nodes with the largest RNA–RNA interaction networks. Ankrd11 was a node for 100 RNAs, only two of which were DEGs (both downregulated) and 12 of which were ASD-related genes (Figure 4C). Cadps2 was not a DEG but was a node for 20 RNAs, all of which were DEGs (4 upregulated, 16 downregulated), including three ASD-related genes (Ccdc88c, Cdk13, and Cux1; Figure 4D).
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FIGURE 4. RNA-RNA interaction network hubs. (A) Gm37194 interaction network. Gm37194's nodes had 163 ASD-related genes (7.80%) and 46 DEGs (2.20%). (B) Gm26917 interaction network. Gm26917's nodes had seven ASD-related genes (6.67%), 17 upregulated genes (16.2%), and 88 downregulated genes (83.8%). (C) Ankrd11 interaction network. Ankrd11's nodes had 12 ASD-related genes (12.0%) and 2 DEGs (2.0%). (D) Cadps2 interaction network. Cadps2's nodes had three ASD-related genes (15.0%), four upregulated genes (20.0%), and 16 downregulated genes (80.0%).


Collectively, our comparative whole genome-wide microarray analysis between BTBR/R and B6 found 708 differentially expressed protein-coding genes (524 downregulated and 184 upregulated) that corresponds to ~3.2% of the total protein-coding genes in mice (22,519 in Ensembl as of April 2020), suggesting complicated alterations in transcriptional regulation of the cerebral cortex and striatum between the two mouse strains, which is also implied by the altered expression of 498 ncRNAs and 39 pseudogenes that may be associated with the differential regulation of transcription and translation between two strains via RNA–RNA interactions.




Bioinformatic Characterization of Differentially Expressed Genes Between BTBR/R and B6 Mice

To functionally characterize the differential gene expression between BTBR/R and B6 mice, identified DEGs were further subjected to various bioinformatics analyses.


Gene Ontology (GO) Functional Classification

To gain an insight into the biological significance in altered gene expression between BTBR/R and B6 mice, we performed the functional gene classification of DEGs by the GO enrichment analysis using the functional annotation and classification tool DAVID (Ashburner et al., 2000; Huang et al., 2009a,b; The Gene Ontology Consortium, 2019). DEGs were enriched in 40 GO terms in “biological process (BP),” 16 GO terms in “cellular component (CC),” and 22 GO terms in “molecular function (MF),” with statistical significance, according to the rule that each gene is annotated with multiple classifications if they match (Supplementary Table 3). Figure 5A shows the top 10 GO terms of BP, top 5 GO terms of CC, and top 5 GO terms of MF, based on the lowest P-value rank (Figure 5A). Interestingly, with the BP group, five GO terms (“DNA methylation on cytosine,” “DNA replication-dependent nucleosome assembly,” “positive regulation of gene expression, epigenetic,” “DNA replication-independent nucleosome assembly,” and “chromatin silencing at rDNA”) were significantly altered in BTBR/R mice compared to B6 mice, since many histone protein variant genes including histone H3 (Hist1h3f) and H4 (Hist1h4d, Hist1h4i, Hist1h4j, Hist1h4k, Hist2h4, and Hist4h4) family genes were DEGs of BTBR/R mice (Supplementary Table 3); this suggests a difference in DNA and chromatin regulation between the two mouse strains. It is also remarkable that the GO term with the lowest P-value in the CC and MF included a large number of annotated DEGs: 137 DEGs of “extracellular exosome” and 161 DEGs of “metal ion binding,” respectively (Figure 5B). In addition, the enrichment of “immune signaling”-related GO terms, 9 in the BP and 2 in the MF, was a characteristic in BTBR/R mice DEGs (Figure 5B).
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FIGURE 5. GO annotation and DAVID functional classification of DEGs. (A) A graph showing gene ontology (GO) annotations of differentially expressed genes (DEGs) with high statistical significance. DAVID functional classification. DEGs were analyzed for enrichment in GO using DAVID, with an adjusted P < 0.05. For each category, adjusted P-value is indicated by the length of the horizontal bars (Log P-value). DEGs were enriched in 78 GO annotations from three sub-ontologies: 40 biological processes (BP), 16 cellular components (CC), and 22 molecular functions (MF) with statistical significance (Supplementary Table 3). Among them, the top 10 BP, top 5 MF, and top 5 CC GO terms are shown in this graph. Numerals in parentheses indicate numbers of DEGs annotated to the terms. (B) A graph showing 9 and 2 “immune signaling related” GO terms from BP and MF, respectively. The DEGs were annotated to these 11 “immune signaling” -related GO terms that showed statistical significance.


We next focused on “nervous system”-related GO terms (Figure 6). In the BP group, “Cell surface receptor signaling pathway” (80 down- and 15 up-regulated genes) and “nervous system development” (59 down- and 18 up-regulated genes) were the first and second ranked groups, respectively, also suggesting possible changes in cellular signaling and development of the cerebral cortex and striatum between the two strains. Sixteen selected GO terms related to brain development included 199 down- and 66 up-regulated genes (with redundancy), suggesting that these DEGs may influence developmental differences in the cerebral cortex and striatum between the two strains of mouse (Supplementary Table 3).
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FIGURE 6. The “nervous system-related” GO terms of DEGs. A graph showing 39 “nervous system-related” GO terms from 29 BP, 5 CC, and 5 MF sub-ontologies. Many DEGs were annotated to a variety of these nervous system related GO terms, although these annotations were not statistically significant. Blue and pink bars represent downregulated and upregulated DEGs, respectively. * “Synaptic signaling and transmission” includes four GO terms: “synaptic signaling,” “trans-synaptic signaling,” “anterograde trans-synaptic signaling,” and “chemical synaptic transmission.” **In BP, the GO term “gene expression” (154 downregulated genes, 39 upregulated genes) is not included in this graph. In this GO annotation, each gene is annotated with multiple terms, if they match, so that number of DEGs shown in the graph of GO terms includes redundancy.




KEGG Pathway Analysis

We next analyzed the functional connection of DEGs using the KEGG pathway database (Kanehisa et al., 2017). The 12 statistically significant pathways (P < 0.05) are summarized in Supplementary Table 4. “Viral carcinogenesis” (21 DEGs, P = 0.0002), “Alcoholism” (15 DEGs, P = 0.013), and “Systemic lupus erythematosus” (12 DEGs, P = 0.015) pathways were highly ranked, which may be partly due to the alteration of many histone protein variant genes as described above. Importantly, “Oxytocin signaling pathway” (to which 14 DEGs were specified) was included (11 down- and 3 up-regulated, P = 0.0025), suggesting the possibility that altered gene expression in this pathway may influence the oxytocin-mediated behavior in BTBR/R mice. To individually assess DEGs mapped to specific pathways regardless of connectivity, we reexamined the KEGG pathway mapping data and picked up 15 pathways (including “Oxytocin signaling pathway”) in terms of Neuron/Synapse/Receptor, Signaling, and Immune response from all hit pathways including ones with P ≧ 0.05 (Figure 7A and Supplementary Table 4). The results indicated that there were 11 DEGs mapped to “Neuroactive ligand-receptor interaction pathway” of which six genes encoded neurotransmitter receptors for GABA (down: Gabrg2; up: Gabra2, Gabrg3), acetylcholine (up: Chrm2, Chrm3), and glutamate (down: Grm7; Figure 7B). The genetic alterations in these receptor genes have been shown to contribute to neuropsychiatric disorders, including GABAergic receptors Gabrg2 (epilepsy), Gabra2 (alcohol dependence), and Gabrg3 (developmental delay, ASD, and Prader-Willi/Angelman syndrome; Braat and Kooy, 2015), muscarinic acetylcholine receptor Chrm3 (ASD; Petersen et al., 2013), and metabotropic glutamate receptor Grm7 (ASD; Noroozi et al., 2016). This reexamination also showed the alteration of gene expression for three cell response pathways to cell-cell signaling molecules (Notch, Wnt, and TNF). In addition, the enrichment of 10 DEGs in “Chemokine signaling pathway” (7 down and 3 up; Figure 7B) was detected, thereby supporting the possibility that the immune signaling is altered between the two mouse strains.
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FIGURE 7. KEGG pathways that suggest functional alterations in BTBR/R. From Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis data (Supplementary Table 4), we selected 15 KEGG pathways which are categorized into the pathways related to “Neuron/Synapse/Receptor” (8 pathways), “Signaling” (3 pathways), and “Immune” (4 pathways). Among these pathways, the “Oxytocin signaling pathway” showed statistical significance (P < 0.00253; see Supplementary Table 4). (A) Number of differentially expressed genes (DEGs) classified into these 15 pathways (with redundancy) are shown. Blue and pink bars represent downregulated and upregulated DEGs, respectively. (B) Gene symbols of DEGs classified into each KEGG pathway.




WGCNA

To elucidate gene co-expression networks, we analyzed the microarray sample data by weighted correlation analysis (Zhang and Horvath, 2005; Langfelder and Horvath, 2008). For this analysis, we selected 11,323 probes that were the top 20% most informative probes reliable for the detection of their expression (Provenzano et al., 2016). The WGCNA analysis of BTBR/R data normalized to B6 data showed 10 highly-correlated modules of co-expressed genes (Figures 8A,B, Supplementary Table 5). The top 3 large modules “Turquoise module” (2,316 genes; 279 GO terms), “Blue module” (2,160 genes; 622 GO terms), and “Brown module” (1,589 genes; 428 GO terms) are enriched for genes annotated to the GO terms related to Nucleosome-Chromatin-DNA (“nucleosome,” “DNA packaging complex,” and “protein-DNA complex”), Neurotransmitter-Synaptic Transmission (“neurotransmitter transport,” “chemical synaptic transmission,” “regulation of neurotransmitter levels,” “neurotransmitter secretion,” and “cell-cell signaling”), and Signal Transduction-Translational Regulation (“negative regulation of signal transduction,” “negative regulation of signaling,” “translational termination,” and “regulation of translational termination”), respectively, with the highest statistical significance (Figure 8C, Supplementary Table 6).
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FIGURE 8. WGCNA identified multiple clusters (modules) of highly correlated genes which were enriched in synapse category. Weighted gene co-expression network analysis (WGCNA). Gene subset containing 11,323 genes is selected for WGCNA analysis (the top 20% of probes; Supplementary Table 5). (A) Gene dendrogram and clustered 10 modules coded by different colors. (B) Pie chart showing gene counts of each module. (C) Top 5 enriched gene ontology categories in modules of the highest three (“Turquoise module,” “Blue module,” and “Brown module”). Horizontal axis indicates the “Log P-value” (Enrichment P; Supplementary Table 6).


Overall, our comprehensive bioinformatics analyses of gene expression highlighted functional alterations in the cerebral cortex and striatum of BTBR/R mice.




Fifty-Three ASD Candidate Genes Were Included in DEGs Between BTBR/R and B6 Mice

We next explored whether BTBR/R mice DEGs were the known ASD candidate genes by utilizing the autism gene database AutDB (Pereanu et al., 2018). We identified 53 genes (40 downregulated and 13 upregulated) out of 1,280 DEGs to be ASD candidate genes, which corresponds to about 4.7% of total 1,125 genes registered in the AutDB (Figure 9A, Supplementary Table 9). Considering this result, we entertained the possibility of altered co-expression or combinational expression patterns of these 53 DEGs in BTBR/R mouse brains being partly associated with ASD.
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FIGURE 9. DEG contained several ASD-related orthologs which overlapped with other ASD model and/or human patient altered genes. Venn diagrams show the number of identical genes between BTBR/R differentially expressed genes (DEGs) and autism spectrum disorder (ASD)-related genes registered in the ASD database AutDB (A), and the resultant 53 BTBR/R ASD-related genes and the genes reported in a larger ASD exome sequencing study (B) and four ASD model animal studies (C–F). (A) 53 genes are identical between 1,280 BTBR/R DEGs and 1,125 ASD-related mouse orthologs to 1,141 human ASD-related genes (AutDB statics, updated Jan 2020). The 53 overlapped genes between BTBR/R DEGs and ASD-related genes are referred to as “BTBR/R ASD genes.” (B) There were 3 overlapped genes (Ankrd11, Kdm5b, and Traf7) between the large ASD exosome sequencing study (Satterstrom et al., 2020) and this BTBR/R study. (C) There were also 3 overlapped genes (Kdm5b, Pde4b, and Mpp6) between the Chd8 haploinsufficient transgenic mouse study (Suetterlin et al., 2018) and this BTBR/R study. (D) There were 7 overlapped genes (Egr2, Eps8, Grm7, Kdm5b, Mpp6, Zmynd11, and Syn3) between the miR137 overexpressing transgenic mouse study (Cheng et al., 2018) and this BTBR/R study. (E) There were 19 overlapped genes (Adk, Ankrd11, Anks1b, Camk2b, Ccdc88c, Cd276, Cd38, Cdh10, Cdkn1b, Cux1, Grik2, Itga4, Leo1, Lpl, Lrfn5, Nos1ap, Pde4b, Ptprc, and Syn3) between the lipopolysaccharide-induced maternal immune activation rat fetus ASD model study (Oskvig et al., 2012; Lombardo et al., 2018) and this BTBR/R study. (F) There were four overlapped genes (Aldh1a3, Birc6, Kdm5b, and Mpp6) between the Fmr1 knockdown Drosophila embryo study (Greenblatt and Spradling, 2018) and this BTBR/R study. Five gene symbols that show co-occurrence among multiple independent studies are shown in colored letters; they are: Ankrd11, Kdm5b, Pde4b, Mpp6, and Syn3.


To verify this possibility further, we next analyzed the co-occurrence of differentially-expressed ASD candidate genes between BTBR/R and B6 mice (hereafter referred to as “BTBR/R ASD-DEGs”) in the previous studies of three other psychiatric disorder models and human subjects with ASD (Figures 9B–F, Supplementary Tables 12, 13). Comparing with the genes affected in ASD patients (the largest genome-scale exome-sequencing meta-analysis [n = 35,584 total samples, 11,986 with ASD] by Satterstrom et al., 2020; Figure 9B), Chd8 (chromodomain helicase DNA binding protein 8: ASD-candidate gene) haploinsufficient transgenic mice (with increased connectivity in cortical network and no obvious sociability deficits; P5 mice; one brain hemisphere; Suetterlin et al., 2018; Figure 9C), miR137 haploinsufficient transgenic mice (with synaptic overgrowth, dendritic growth deficits, learning and memory deficits and social behaviors deficits; P14 mice; whole brain; Cheng et al., 2018; Figure 9D), the lipopolysaccharide (LPS)-induced maternal immune activation (MIA) rat fetus model (with neural and behavioral abnormalities relevant to ASD; LPS manipulation for the MIA-inducing event on gestational day 15, gene expression measured at 4 h post-LPS injection; Oskvig et al., 2012; Lombardo et al., 2018; Figure 9E), and Fmr1 (Fragile X mental retardation 1: ASD-candidate gene) knockdown Drosophila embryos (with neural defects; stage 14 follicles; Greenblatt and Spradling, 2018; Figure 9F). The results allowed us to verify de novo variations of three ASD-associated BTBR/R DEGs (Ankrd11, Kdm5b, and Traf7) in the large exome sequencing study of patients with ASD (Satterstrom et al., 2020; Figure 9B and Supplementary Table 13). Similarly, the co-occurrence of BTBR/R ASD DEGs was 3 in the Chd8 study (Figure 9C), 7 in the miR137 study (Figure 9D), 19 in the MIA study (Figure 9E), and 4 in the Fmr1 study (Figure 9F). It was remarkable that five BTBR/R ASD genes repeatedly co-occurred in multiple independent studies: Kdm5b in all four studies; Mpp6 in three studies; and Ankrd11, Pde4b, and Syn3 in two studies. In addition, 19 out of 53 BTBR/R ASD DEGs co-occurred in the MIA model study. These results suggested that BTBR/R mouse brains have alterations in Kdm5b-mediated epigenetic regulation commonly affected in these ASD models together with those in the maternal immune activation model.

We next examined DEGs between two sublines of BTBR mice by comparing our BTBR/R vs. B6 dataset (1,280 DEGs obtained from the cerebral cortex and striatum) with the five independent BTBR/J vs. B6 datasets (1,016 DEGs from the hippocampus by Provenzano et al. (2016); 325 DEGs from the cerebellum by Shpyleva et al. (2014); 448 DEGs in the striatum by Oron et al. (2019); and 328 DEGs from the hippocampus and 328 DEGs from the cerebral cortex by Daimon et al., 2015; Supplementary Table 14). The 341 DEGs identified in our BTBR/R study were also reported as DEGs in at least one of the BTBR/J datasets. Five DEGs showed consistent expression patterns in all five datasets: three upregulated DEGs (Adi1, Scg5, and Serpina3n), and two downregulated DEGs (Nudt19 and Pop4). The expression patterns of 136 DEGs (23 upregulated, 113 downregulated) were consistent between the BTBR/R mice cerebral cortex and striatum and the BTBR/J mice striatum (Oron et al., 2019) datasets, while those of 30 DEGs (6 upregulated, 24 downregulated) were consistent between the BTBR/R mice cerebral cortex and striatum and the BTBR/J mice cerebral cortex (Daimon et al., 2015) datasets (Supplementary Table 14). In total, 208 DEGs showed consistent expression patterns (45 upregulated, 163 downregulated) between the BTBR/R cerebral cortex and striatum and BTBR/J hippocampus (Provenzano et al., 2016) datasets. The results suggest both differences and similarities in the brain transcriptomes of BTBR/R and BTBR/J mice, although well-controlled direct comparisons between the two sublines of BTBR are required.



Spatial Expression Patterns of DEGs Were Also Different Between B6 and BTBR/R Brain

We comprehensively analyzed the spatial cellular expression of DEGs in the BTBR/R and B6 mice brains in a qualitative manner using the ISH method. We selected 11 DEGs (3 upregulated and 8 downregulated) which are well-annotated in GO. Consistent with microarray analysis, the expression level of Serpina3n and Lpl in cortical areas and the striatum was higher in BTBR/R mice than B6 mice (Figure 10). Higher expression of Serpina3n in BTBR/R mice was entirely observed in cortical layers of the primary somatosensory cortex (SSp; Figure 10A) and medial prefrontal cortex (mPFC; Figure 10B), but the difference between BTBR/R and B6 mice was not prominent in the striatum (Figure 10C). Interestingly, the strong expression of Lpl in BTBR/R mice was observed in the superficial layer of cortex (Figures 10A,B). In the striatum, Lpl was highly expressed in BTBR/R compared with B6 mice, especially in the ventral lateral striatum (VL; Figure 10C). In contrast, the cortical expression of Pls3 and Rpp25 in BTBR/R mice was lower than that of the B6 mice (Figures 10A,B). The expression of Cacnb2 in the nucleus accumbens was decreased in BTBR/R compared with B6 mice (Figure 10C). The expression of other DEGs in the cerebral cortex and striatum are shown in the Supplementary Figures 2–5. Overall, the expression of 11 DEGs in the cortex and/or striatum from ISH was consistent with the results from the microarray and qRT-PCR analyses (Figure 10, Supplementary Figures 2–5).
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FIGURE 10. The spatial expression of DEGs in the cerebral cortex and striatum of B6 mice and BTBR/R mice. In situ hybridization images for gene expression of Serpina3n, Lpl, Pls3, Rpp25, and Cacnb2 in coronal sections of the primary somatosensory cortex (SSp; A), medial prefrontal cortex (mPFC; B), and striatum (C). Upper and lower columns show B6 and BTBR/R mouse sections, respectively. Scale bars show 250 μm in cortical images and 500 μm in the striatum images. 1, 2/3, 4, 5, 6a, and 6b, cerebral cortical layer 1, 2/3, 4, 5, 6a, 6b; cc, corpus callosum; fa, corpus callosum, anterior forceps; DL, dorsolateral striatum; DM, dorsomedial striatum; IL, infralimbic cortex, NAc, nucleus accumbens; PrL, prelimbic cortex; VL, ventrolateral striatum; VM, ventromedial striatum. The magenta and light blue indicate upregulated and downregulated genes, respectively.


Next, we analyzed the expression of DEGs in other brain areas (Figure 11). Similar to the cortical areas, Serpina3n expression of BTBR/R mice was higher than that of B6 mice in the hippocampal CA1, CA3, and dentate gyrus (DG) areas (Figure 11A). In BTBR/R mice, the expression of Lpl was specifically increased in the DG compared with B6 mice (Figure 11A). In contrast, the expression of Cd276 in the CA1 and CA3 areas was lower in BTBR/R than B6 mice (Figure 11A). In the piriform cortex (PIR), the expression of Serpina3n and Lpl was increased, while that of Pls3 was decreased, in BTBR/R compared to B6 mice (Figure 11B). In the amygdala, the expression of Serpina3n was higher in BTBR/R than B6 mice, especially in the basolateral amygdala (BLA) (Figure 11C). By contrast, the expression of Pls3 was lower in BTBR/R than B6 mice in the BLA (Figure 11C). Consistent with the cortical areas, Rpp25 expression of BTBR/R mice was decreased in the amygdala compared with that of B6 mice (Figure 11C). The expression of other DEGs in the hippocampus, PIR, and amygdala is shown in Supplementary Figures 6–8. Finally, we focused on the paraventricular hypothalamic nucleus. The expression of Serpina3n and Pls3 was increased and decreased in BTBR/R mice compared to B6 mice, respectively (Figure 11D).
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FIGURE 11. The spatial expression of DEGs in the hippocampus, amygdala, and PIR of B6 mice and BTBR/R mice. In situ hybridization images for gene expression of Serpina3n, Lpl, Cd276, Pls3, and Rpp25 in coronal sections of the hippocampus (HIP; A), piriform cortex (PIR; B), amygdala (C), and paraventricular nucleus (PVN; D). Upper and lower columns show B6 and BTBR/R mouse sections, respectively. Scale bars show 250 μm in the HIP and amygdala, 100 μm in the PIR and PVN. In the HIP, CA1, pyramidal layer of the cornu ammonis 1; CA3, pyramidal layer of the cornu ammonis 3; DG, dentate gyrus. In the amygdala, BLA, basolateral amygdala; CeA, central amygdala; LA, lateral amygdala. In the PIR, 1, 2 and 3, cerebral cortical layer 1, 2, and 3. In the PVN, 3V, third ventricle. The magenta and light blue indicate upregulated and downregulated genes, respectively.


We have summarized the spatial pattern of DEG expression in Figure 12. Essentially, messenger RNA (mRNA) expression levels detected by ISH were consistent with the results indicated by the microarray and qRT-PCR analyses. In addition, the comparative ISH analysis provided valuable data on the cellular and regional difference of DEG expression between BTBR/R and B6 mouse brains, which is informative for future studies to consider a relationship between gene expression and brain circuits associated with pathologies.


[image: Figure 12]
FIGURE 12. Summary of DEGs expression in the cortical and subcortical areas. Comparative expression levels of differentially expressed genes between BTBR/R mice and B6 mice are shown by color. Magenta and cyan indicate that the in situ hybridization signal level is higher in BTBR/R mice and B6 mice than B6 mice and BTBR/R mice, respectively. Gray indicates no detectable difference between two mouse strains. Abbreviations are indicated in the legends of Figures 10, 11.




BTBR/R Behavioral Phenotypes Were Indicative of a Slight Autistic Tendency

Finally, we assessed the basic phenotypes of BTBR/R mice in terms of sociality and associated emotional features. In five-trial social habituation/recognition tasks (Supplementary Figure 9A), compared to B6 mice (n = 12), BTBR/R mice (n = 15) unexpectedly showed no significant differences in four repeated habituation interaction trials with the first social stimulus mouse (Supplementary Figure 9B). Interestingly, response to a second novel stimulus mouse at trial five was slightly decreased in BTBR/R compared to B6 mice (Supplementary Figure 9B, repeated measurement two-way ANOVA; trial 4–5, F(1, 25) = 35.80, P < 0.001; mouse strains, F(1, 25) = 0.15, P = 0. 70; trials × strain, F(1, 25) = 4.31, P = 0.048; post-hoc Tukey-Kramer test, BTBR/R vs. B6 at trial 5, P = 0.026). Then, we analyzed the social recognition index in which interaction time with a novel mouse at trial five was subtracted from that with a habituated mouse at trial four. The social recognition index was significantly decreased in BTBR/R compared with B6 mice (Supplementary Figure 9C, P = 0.048). In open field tests (Supplementary Figures 9D–G), BTBR/R mice showed a striking increase in repetitive jumping behavior compared with B6 mice (P < 0.001), although there were no differences in total distance, time spent in center area, and time spent self-grooming. These findings suggest that, compared to B6 mice, BTBR/R mice have a mild impairment in social recognition as well as increased stereotypic behavior.




DISCUSSION

In this study, we identified a number of transcriptomic changes in the cerebral cortex and striatum of BTBR/R mice (1,280 DEGs with 974 downregulated and 306 upregulated alterations) compared to B6 mice. The GO enrichment analysis showed 78 GO annotations and highlighted the significant alteration of functional gene groups including the DNA-chromatin-related gene group, which may influence DNA replication, transcriptional and epigenetic regulation, and the immune signaling-related gene group, which may result from increased and/or aberrant immune responses. The KEGG pathway analysis showed enrichment of the “Oxytocin signaling pathway”-related 14 DEGs with 11 downregulated and three upregulated expression profiles, suggesting the possibility of an overall decline in this important pathway to express the oxytocin-mediated social behavior. The WGCNA co-expression network analysis indicated significant changes in the co-expression modules including a large number of DNA/chromatin-related genes, synaptic transmission-related genes, and signal transduction/translational regulation-related genes. We also showed that 53 ASD-related genes have differential expression patterns between BTBR/R and B6 mice brains. By comparing our DEGs and these ASD-related DEGs to DEGs reported by five independent studies of ASD patients and ASD animal models, we propose some gene candidates critical to similar phenotype(s) among ASD patients and ASD animal models. Moreover, by comparing our DEGs to DEGs reported in four independent BTBR/J studies, we show differences and similarities between the two BTBR sublines, and suggest some critical DEGs that commonly influence brain function and behavior. Finally, we mapped spatial differential expression patterns of 11 DEGs in BTBR/R mice in comparison to those of B6 mice. These transcriptomic features in the cerebral cortex and striatum of BTBR/R mice in contrast to those of highly social B6 mice suggest alterations in expression of brain functions and behavior between these two mouse strains.


RNA Alterations in BTBR/R Mice: ncRNA Expression, Splicing, and RNA–RNA Interactions

In addition to alteration of protein-coding transcripts, abnormalities in splicing patterns as well as ncRNA profiles have been shown in individuals with various psychiatric disorders including ASD (Gandal et al., 2018). Specific ncRNA species such as micro RNAs (miRNAs), small nucleolar RNAs, and lncRNAs are involved in psychiatric disorders by regulating transcriptional and translational systems (Zhang et al., 2019). Abnormal alternative splicing is also associated with neurodevelopmental disorders (Zhang et al., 2016; Gandal et al., 2018); for instance, Rbfox1 is a transcription regulator that controls alternative splicing and its mutation is associated with ASD (Wamsley et al., 2018). In addition, the alternative splicing “Retained intron” is involved in increasing miRNA targets by changing untranslated region's sequence in ASD-related genes (Tan et al., 2007). In this study, we identified 498 ncRNAs (387 downregulated, 111 upregulated) differentially expressed in BTBR/R mice compared to B6 mice. In addition, it was notable that 18.2% of BTBR/R mice DEGs showed alternative splicing (160 downregulated, 47 upregulated; “nonsense mediated decay” and “retained intron”). The altered ncRNA and alternative spliced transcript expression may contribute to a transcriptomic feature in BTBR/R mice brain.

In this study, we identified a huge RNA–RNA interaction network that included DEG- and ASD-related genes. As mentioned above, ncRNA have a regulatory role via ncRNA–RNA interactions. In addition, recent studies have shown that mRNA-mRNA interactions also act as translational regulators in prokaryotes (Ruiz de los Mozos et al., 2013; Masachis and Darfeuille, 2018; Ignatov et al., 2020). In our analysis, we identified Gm37194 and Gm26917 as a hub gene that was the most connected node with other node RNAs. Both Gm37194 and Gm26917 are predicted genes annotated by an expressed sequence tag (EST; Wilming et al., 2008). Gm26917 lncRNA expression is regulated by FoxM1 and acts as a competing endogenous RNA source for miRNA-29b, which accelerates apoptosis of muscle satellite cells (Chen et al., 2018). We also identified Ankrd11 and Cadps2 as the most connected genes of all the ASD-related genes. ANKRD11 is a potential chromatin regulator implicated in neural development, and its de novo mutation was reported in ASD (Iossifov et al., 2014). In mice, ANKRD11 controls cortical precursor proliferation via histone acetylation, and its knockdown mice showed ASD-like behavior (Gallagher et al., 2015). CADPS2 is a cytosolic protein that regulates the exocytosis of synaptic and dense-core vesicles (Cisternas et al., 2003). In ASD patients, an aberrant increase of a rare alternative splicing variant with exon3-skipping was reported and mice expressing exon3-skipped Cadps2 variant showed ASD-like behavior (Sadakata et al., 2007, 2012). Among Ankrd11-interacting ASD-related genes, six transcriptional repressors (Phf12, Tbr1, Rere, Ctcf, Ep400, and Per1) and three E3 ubiquitin protein ligases (Ube3b, Trip12, and Ubr5) were included. It is of interest that within the Cadps2-interacting DEGs, there were three RNA splicing related genes (Cdk13, Srrm2, and Sfpq). Taken together, the RNA–RNA interaction network data demonstrates that Ankrd11 and Cadps2 interact with many functionally-related genes, suggesting that these functional mRNA-mRNA interactions may underlie the transcriptional regulation of ASD-related genes.



BTBR/R DEGs Are Commonly Altered in ASD Individuals and Animal Models

We identified 53 ASD candidate genes within BTBR/R mice DEGs (referred to as BTBR/R ASD-DEGs in this study), suggesting that the alteration of this combinatory gene expression pattern may contribute to differences between BTBR/R and B6 mice. Thus, we further analyzed the co-occurrence of BTBR/R mice ASD DEGs in the previously reported five independent studies: in human ASD patients and animal models (mouse, rat, and Drosophila) five BTBR/R ASD-DEGs were found that were repeatedly reported in the previous five studies: Kdm5b (four times); Mpp6 (three times); Ankrd11, Pde4b, and Syn3 (twice). Kdm5b was particularly interesting because of co-occurrence in four independent datasets obtained by analyzing human patients with ASD (Satterstrom et al., 2020) and ASD animal models, including Chd8-haploinsufficient transgenic mice (Suetterlin et al., 2018), miR137-haploinsufficient transgenic mice (Cheng et al., 2018), and Fmr1-knockdown Drosophila embryos (Greenblatt and Spradling, 2018). KDM5B (lysine demethylase 5B) is one of the lysine-specific histone demethylase family and demethylates tri/di/mono-methylated lysine-4 of histone H3 (H3K4), which is critical to neural development (Schmitz et al., 2011; Fueyo et al., 2015). De novo mutations of Kdm5b result in a recognizable syndrome with developmental delay (Faundes et al., 2018). MPP6 (membrane protein, palmitoylated 6) is a member of the peripheral membrane-associated guanylate kinase (MAGUK). MPP6 interacts with 4.1G, Lin7, and CADM4 proteins in Schwann cells and its KO mice showed hypermyelination of sciatic nerves (Saitoh et al., 2019). A de novo mutation of Mpp6 was reported in an individual with ASD (Iossifov et al., 2014). Although MPP2, a member of the MPP family, acts as a scaffold in the postsynaptic density of hippocampal CA1 neurons (Kim et al., 2016), the role of MPP6 in the central nervous system remains to be studied. PDE4B is a member of the cyclic nucleotide phosphodiesterase (PDE) family (PDE4 subfamily). A de novo synonymous mutation in PDE4B was reported in an individual with ASD (Iossifov et al., 2014; Takata et al., 2016). PDE4B has also been identified as one of the subset genes related to a common molecular signature in autism (Diaz-Beltran et al., 2016). SYN3 (Synapsin 3) is a synaptic vesicle associated protein and its KO mice showed impairments in early axon outgrowth and inhibitory neurotransmission in hippocampal neurons (Feng et al., 2002). A de novo mutation in SYN3 was identified in an individual with ASD (Ruzzo et al., 2019). TRAF7 (TNF receptor-associated factor 7), which generally exerts negative control on its targets including NF-κB and p53 by ubiquitination, was identified only in the human ASD dataset (Satterstrom et al., 2020). TRAF7 mutations were shown to be involved in genesis of human cancer, especially in about 25% of meningiomas (Zotti et al., 2017), and de novo missense variants were also identified in ASD probands (Neale et al., 2012; Krumm et al., 2015; Tokita et al., 2018). Together, our results suggest that BTBR/R mice have alterations in the KDM5B, MPP6, ANKRD11, PDE4B, SYN3, and TRAF7-associated pathway(s), some of which are commonly affected in ASD individuals and animal models, that may impact on the development and function of BTBR/R brain.

Maternal infection is a risk for ASD and animal models showed that maternal immune activation is sufficient to impact neuropathology and altered behaviors in offspring (Ehninger et al., 2012; Estes and McAllister, 2015). Recent studies also showed marked neuroinflammation in individuals with ASD, suggesting that can also contribute to ASD risk (Gottfried et al., 2015; Gładysz et al., 2018). Importantly, in addition to changes in gene expression patterns related to the immune signaling and response, which was repeatedly suggested by the GO enrichment and pathway analyses, about 36% of BTBR/R mice ASD DEGs overlapped with DEGs of the LPS-induced MIA rat fetus model (Lombardo et al., 2018). Thus, BTBR/R mice brains may have alterations in the immune-related pathway(s) which impact on brain development and function.



Similarity in DEGs Between Two Sublines of BTBR: BTBR/R and BTBR/J

By comparison of the DEGs between our BTBR/R study and those of previous BTBR/J studies, we identified five DEGs that commonly appeared among these independent studies (upregulated Adi1, Scg5, and Serpina3n; downregulated Nudt19 and Pop4), besides the use of different experimental conditions such as brain regions analyzed (cerebral cortex and striatum in this study; hippocampus in Provenzano et al., 2016; cerebellum in Shpyleva et al., 2014; striatum in Oron et al., 2019; and cortex and hippocampus in Daimon et al., 2015). Adi1 encodes 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase that is involved in methionine salvage: 5′-methylthioadenosine cycle to increase S-adenosylmethionine levels, which altered genome-wide promoter methylation profiles, resulting in altered gene expression in hepatocellular carcinoma (Chu et al., 2019). Scg5 (secretogranin V, 7B2) encodes a secreted chaperone protein that prevents the aggregation of other secreted proteins inside of secretory vesicles, and its KO mice show a number of endocrine abnormalities (Bartolomucci et al., 2011). Serpina3n (Serine protease inhibitor A3N) encodes a secretory serine protease inhibitor that mediates neuroinflammation (Xi et al., 2019) and is upregulated in various neurological diseases (Switonski et al., 2015; Vanni et al., 2017). Nudt19 (Nucleoside diphosphate linked moiety X [Nudix]-type motif 19) encodes a peroxysomal nudix hydrolase (Carreras-Puigvert et al., 2017) that exerts a CoA diphosphohydrolase activity in the kidney (Shumar et al., 2018) and its KO mice caused a significant decrease in total CoA levels in the kidney (Shumar et al., 2018). Neuron-specific overexpression of another peroxisomal CoA hydrolase Nudt7 induced reduction in motor coordination (Shumar et al., 2015). Pop4 (Rpp29) encodes ribonuclease P protein subunit P29 that generates mature transfer RNA (tRNA) by cleaving the 5′-leader sequence from the precursor. A recent study showed that Pop4 represses nucleosome deposition of histone H3.3, a regulator of transcription-state change and epigenetic inheritance (Newhart et al., 2016). Although these five DEGs were repeatedly identified in five independent datasets in two BTBR sublines, BTBR/R and BTBR/J, they are not assigned to ASD candidate genes, and their functions may be important for proper development and function of the human brain and thus remain be elucidated.



Altered Spatial Expression Patterns of DEG mRNAs in the BTBR/R Mouse Brain

We mapped mRNA expression of 11 DEGs on BTBR/R mice brains. Three upregulated DEGs (Serpina3n, Lpl, and Prune2) and eight downregulated DEGs (Pls3, Cd276, Rpp25, Cntnap3, Park2, Nos1ap, Cacnb2, and Gatm) showed similar changing patterns throughout brain regions of BTBR/R and B6 mice. Strikingly, Serpina3n was recurrently identified as an upregulated DEG by this BTBR/R study as well as four independent BTBR/J studies, as described above, although it has never been reported as an ASD candidate gene. BTBR/R mice brains showed increased Serpina3n mRNA expression: intensely in the cerebral cortex, hippocampus, and amygdala; weakly in the striatum. Together with the transcriptomic data showing the enrichment of the immune signaling pathways in BTBR/R mice DEGs, we suggest that these brain regions in BTBR/R mice may have increased neuroinflammatory responses, as reported in other neurological disorders (Switonski et al., 2015; Vanni et al., 2017; Xi et al., 2019). Upregulated DEG Lpl encodes lipoprotein lipase that is the key enzyme in triglyceride metabolism. Highly-increased levels of mRNA expression were remarkable in the cortical layer II/III and striatum of BTBR/R mice compared to B6 mice. LPL activity is critical to regulation of energy balance in the brain (Wang and Eckel, 2012) and is also suggested to play an important role in learning and memory (Xian et al., 2009). Increased expression of Lpl in BTBR/R mice brains may cause imbalance of triglyceride-rich plasma lipoproteins, leading to impaired brain function. Pls3 (Plastin 3) encodes an actin binding protein that reduced in a mouse model of spinal muscular atrophy, and its overexpression restored axonal outgrowth of motor neurons in SMA (Alrafiah et al., 2018). Pls3 mRNA was localized in the cortical layers II/III, V, VIa, VIb, and BLA in B6 mice, but its expression was downregulated in BTBR/R mice, suggesting that BTBR/R mice may have an axonal defect in these regions. Rpp25 (ribonuclease P and MRP subunit p25) encodes 25 kDa subunit of the ribonuclease P complex and was shown to decrease by about 45% in GABAergic interneurons of the PFC in subjects with ASD (Huang et al., 2010). Importantly, our ISH data also showed a decrease of Rpp25 mRNA in the mPFC and SSp, probably interneurons, of BTBR/R mice compared to B6 mice, suggesting a possibility that BTBR/R mouse brains may have similar cortical dysfunction to that seen in ASD. Together with Rpp25, another key molecule Pop4 (Rpp29) of the ribonuclease P complex is also downregulated in BTBR/R mice as described above, again suggesting a possible defect in tRNA maturation and/or nucleosome formation in these brain regions of BTBR/R mice.



Two BTBR Sublines: BTBR/R vs. BTBR/J

Both sublines BTBR/R and BTBR/J probably originated from the same BTBRTF/Art line and are bred in the RBRC and the Jackson Lab: in this study we conventionally called them BTBR/R and BTBR/J, respectively. We analyzed the brain transcriptome (DEGs, co-expression and interaction RNA networks) of BTBR/R mice and compared them with data reported in the previous studies of human ASD subjects and ASD animal models, including another BTBR subline of BTBR/J mice. There is one previous study showing enhanced turnover of dendritic spines in the anterior frontal cortex of BTBR/R mice similarly to that seen in ASD model mice during the postnatal developmental stage (Isshiki et al., 2014). On the other hand, there has been accumulating information on BTBR/J mice regarding their genetics, neuropathology, and behavior. Many other hallmark symptoms of ASD have been reported in BTBR/J mice, including low sociability (Bolivar et al., 2007; Moy et al., 2007), resistance to change (Moy et al., 2007, 2008), increased repetitive self-grooming behavior (Pobbe et al., 2010), other repetitive behaviors (Pearson et al., 2011), and reduced territorial scent marking (Wöhr et al., 2011). Our behavioral data provide, for the first time, evidence of potential mild but significant deficits in terms of social novelty recognition as well as repetitive behavior in the BTBR/R mouse subline, although further information on detailed behavioral phenotypes of these mice is needed for a comprehensive understanding in this context.

In addition, it is notable that BTBR/J mice have severely reduced hippocampal commissure (HC) and absent corpus callosum (Wahlsten et al., 2003; Dodero et al., 2013; Ellegood et al., 2013; CC). Since in human juveniles and adults with ASD are often reported to have reduced CC volume (Dougherty et al., 2016; Chen et al., 2017; Temur et al., 2019), BTBR/J mice are useful for genetic, anatomical, and behavioral research on the origin and role of the CC and HC. In contrast, the appearances of the CC and HC of BTBR/R mice were normal, although their quantitative examination is required for evaluation of any morphological abnormality. In order to elucidate this striking morphological difference between two BTBR/R and BTBR/J sublines, we researched whether the genes involved in the CC formation (Suárez et al., 2014a) were included within our DEGs. Wnt8b, which is one of genes involved in the development of the CC and axonal connections between the left and right sides of the brain (Suárez et al., 2014b), was downregulated in BTBR/R mice brains. FGF signaling is required for the formation of the CC (Smith et al., 2006). Interestingly, Fgfr1op2, which encodes the FGFR1 oncogene partner 2 that regulates FGFR1 kinase activity, was commonly downregulated in BTBR/R mice (in the cerebral cortex and striatum, this study) and BTBR/J (in the cortex and hippocampus, Daimon et al., 2015; and in the cerebellum, Shpyleva et al., 2014). It is yet unclear what genetic alteration(s) generate this drastic morphological change between two sublines and whether the presence and absence of the CC and HC largely impact on their brain function and behavior such as social interaction and repetitive behavior. In other words, BTBR/J mice are a model for ASD subjects completely lacking the CC and HC, while BTBR/R mice may be a model for ASD subjects having intact CC and HC or ones with subtle changes in morphology or neurophysiology. In this study, we found the important similarities and difference between these two BTBR sublines. Further study is needed to clarify these issues.

Our behavioral data indicate potential mild deficits in terms of social novelty recognition and repetitive behavior in BTBR/R mice compared to B6 mice, which is, however, in stark contrast to BTBR/J mice, which are reported to have more severe impairments with regard to autism-related behavior. This also suggests that BTBR/R mice have an autistic-like tendency or susceptibility to autism that may become prominent in BTBR/J mice. Clarifying the differences between the two sublines at the transcriptome level can contribute significantly to understanding the genetics of autism susceptibility.



Transcriptomic Features of Neurotransmitter Systems

Several studies have addressed the involvement of the excitation/inhibition balance in ASD pathologies, especially in the context of dysregulation of glutamatergic and GABAergic neurotransmission systems in ASD patients and models of ASD (Yizhar et al., 2011; Baudouin et al., 2012; Nelson and Valakh, 2015; Horder et al., 2018; Marotta et al., 2020). In previous pharmacological studies, treatment with the mGluR5 antagonist methyl-6-phenylethynyl-pyridine, AMPA receptor positive allosteric modulators, and the GABA-A agonist gaboxadol rescued social deficits or repetitive behavior in BTBR/J mice (Silverman et al., 2012, 2015; Rhine et al., 2019). In our analysis, we highlighted transcriptomic alterations in glutamatergic and GABAergic signaling pathway genes (Figure 7B), and the corresponding genes were found to be altered not only in BTBR/R but also BTBR/J mice in several instances (Supplementary Table 14). Among the glutamatergic signaling pathway genes, the glutaminase (Gls), phospholipase A2 group IVB (Pla2g4b), and phospholipase A2 group IVE (Pla2g4e) genes were also altered in the hippocampus (Provenzano et al., 2016), dorsal striatum (Oron et al., 2019), and cerebellum (Shpyleva et al., 2014). Of the GABAergic signaling pathway genes, the GABA receptor subunit gamma-2 (Gabrg2) and GABA-A receptor subunit alpha2 (Gabra2) genes were also altered in the hippocampus (Provenzano et al., 2016), cortex (Daimon et al., 2015), and cerebellum (Shpyleva et al., 2014). In addition, downregulation of D-aspartate oxidase (Ddo), which is responsible for the degradation of the endogenous NMDA receptor agonist D-aspartate, was reported in studies on the hippocampus (Provenzano et al., 2016) and the whole brain (Nuzzo et al., 2020). We also identified some DEGs related to the neurotransmitter signaling pathways for acetylcholine, dopamine, and serotonin, which have also been reported to be involved in ASD (Marotta et al., 2020)—e.g., upregulation of two muscarinic acetylcholine receptors (Chrm2 and Chrm3) and downregulation of the vesicular monoamine transporter 1 (VMAT1, Slc18a1), which is predominantly a peripheral VMAT type for neuroendocrine cells. Taken together, there are some difference in the transcriptomic profiles of neurotransmitter signaling pathways, particularly in the glutamatergic and GABAergic signaling pathways that may influence the excitation/inhibition balance, between BTBR/R and B6 mice. The co-expression patterns of these identified DEGs may explain possible differences in corticostriatal neurotransmission systems between BTBR/R and B6 mice, although further studies in this context are warranted.




CONCLUSIONS

In conclusion, we characterized the transcriptomic features of the cerebral cortex and striatum of BTBR/R mice in comparison with B6 mice, using microarray, qRT-PCR, and ISH analyses together with comprehensive bioinformatics approaches. We identified DEGs (upregulated and downregulated) and co-expression as well as interaction RNA networks in BTBR/R mice brains. In addition, the BTBR/R mice data were comprehensively compared to those reported in the previous studies of subjects with ASD as well as ASD animal models, including BTBR/J mice. Our results allow us to propose potentially important genes and ncRNAs that may be associated with brain function and behaviors characteristic to BTBR/R mice that are indicative of an autistic-like phenotype. To contribute further to the understanding of ASD genetics and biology, further studies regarding detailed cellular expression patterns as well as functional aspects of the DEGs in BTBR/R mice brain are required, considering the differences and/or similarities with socially impaired BTBR/J mice and highly social B6 mice.
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The prevalence of autism spectrum disorder (ASD)—a type of neurodevelopmental disorder—is increasing and is around 2% in North America, Asia, and Europe. Besides the known genetic link, environmental, epigenetic, and metabolic factors have been implicated in ASD etiology. Although highly heterogeneous at the behavioral level, ASD comprises a set of core symptoms including impaired communication and social interaction skills as well as stereotyped and repetitive behaviors. This has led to the suggestion that a large part of the ASD phenotype is caused by changes in a few and common set of signaling pathways, the identification of which is a fundamental aim of autism research. Using advanced bioinformatics tools and the abundantly available genetic data, it is possible to classify the large number of ASD-associated genes according to cellular function and pathways. Cellular processes known to be impaired in ASD include gene regulation, synaptic transmission affecting the excitation/inhibition balance, neuronal Ca2+ signaling, development of short-/long-range connectivity (circuits and networks), and mitochondrial function. Such alterations often occur during early postnatal neurodevelopment. Among the neurons most affected in ASD as well as in schizophrenia are those expressing the Ca2+-binding protein parvalbumin (PV). These mainly inhibitory interneurons present in many different brain regions in humans and rodents are characterized by rapid, non-adaptive firing and have a high energy requirement. PV expression is often reduced at both messenger RNA (mRNA) and protein levels in human ASD brain samples and mouse ASD (and schizophrenia) models. Although the human PVALB gene is not a high-ranking susceptibility/risk gene for either disorder and is currently only listed in the SFARI Gene Archive, we propose and present supporting evidence for the Parvalbumin Hypothesis, which posits that decreased PV level is causally related to the etiology of ASD (and possibly schizophrenia).
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INTRODUCTION

Complex mechanisms underlie neurodevelopmental disorders (NDDs) and neuropsychiatric conditions. From the molecular to the system level, subtle changes at any point during development can lead to impairment of brain functions including cognition, learning, memory, and behavior, which are dynamic and subject to developmental and environmental influences and activity/experience-dependent mechanisms. Genome-wide association studies, investigation of rare genetic disorders, and transcriptome analyses aim to identify genes implicated in the etiology of NDDs, and bioinformatics approaches are used to elucidate dysregulated processes/pathways. The interplay between altered genes, circuits, and networks giving rise to clinical symptoms in NDDs is illustrated in Figure 1 of Krol et al. (2018).

The motivation for the present article comes from many studies on ASD and schizophrenia focusing on the calcium-binding protein parvalbumin (PV) expressed by a subpopulation of neurons (sometimes referred to as fast-spiking interneurons (FSIs) or PV+ interneurons; Hu et al., 2014). There is some confusion in the literature regarding the nomenclature. In most morphological studies using immunohistochemical methods, PV+ neurons are defined as those labeled by anti-PV antibody. A case where the number of PV-immunoreactive neurons is lower than in control animals as a result of experimental treatment or genetic manipulation is either correctly described as a reduction in the number of PV+ neurons or otherwise as a loss of PV+ neurons. The latter implies that these neurons either died or did not properly migrate to a specific brain region during development as a result of the manipulation, while a third possibility is that PV was downregulated to a level below the limit of detection by immunohistochemistry (IHC). Thus, distinguishing between PV+ neuron loss vs. decreased PV expression is critical for accurately interpreting previous studies. For the remainder of this article, we use the term PV+ neurons only in reference to neurons identified solely by PV IHC; the class of interneurons defined by PV expression as well as additional features (e.g., morphology, electrophysiological properties, and transcriptome profile) is referred to as Pvalb neurons irrespective of PV expression level. As an example, brains of PV−/− mice completely lacking PV expression were found to harbor the same number of Pvalb neurons as wild-type (WT) mice (Filice et al., 2016).

The Parvalbumin Hypothesis of ASD was formulated based on the following lines of evidence: (1) the function of Pvalb neurons is often impaired in NDDs and neuropsychiatric disorders (Marin, 2012; Ferguson and Gao, 2018; Selten et al., 2018); (2) PVALB mRNA is the most strongly downregulated transcript in human ASD samples (Schwede et al., 2018); (3) the number of PV+ neurons is decreased in sections of human ASD brain (Hashemi et al., 2017; Ariza et al., 2018); and (4) transgenic mice with lower (PV+/−) or absent (PV−/−) expression exhibit the core ASD-like symptoms (Wöhr et al., 2015); the main points of the Parvalbumin Hypothesis are graphically summarized in Figure 1.
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FIGURE 1. Graphical summary of the Parvalbumin Hypothesis of autism spectrum disorder (ASD) (and putatively, of schizophrenia). (1) Genetic and environmental factors directly or indirectly affecting Pvalb neuron function in mice through impairment of principal neurons, leading to the downregulation of parvalbumin (PV) and reduced neuronal function. (2) (Upper) The initial decline in [Ca2+]i in Pvalb neurons is accelerated in the presence of PV. Differences in the decay curves (±PV) are largest in the time window of ~20–50 ms after peak [Ca2+]i, resulting in increased residual Ca2+ in the absence of PV (green arrow). (Lower) Larger amounts of residual Ca2+ promote γ-aminobutyric acid (GABA) release during further stimulation in this time window, leading to increased facilitation in the paired-pulse protocol. (3) An absence of PV alters other electrophysiological properties: for example, it may increase the excitability of Pvalb neurons, or may result in more regular firing within AP trains (i.e., reducing “jitter”) (modified from Orduz et al., 2013). (4) A decrease in PV level affects the electrophysiological properties not only of Pvalb neurons but also of principal (pyramidal) cells and modifies network properties such as oscillation and synchrony. (5) A decrease in PV level alters Ca2+-dependent excitation/transcription coupling by reducing transcript levels of activity-driven genes including Pvalb and Gad1 and prototypical neuronal-activity-associated genes such as c-Fos, Arc, and Wnt2; it also increases messenger RNA (mRNA) levels of genes involved in mitochondrial biogenesis such as Ppargc1a encoding the mitochondria master regulator PGC-1α, as well as Nrf1 and Tfam. This results in an increase in mitochondrial volume (density) that is approximately proportional to the PV concentration in corresponding wild-type (WT) Pvalb neurons—i.e., the higher the PV concentration, the greater the increase in mitochondrial density in PV−/− Pvalb neurons. (6) Increased mitochondrial volume associated with a decrease in PV level enhances mitochondrial Ca2+-buffering/sequestration capacity, thereby promoting reactive oxygen species (ROS) production. This slow process may impair mitochondrial function and ultimately impacts Pvalb neuron function, which is thought to produce a schizophrenia phenotype. (7) Absence of PV during (early) postnatal neurodevelopment from ~PND7 to PND20 increases dendritic branching, yielding Pvalb neurons with a larger dendritic tree and possibly resulting in hyperconnectivity. Increases in mitochondria number and dendritic branching caused by PV downregulation may be subsequent events (red dashed arrow) or could occur via independent mechanisms. (8) Absence of PV perturbs the expression of other putative ASD susceptibility genes that are either directly associated with the electrophysiological properties of Pvalb neurons or are expressed in pyramidal cells that influence Pvalb neuron circuitry; this includes KV, CaV HCN channels, and SK channels. Whether targeted inhibition of these genes also affects PV level is unknown. Solid arrows indicate a causal relationship between events—e.g., altered Ca2+ concentration (±PV) and short-term modulation of synaptic plasticity. Dashed lines indicate putative (indirect) mechanism(s) via as yet unknown pathways. Points (1)–(8) are described in detail in the main text (see all subsections in Data Supporting the Parvalbumin Hypothesis of ASD).




DATA SUPPORTING THE PARVALBUMIN HYPOTHESIS OF ASD


Decreased Number of PV+ Neurons in Human ASD Postmortem Brains: Pvalb Neuron Loss vs. PV Downregulation

The cerebral cortex harbors several classes of interneurons including Pvalb neurons. Early classification of these neurons was based on their morphology [most notably of the axon (Kawaguchi and Kubota, 1997; Toledo-Rodriguez et al., 2005)], firing pattern, PV expression, and gene expression profile determined by PCR (Toledo-Rodriguez et al., 2004). More recent classifications based on single-cell or single-nucleus RNA-sequencing (RNA-seq) (Hodge et al., 2019), patch sequencing (Patch-seq) yielding morphoelectric (met-type) and transcriptomic (t-type) datasets (Gouwens et al., 2020), or machine learning applied to a large patch-seq dataset (Gala et al., 2020) have identified 7 clusters (RNA-seq) as well as 10 t-type and 5 met-type (patch-seq) Pvalb neurons. Given the different algorithms used to stratify the datasets, it is not surprising that the reported number of Pvalb neuron subtypes varies across studies. Pvalb neurons in the cortex include several types of basket cell, chandelier cell, and translaminar neurons. Basket cells localized in layers 2–6 constitute the majority; chandelier cells are abundant at the boundary between layers 1 and 2 and in layer 6; and the relatively rare translaminar Pvalb neurons are mostly present in layers 5 and 6 (Lim et al., 2018). A similar classification has been applied to hippocampal Pvalb neurons (Somogyi and Klausberger, 2005).

In order to conclude that PV+ neurons are absent in postmortem ASD brains, it must be demonstrated that neurons with specific morphoelectric, transcriptomic, and biochemical properties are missing/reduced. The typically fixed postmortem human brain tissue samples preclude the assessment of these properties. Besides non-adaptive firing, PV+ neurons are characterized by PV expression. However, the complete absence of PV cannot be taken as evidence that Pvalb neurons are absent, which must be determined based on the expression of other Pvalb neuron-specific markers including voltage-gated potassium channel KV3.1b (KCNC1), potassium voltage-gated channel modifier subfamily S member 3 KV9.3 (KCNS3), or components of perineuronal nets (PNNs), which are a set of extracellular matrix molecules surrounding Pvalb neurons in several brain regions including the cortex (Celio et al., 1998). The presence and/or intensity of PNN immunolabeling must be interpreted with caution because PNN components, like other Pvalb neuron markers besides PV (PVALB)—e.g., GAD67 (GAD1)—are regulated in an experience/activity-dependent manner (Cohen et al., 2016), and their expression changes over the course of development (Wang and Fawcett, 2012; Ye and Miao, 2013). Earlier studies found no significant changes in the number of PV+ or calbindin-D28K-positive (CB+) neurons in the posterior cingulate cortex and fusiform gyrus of postmortem ASD brains (Oblak et al., 2011). However, the mean density of PV+ neurons was slightly reduced in the superficial and deep layers of both of these areas. In another study, the density of PV+ cerebellar stellate and basket cells did not differ significantly between ASD (n = 6) and control (n = 4) samples, although the number of Purkinje cells was reduced in two or three ASD samples (Whitney et al., 2009). Moreover, the mean neuron density of both interneuron subtypes was reduced (basket cells, −15%; stellate cells, −5%), although the difference was not statistically significant. These findings imply that the number of PV+ neurons is decreased or PV is downregulated in ASD. In a preliminary study (Zikopoulos and Barbas, 2013) comparing the density of CB+ and PV+ cortical interneurons in postmortem adult human brain tissue (ASD and control; n = 2) from dorsolateral prefrontal area 9, a significant reduction in the number of PV+ neurons was observed in ASD brains; the ratio of PV+/CB+ interneurons was 0.65 as compared to ~1 in controls. The lower ratio was assumed to reflect a decreased number of PV+ interneurons (Zikopoulos and Barbas, 2013). An analysis of cortical interneurons expressing calretinin (CR), CB, and PV in postmortem brains of ASD and age-matched control cases revealed significant differences in three regions of the prefrontal cortex (PFC) (i.e., BA9, BA46, and BA47) that have been implicated in ASD (Hashemi et al., 2017): compared to control cases, the proportion of PV+ neurons was decreased by 70% in BA46, 45% in BA9, and 38% in BA47 in ASD subjects, while the proportion of neurons expressing CB or CR did not differ between the two groups. Reduced numbers of PV+ neurons were equally found in the supra- and infragranular layers. The authors speculated that the decrease in PV+ neurons was due to the loss of Pvalb neurons or downregulation of PV protein expression. In a follow-up study (Ariza et al., 2018), PV+ interneuron subtypes (basket and chandelier cells) were separately analyzed in the same samples (Hashemi et al., 2018); double immunolabeling of PV and PNNs with Vicia villosa agglutinin (VVA) enabled the differentiation of basket and chandelier cells, as only the former are surrounded by VVA+ PNNs in human brain. The number of PV+ chandelier cells was consistently lower in the PFC of ASD specimens (n = 10); the number of PV+/VVA+ basket cells was also reduced but to a lesser degree. As the authors did not use a second marker to unambiguously identify chandelier cells, they concluded that the reduction in the number of PV+ cells represents either a true loss of Pvalb neurons (mostly chandelier cells) or a decrease in PV protein level.

PV expression is developmentally regulated in humans and rodents. It has been suggested that gene expression changes in NDDs are related to an immature developmental gene expression program of PV+ FSIs (Gandal et al., 2012). Cell-type-specific maturation indices calculated from microarray datasets showed that the index for Pvalb neurons was highly correlated with PV expression level in these cells. In all three analyzed diseases (ASD, schizophrenia, and bipolar disorder), the maturation index and PV expression level were significantly reduced, consistent with a delayed/impaired developmental gene expression program. While there are currently no quantitative data on PV expression in human ASD brains, PVALB mRNA level has been measured in several studies. Radioisotopic in situ hybridization in postmortem brains of ASD and control cases revealed that PVALB transcript level was downregulated in cerebellar Purkinje cells of ASD brains, independent of postmortem interval or age at death (Soghomonian et al., 2017). An examination of neocortical architecture in postmortem brain specimens of autistic and normal children aged between 2 and 15 years revealed discrete patches of abnormal and disorganized laminar cytoarchitecture in most samples (Stoner et al., 2014). An analysis of specific molecular markers by RNA in situ hybridization showed abnormal gene expression in these neocortical regions: the level of the interneuron marker PVALB was decreased, whereas no difference was observed in the total number of neurons by Nissl staining. In accordance with the in situ hybridization data, analyses of an RNA-seq dataset (Parikshak et al., 2016) and three microarray datasets (Garbett et al., 2008; Voineagu et al., 2011; Chow et al., 2012) identified PVALB mRNA as the most strongly downregulated transcript in the cerebral cortex of ASD patients (Schwede et al., 2018).

The Ca2+/CaM-dependent protein kinase (CaMK) pathway is implicated in Ca2+/activity-dependent gene expression (Ebert and Greenberg, 2013), including in Pvalb neurons (Cohen et al., 2016). Many neurons are regulated by CaMK II and/or IV (reviewed in Bayer and Schulman, 2019). However, Pvalb neurons use the less common isoform γCAMK I (Camk1g) to induce cAMP response element-binding protein (CREB) phosphorylation and expression of prototypical activity-driven genes (c-Fos, Arc, and Wnt2) as well as Gad1 and Pvalb (Cohen et al., 2016). The observation that the CAMK1G transcript is among the top 40 (out of >250) significantly downregulated mRNAs detected in combined gene array datasets of human ASD samples (Schwede et al., 2018) suggests that impaired activity of Pvalb neurons in ASD results in (likely γCAMK I-dependent) reduced PV expression. Additionally, coordinated dysregulation of genes implicated in synaptic and mitochondrial functions was observed in ASD specimens (Schwede et al., 2018). The possible link between PVALB dysregulation and mitochondria is discussed in greater detail in Effect of PV on Mitochondria, Oxidative Stress, and Pvalb Neuron Morphology: Link to NDDs.

In summary, PVALB transcript level is not only reduced in the brain of ASD cases compared to normal controls but also shows the strongest downregulation among differentially expressed genes. Regarding Pvalb neuron loss, no study to date has provided definitive evidence (using Pvalb neuron markers such as KV3.1b or KV9.3) of a lower number/density of Pvalb neurons in human ASD brains. Even if this was demonstrated, an outstanding question would be whether this is due to the death of true Pvalb neurons (i.e., Pvalb neuron-selective neurodegeneration), defects in migration or maturation of immature Pvalb neurons during development (e.g., as seen in Dlx5/6−/− mice; Wang et al., 2010), or another mechanism. The downregulation of PV may be linked to loss of Pvalb neuron function, although a partial decrease in function resulting from the abovementioned processes cannot be excluded.



Animal NDD Models of ASD With Reduced PV Expression and/or Decreased Number/Altered Distribution of PV+ Neurons

Various animal models have been used to investigate NDDs including ASD. ASD risk genes are defined as those that are more frequently mutated in ASD patients than is expected by chance. Large-scale exome sequencing has identified 102 such genes (Satterstrom et al., 2020). An animal (mouse) model harboring the same (or similar) mutations and shows ASD-like behavior has high construct validity. However, in recent years, numerous mouse models (inbred, experimentally induced, and transgenic) have been discovered or established that show varying degrees of typical ASD-like core symptoms. A list of such models (>1,000) is available in the SFARI Gene database (https://gene.sfari.org/), with genes putatively associated with ASD ranked according to several criteria. More models (>3,000) are listed in the AutDB database (http://autism.mindspec.org/autdb/Welcome.do). The number of (mostly mouse) ASD models is constantly increasing, with the models themselves becoming more sophisticated as a result of the possibility of inactivating/deleting genes in a brain region- and neuron type-specific and temporally regulated manner. The last aspect is particularly important for elucidating the etiology of NDDs. Although many mouse models currently used in basic research lack robust construct validity, their strong face validity [anatomic, biochemical, neuropathological, or behavioral phenotype(s) similar to humans] make them highly useful for mechanistic studies on ASD etiology. In this paper, we focus on NDD models affecting Pvalb neurons in terms of neuron number and function and PV expression level, irrespective whether they are currently classified as models of validated (syndromic) ASD risk genes.

The functional impairment of Pvalb neurons has attracted considerable attention in ASD research (Gogolla et al., 2009; Marin, 2012). The distribution of Pvalb neurons in the rat nervous system has been described before (Celio, 1990). A more detailed and quantitative analysis of Pvalb neuron distribution was carried out using mice in which green fluorescent protein (GFP) fused to histone 2B was selectively expressed in Pvalb neurons (PV-Cre:H2B-GFP) (Kim et al., 2017). In the same study, the distribution of other interneuron classes [somatostatin-positive (SST+) and vasoactive intestinal polypeptide-positive (VIP+) interneurons] was analyzed in parallel; the results showed an uneven distribution of the three major interneuron types in the isocortex. The density of the different interneuron subtypes varies in different cortical layers (Kim et al., 2017). Known changes in PV expression (mainly determined by IHC) or in Pvalb neuron function (detected by electrophysiological recordings) are summarized in Table 1. In many mouse models, PV IHC has revealed an overall reduction in PV+ cell numbers in brain regions associated with ASD including the somatosensory cortex (SSC), medial (m)PFC, striatum, hippocampus, thalamic reticular nucleus (TRN), and cerebellum. Importantly, the choice of brain region for investigating PV expression has been somewhat arbitrary and likely dictated by other types of experiments (usually electrophysiology). Thus, if a significant difference in PV expression is observed in a particular brain region, it cannot be assumed that differences also exist in other brain regions. Therefore, systematic analyses are warranted. In some cases, changes in the number/distribution of PV+ cells in a particular brain region are correlated with altered electrophysiological properties. For example, in Ambra1+/− mice, a likely reduction in PV—observed as a decrease in PV+ cell number and PV protein level and interpreted as a loss of hippocampal PV interneurons (Nobili et al., 2018)—was correlated with an overall reduction in inhibitory input from Pvalb neurons in CA1 pyramidal cells. Moreover, the perisomatic paired-pulse ratio (PPR) was increased in female Ambra1+/− mice, which was also consistent with PV downregulation. These changes lead to hyperexcitability of CA1 pyramidal neurons and excitatory/inhibitory (E/I) imbalance (Table 1). Of note, similar findings were observed in Ehmt1+/− mice—a model for delayed circuit maturation—evidenced by a reduced number of PV+ neurons at early age (PND14) in several cortical regions and characterized by impaired E/I balance (Table 1).


Table 1. Mouse models with evidence of parvalbumin (PV) alterations and associated changes in electrophysiology and occurrence of autism spectrum disorder (ASD)-like behavior.
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It is unclear whether the previously reported reduction in the number of PV+ neurons is due to an actual decrease in Pvalb neuron count or PV downregulation because either of these would result in a smaller number of identifiable PV+ cells. In Pvalb neurons with a low PV expression level (~10–20 μM in hippocampus; Eggermann and Jonas, 2012)—but also in those with moderate expression (~100 μM in cortex and striatum)—a reduction in PV level could result in some Pvalb neurons falling below the threshold of detection by PV IHC, and they would thus be considered negative for PV. For example, in PV+/− mice in which PV and Pvalb mRNA expression levels are reduced by ~50% in the forebrain (Filice et al., 2018) and cerebellum (Schwaller et al., 2004), the number of PV+ neurons quantified by stereological methods was decreased by ~25–30% in the SSC, mPFC, and striatum (Filice et al., 2016). As a rule of thumb, a decrease in PV protein expression by an average of ~50% results in 25–30% of Pvalb neurons expressing PV at a level below the threshold of detection by IHC. Importantly, unlike in humans, almost all prototypic Pvalb neurons [expressing γ-aminobutyric acid (GABA)] in the mouse brain are surrounded by PNNs, which can be detected based on the lectin-binding capacity of their glycan components by VVA or Wisteria floribunda agglutinin (WFA). In many brain regions, the overlap between PV+ and PNN+ neurons is >90% (Härtig et al., 1992). Therefore, the number of VVA+ cells is a realistic estimate for the number of Pvalb neurons in mice. In PV+/− mice, the number of VVA+ cells was unaltered in all brain regions known to be associated with ASD—namely, SSC, mPFC, and striatum (Filice et al., 2016). Even in mice completely lacking PV (i.e., the number of PV+ cells was zero), the number of VVA+ neurons did not differ from that in WT mice. While there is a global reduction in PV expression in PV+/− mice, in other ASD models, the decrease is brain region specific, yet the number of VAA+ neurons in these regions is unchanged. Reduced PV level and fewer PV+ neurons were observed in the SSC of Shank1−/− (−30% PV+ cells) mice and in the striatum of Shank3B−/− (−30%), Cntnap2−/− (−30%), and in utero valproic acid (VPA)-treated (−15%) mice, suggesting that the striatum is a hotspot for the ASD-associated downregulation of PV. Notably, in the abovementioned mouse models, there are other brain regions with unaltered numbers of PV+ neurons (Schwaller, 2020), and the number of VVA+ cells is also unchanged. Moreover, in regions with a reduced number of PV+ neurons, Pvalb mRNA and PV protein expression levels were decreased by ~50% (or by ~30% in VPA mice). Thus, the Shank1−/−, Shank3B−/−, Cntnap2−/−, VPA, and PV−/− ASD mouse models are characterized by PV downregulation and not the loss of Pvalb neurons. However, such information is unavailable for most of the ASD mouse models listed in Table 1, in which a decrease in the number/density of PV+ neurons has been reported in most cases. Nonetheless, such information can provide mechanistic insights as a decreased number or functional impairment of Pvalb neurons due to a reduction in PV is expected to alter the functioning of the neuronal network in distinct ways.

Irrespective of the cause of the decreased number of PV+ neurons, the mouse models listed in Table 1 exhibit changes at the level of electrophysiology and behavior. Notably, many of the genes listed in Table 1 are associated with ASD and linked to E/I imbalance (Table 1 in Lee et al., 2017). Processes/mechanisms contributing to physiologic E/I balance include the development of excitatory and inhibitory synapses, neurotransmission, and synaptic plasticity comprising homeostatic plasticity, activation of signaling pathways (e.g., excitation–transcription coupling), and modulation of intrinsic excitability (Nelson and Valakh, 2015; Lee et al., 2017). The few models in which such changes in electrophysiological properties are directly attributable to a decrease in PV level are described in detail in Acute Reduction in PV Expression Induces ASD-Like Behavior in Juvenile Mice, While Promoting PV Expression in PV+/− Mice Attenuates Social Behavioral Impairment. Permanent changes in the firing properties of Pvalb neurons, their inputs, or their targets in ASD mouse models alter the steady-state equilibrium (i.e., E/I balance). It was initially proposed that an increase in the E/I ratio could be causally related to ASD (Rubenstein and Merzenich, 2003); however, it has since been demonstrated in many models that a homeostatic or maladaptive change in the E/I balance in either direction is a hallmark of ASD. The relative contribution of E/I imbalance to ASD can vary according to ASD risk/susceptibility gene mutation, brain region, specific features of synapses, and developmental time point. Even in mice harboring the same mutation, the E/I balance is differentially affected across neuron subpopulations. For example, mice carrying the neuroligin 3 mutation R451C (NL3R451C) show an increase in inhibitory synaptic transmission in SSC pyramidal cells—that is, increases in spontaneous inhibitory postsynaptic current (sIPSC) and evoked (e)IPSC frequency (Tabuchi et al., 2007) leading to a lower E/I ratio. However, in CA1 pyramidal neurons of the same mice, excitatory transmission mediated by N-methyl-D-aspartate (NMDA)- and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors is increased. As the former shows greater involvement, the NMDA/AMPA ratio as well as E/I ratio are increased. The increase in NMDA/AMPA ratio does not occur in layer 2/3 pyramidal neurons of the SSC (Etherton et al., 2011). In the hippocampal CA1 pyramidal cells of Cntnap2−/− mice, putative perisomatic input (likely via the axon initial segment, soma, and proximal dendrites) and eIPSC amplitude are decreased, while miniature excitatory postsynaptic current (mEPSC) frequency and amplitude are unchanged (Jurgensen and Castillo, 2015). However, there is a trend toward a lower NMDA/AMPA ratio in Cntnap2−/− mice. On the contrary, the frequency (but not amplitude) of spontaneous action potential (AP)-driven IPSC is increased in mutant mice, whereas mIPSC is unchanged (both in frequency and amplitude). Strongly reduced layer 4 stimulation-evoked feedforward inhibition (i.e., eIPSC) and a smaller decrease in feedforward excitation (i.e., evoked EPSC) onto layer 2/3 SSC pyramidal cells results in a higher E/I ratio in several ASD mouse models including Cntnap2−/− and Fmr1y/− mice (Antoine et al., 2019). This only weakly affects spontaneous (basal) spiking in layer 2/3 pyramidal cells in vitro; however, the whisker-evoked firing rate of FSI (likely Pvalb neurons) is reduced in these two ASD models (Antoine et al., 2019). The above examples provide evidence that dysfunctional GABAergic transmission—often perisomatic inhibition by Pvalb basket cells—is a critical aspect of ASD. How the absence of PV is directly implicated in altered GABAergic transmission is discussed in PV Affects Pvalb Neuron Targets and Inputs.



Acute Reduction in PV Expression Induces ASD-Like Behavior in Juvenile Mice, While Promoting PV Expression in PV+/– Mice Attenuates Social Behavioral Impairment

Based on findings from ASD patients and ASD animal models discussed in Decreased Number of PV+ Neurons in Human ASD Postmortem Brains: Pvalb Neuron Loss vs. PV and Downregulation and Animal NDD Models of ASD With Reduced PV Expression and/or Decreased Number/Altered Distribution of PV+ Neurons, respectively, as well as our own in vitro studies (reviewed in Schwaller, 2020), we investigated the role of PV in the development of an ASD-like behavioral phenotype using genetically modified mice. Experimental approaches typically used to demonstrate causality between an experimental manipulation at the molecular or cellular level and higher-order brain function(s) (e.g., network activity or behavioral phenotype) are based on perturbation of the system. For instance, removing a component (e.g., a protein) hypothesized to be directly implicated in a behavior is predicted to lead to its appearance, whereas when the same component has lower abundance (e.g., in haploinsufficiency), upregulation to a normal level is expected to attenuate/alleviate the behavior (rescue experiment). There are several caveats to this concept. During the process of downregulation and/or reappearance of the investigated protein, additional adaptive, compensatory, or homeostatic changes may occur, likely over varying time scales and to different degrees. Nonetheless, the knockdown and rescue approaches have been successful in many instances, including in the field of ASD. Re-expression of Shank3 in a Shank3 conditional knock-in mouse model rescued social interaction deficits and attenuated repetitive grooming behavior in adult mice (Mei et al., 2016); early genetic restoration of WT Shank3 in Shank3E13 mutant mice rescued the same deficits as well as those in locomotion and rearing (Jaramillo et al., 2020). In MeCP2-overexpressing mice, reducing MeCP2 level (e.g., by antisense oligonucleotide treatment) reversed behavioral deficits associated with MECP2 duplication syndrome (Sztainberg et al., 2015). Of note, null mutant Shank3 and Mecp2 mice are models for delayed and precocious circuit maturation during development, respectively, and especially for perisomatic Pvalb neuronal circuit function (Gogolla et al., 2014). Both mutants show impaired multisensory integration in the insular cortex, likely due to an E/I circuit imbalance skewed toward excitation (Shank3−/−) or inhibition (Mecp2−/−), respectively. This suggests that an optimal E/I circuit balance depends on precise Pvalb neuronal circuit function (Figure 7 in Gogolla et al., 2014). Alterations in the time course of network development/maturation—especially during critical periods of plasticity [postnatal days (PND) 5–15 in mice]—are thought to contribute to the appearance of ASD-like behavioral traits (Leblanc and Fagiolini, 2011).

We applied the perturbation (removal/readdition) approach to investigate the role of PV in the occurrence of ASD-like core symptoms in mice. We previously showed that PV−/− mice constitutively lacking PV expression exhibited all of the core ASD symptoms—i.e., reduced reciprocal social interaction, impaired communication (ultrasonic vocalization), and repetitive and stereotyped behaviors (Wöhr et al., 2015); they also showed several ASD-associated comorbidities such as increased susceptibility to epilepsy (Schwaller et al., 2004), reduced pain sensitivity (Wöhr et al., 2015), slight impairment of motor coordination, and mild hyperactivity (measured as characteristic speed) (Farre-Castany et al., 2007). The same but weaker core ASD-like phenotype is seen in PV+/− mice (Wöhr et al., 2015), in which the level of PV is about 50% lower than in WT mice (Schwaller et al., 2004; Filice et al., 2018). ASD-like behaviors in PV−/− and PV+/− mice have been consistently observed in the juvenile reciprocal social interaction assay and three-chamber assay evaluating direct social interaction and social preference, respectively. In the former, the most robust parameter distinguishing WT mice from those with reduced PV level (PV+/− and PV−/−) was behavior following social behavior (Figure 3 legend and Figure 1D in Wöhr et al., 2015) and Figure 2C in Filice et al. (2018). In the three-chamber assay, the most relevant findings were related to sniff time—i.e., the time a mouse spent in close proximity (2 cm) to a caged stranger mouse – and not simply the time spent in the compartment with the stranger mouse; described in detail in the Supplementary Materials of Filice et al. (2018). To define the experimental conditions for the knockdown/rescue experiments, it is important to consider the developmental regulation of PV in Pvalb neurons. PV in mice is expressed starting from PND5 to PND7 (depending on the brain region), with peak expression occurring at approximately PND25–40 (Okaty et al., 2009). The developmental timeline of Pvalb neurons in the SSC (Figure 3 in Butt et al., 2017) and auditory cortex (Takesian et al., 2018) has been reported. An overview of cortical interneuron development can be found in Lim et al. (2018).

Quantitative data on PV expression levels during juvenile development in mice are available only for the cerebellum, which contains Purkinje cells and molecular layer interneurons (MLI) expressing PV (Figure 2B in Collin et al., 2005). These data were used to generate the blue curve for WT mice shown in Figure 2B. PV expression increases sharply starting at PND10 and reaches a plateau at PND20. The second postnatal week is also the start of the GABA switch from depolarizing to hyperpolarizing (observed in cultured hippocampal neurons) (Leonzino et al., 2016) that is essentially complete by PND12, as evidenced by the disappearance of giant depolarizing potentials (Ben-Ari et al., 1989; reviewed in Ben-Ari, 2002). Thus, the steep increase in PV expression begins at around the time when GABA action turns hyperpolarizing. The developmental course of PV expression may be different in other Pvalb neurons (in the cortex, hippocampus, and TRN). In PV+/− mice, we assumed the same temporal course as in WT mice; however, PV level reaching only 50% of WT at PND25 (Filice et al., 2018) (red curve in Figure 2B). For the rescue experiment, PV+/− mice were treated with 17-β-estradiol (E2) from PND5 to PND15, resulting in a PV expression level that was ~90% that of WT mice at PND25 (Filice et al., 2018). Hypothetical PV expression levels during the development of E2-treated mice are shown in Figure 2B (green curve). E2 has been shown to increase PV expression in vitro (Fujimoto et al., 2004) and in PV+/− mice (Filice et al., 2018); in the latter, this effect is mediated by an as-yet unidentified estrogen-responsive element (ERE) in the mouse Pvalb promoter. As E2 most likely affects the expression of several genes with identified EREs, what are the evidences that E2-mediated upregulation of PV is a most likely cause for the attenuation of the ASD-like phenotype in E2-treated PV+/− mice? Moreover, one has to take into account that E2 modulates social behavior in rats (Reilly et al., 2015) and more generally affects neural circuits via direct or indirect activation of multiple downstream signaling pathways (Marino et al., 2006). First, in PV−/− mice, E2 had no obvious effect on PV expression or ASD-related behaviors (Filice et al., 2018). Second, although E2 treatment in WT mice does not increase global PV protein level, it is possible that PV protein is upregulated in some Pvalb neurons including those with low PV expression. Unexpectedly, E2 treatment provoked ASD-like behaviors in WT mice (e.g., decreased sociability and an increase in repetitive behavior). Possible reasons for this antisocial effect of E2 treatment in WT mice and additional arguments about the positive effect of E2 treatment selectively in PV+/− mice are discussed in Filice et al. (2018). Stronger PV IHC signals indicative of elevated PV level were also observed in MeCP2−/− ASD model mice (Patrizi et al., 2019), in accordance with the concept of optimal PV circuit function (Figure 7 in Gogolla et al., 2014). For the inverse experiment, we used the B6PVCre-Tg(hPGK-eGFP/RNAi; Pvalb)1Swal mouse line (abbreviated as shPV22 or shPV), which permits temporally controlled PV downregulation upon isopropyl-β-D-thiogalactoside (IPTG) administration (Filice et al., 2019). Induced expression of shPvalb from PND18 to PND25 decreased PV level to approximately 50–60% of the WT level (Filice et al., 2019), which was also comparable to the PV level in constitutive PV+/− mice. The hypothesized course of PV expression level is shown in Figure 2B (orange curve). It should be noted that the only experimentally verified PV levels in the rescue and downregulation experiments are those measured at PND25 (Figure 2A)—that is, the time point of behavioral testing; the green and orange curves in Figure 2B depicting PV expression levels in the two models are thus estimates that are not yet supported by experimental data.
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FIGURE 2. (A) Relative parvalbumin (PV) expression level determined by semi-quantitative western blot analysis in mouse forebrain extracts from PND25. Data for PV+/+ (defined as 100%), PV+/−, and PV+/− mice treated with E2 are from Filice et al. (2018); data for isopropyl-β-D-thiogalactoside (IPTG)-treated shPV mice are from Filice et al. (2019). The number of mice is indicated; values represent mean ± SD. (B) Autism spectrum disorder (ASD)-like behavior shown in Figures 3, 4 was tested at PND25 in four conditions/genotypes: (1) wild-type (WT) mice; (2) constitutive PV+/− mice; (3) PV+/− rescue mice, in which PV expression was enhanced by E2 treatment; and (4) shPV22 (downregulation) mice, in which IPTG treatment at PND18, PND21, and PND24 reduced PV level to 50–60% of that in WT mice at PND25. PV expression profile (solid blue line) in WT (PV+/+) mice is based on data obtained from protein extracts of mouse cerebellum (Collin et al., 2005). In PV+/− mice (red line), the level was assumed to be ~50% that of WT mice at all time points. Treatment of PV+/− mice with E2 from PND5 to PND15 (green bar) results in a PV level that is ~90% of that in WT mice at PND25 (green line). Treatment of transgenic shPV22 mice with IPTG at PND18, PND21, and PND24 (orange arrows) decreases PV level to ~50% of that in WT mice at PND25 (orange line). As the precise course of PV expression in the three groups is not yet supported by experimental data, the lines are dashed. However, relative PV expression level at PND25 corresponds to the experimental data shown in (A). As previously reported, IPTG treatment alone (at PND18, PND21, and PND24) had no effect on PV expression levels at PND25 as determined using the shTurboGFP control transgenic mouse line (Filice et al., 2019).


ASD-like behavior was tested at PND25 for four conditions/genotypes: (1) WT; (2) constitutive PV+/−; (3) PV+/− rescue, in which PV expression was enhanced by E2 treatment; and (4) shPV22 (downregulation), in which PV expression declined starting from PND18 to 50–60% at PND25. Results from the first three groups have been published (Wöhr et al., 2015; Filice et al., 2018), while behavioral data from shPV22 mice have not yet been reported. WT mice showed a strong preference (>60%) for engaging in another social behavior after a previous one (Wöhr et al., 2015; Filice et al., 2018) (Figure 3); this preference was not observed in PV+/− mice but was induced by increasing PV level through E2 treatment (Filice et al., 2018) and abolished after PV downregulation mediated by shPV22 starting from PND18. Almost identical results were observed in the three-chamber assay evaluating social preference: WT mice showed a stronger interest in the small cage with the stranger mouse than in the empty cage (object), as measured by sniff time (Figure 4). PV+/− mice showed no preference for the stranger mouse, but this was restored by E2-mediated PV upregulation. Transient PV reduction induced by IPTG in shPV22 mice attenuated preference for the stranger mouse compared to WT mice [p = 0.024 in the first cohort (n = 6) and p = 0.179 in the second cohort (n = 4)]. However, when results from the two cohorts were combined, a preference (p = 0.0049) for the stranger mouse is maintained—as to a lesser extent (n.s.)—in constitutive PV+/− mice (red and orange bars in Figure 4). In conclusion, induced downregulation of PV produces an ASD-like phenotype, while PV restoration in constitutive PV+/− mice abrogates this phenotype. This strongly indicates that PV expression level is causally related to ASD-like behavior. In the next sections, mechanistic and anatomic evidence supporting this possibility are presented.
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FIGURE 3. In the reciprocal interaction assay, the type and duration of each behavior is recorded, yielding ethograms for mouse pairs (Figure 1 in Wöhr et al., 2015). Behaviors classified as social include 1) facial and anogenital sniffing, 2) following, 3) social grooming, 4) pushing past, 5) crawling over-/under and 6) social inactive. Non-social behaviors include rearing, digging, and grooming. After each social-type interaction (independent of its duration) occurring during a 5 min observation period, the next interaction is either classified as social or non-social. From these data, the percentages of social and non-social interactions following a social interaction are calculated. In WT (blue bars) and E2-treated rescue PV+/− (green bars) mouse pairs, a social interaction is likely followed by another social interaction. This preference is not observed in constitutive PV+/− (red bars) or shPV mice, where parvalbumin (PV) is downregulated from PND18 to PND24 (orange bars); all mice were tested at PND25. It should be noted that the numbers shown (n) represent mouse pairs (i.e., the actual number of mice tested is 2n). Data for the first three groups are taken from Filice et al. (2018). Data for shPV mice is original. All other experimental details on breeding, testing, and data analysis can be found in Filice et al. (2018) and Wöhr et al. (2015) and briefly in Supplementary Materials. The dashed line indicates the 50% chance level. Filled and checkered bars represent social and non-social behaviors, respectively. *p < 0.05 vs. non-social; #p < 0.05 vs. 50% chance level.
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FIGURE 4. In the three-chamber assay testing social preference during a 10 min (600 s) observation period, the sniffing time is longer with a stranger mouse (S) than with an empty cage (O) in WT mice, an effect that is lost in constitutive PV+/− mice (red bars). The preference for S is restored by upregulation of parvalbumin (PV) induced by E2 treatment (green bars). Data for the first three groups were previously reported (Filice et al., 2018). The preference for S is attenuated in shPV mice, in which PV is downregulated by isopropyl-β-D-thiogalactoside (IPTG) from PND18–24 (orange bars). Data for IPTG-treated shPV mice is original. All mice were tested at PND25. In the same shPV mice without IPTG treatment (sham-treated), the preference for S is similar to that of WT mice (data not shown). Data for the first three groups are from Filice et al. (2018). All other experimental details on breeding, testing, and data analysis can be found in Filice et al. (2018) and Wöhr et al. (2015). *Represents a significant preference for S over O. **p < 0.01, ***p < 0.001; n.s., not significant.




PV Affects Pvalb Neuron Targets and Inputs
 
Biophysical Considerations

The function of an intracellular Ca2+ buffer (better termed as a Ca2+-signal modulator) like PV is simple in theory: binding Ca2+ ions at high intracellular Ca2+ concentration ([Ca2+]i) and releasing/unbinding Ca2+ when local Ca2+ concentration decreases. PV-specific biophysical properties include Ca2+ as well as Mg2+ affinity and kinetics. Only the most pertinent findings are discussed here; additional details can be found in Schwaller (2020). Data on the biophysical properties of PV were obtained from in vitro studies using purified recombinant PV. Rat PV contains two equivalent Ca2+/Mg2+-binding sites that are usually occupied by either of the two ions in a competitive manner, with dissociation constants (KD) of 11 nM and 41 μM, respectively (Eberhard and Erne, 1994). Modeling studies investigating the effect of PV on depolarization-induced increases in [Ca2+]i in isolated chromaffin cells revealed physiologically relevant parameters including binding kinetics (Lee et al., 2000) and apparent Ca2+ affinities (i.e., KD, Ca[app] values of 150–250 nM in an intracellular environment). Together with PV mobility determined in neuron somata [diffusion rate (DPV), ~40 μm2 s−1; Table 1 in Schwaller (2020)], these parameters should enable accurate prediction of the effect of a given concentration of PV on Ca2+ signals in a particular neuron if all other parameters relevant to Ca2+ signaling are known, such as the “on” mechanisms that lead to an increase in [Ca2+]i as well as the “off” mechanisms that reduce [Ca2+]i to basal levels (Berridge et al., 2003). However, such information is currently unavailable for essentially all proteins—for example, for a single voltage-gated Ca2+ channel CaV2.1 (P/Q type; CACNA1A) or a plasma membrane calcium ATPase (e.g., PMCA1; ATP2B1) many splice variants exist, exhibiting distinct properties related to Ca2+ handling. All of these Ca2+ signaling components are present to varying degrees in different neuron subpopulations (some highly specific and others ubiquitous); even in supposedly homogeneous subpopulations such as cerebellar MLIs, PV expression levels vary considerably among individual neurons [average ~570 μM; range, 55–1,788 μM (Eggermann and Jonas, 2012)]. Moreover, average PV concentrations in Pvalb neuron populations in different brain regions are highly heterogeneous, ranging from 10 μM in the hippocampus to ~750 μM in TRN (Janickova et al., 2020). To further complicate matters, organelles previously assumed to be homogeneous such as mitochondria that are also involved in Ca2+ signaling/sequestration—especially in (pre)synaptic compartments (Devine and Kittler, 2018)—express a highly diverse set of proteins implicated in mitochondrial Ca2+ transport (Fecher et al., 2019), which is discussed in detail in Effect of PV on Mitochondria, Oxidative Stress, and Pvalb Neuron Morphology: Link to NDDs. Despite the complexity of the experimental data, certain global principles of neuronal Ca2+ signaling have been deduced.

The slow Ca2+-binding kinetics of PV generally exclude an effect on the fast-rising phase of Ca2+ transients, for instance those elicited by the opening of voltage- or receptor-operated Ca2+ channels such as CaV2.1 (CACNA1A) or NMDA-type glutamate receptor (e.g., GRIN1). The same holds true for depolarization-evoked increases in [Ca2+]i in PV-loaded chromaffin cells (Figure 7 in Lee et al., 2000). PV accelerates the initial rate of [Ca2+]i decay, often transforming a monoexponential decay into a biexponential one with fast and slow decay components (τfast and τslow, respectively) (Collin et al., 2005; Muller et al., 2007). This property of PV prevents/delays the gradual buildup of presynaptic [Ca2+]i (e.g., within a train of APs) that subsequently affects short-term modulation of synaptic plasticity. This has been observed in a model system based on PV-loaded chromaffin cells (Lee et al., 2000). The following aspects of PV function can be understood from this model: (1) buildup of residual [Ca2+]i is delayed but not prevented; (2) the effect of PV is dependent on the time interval between stimuli and is strongest at the time point when the [Ca2+]i decay curve with or without PV shows the largest difference; (3) if stimuli are long enough [i.e., all PV molecules are loaded with Ca2+ (last part of the rising phase in Figure 7 in Lee et al., 2000)], the maximum amplitude of the Ca2+ signal is independent of PV; and (4) [Ca2+]i decay following such a train is slowed/prolonged by Ca2+-loaded PV acting as a Ca2+ source (“on” mechanism). Evidence for a direct role of PV under these conditions is summarized below, although only a few selected examples are discussed; additional details can be found in the chapter on PV in Schwaller (2020).



Effect of PV on Synaptic Transmission

Higher residual Ca2+ in the absence of PV is the likely reason for increased paired-pulse facilitation (PPF) at the synapses between MLI and Purkinje cells (Caillard et al., 2000), hippocampal Pvalb neurons and CA1 pyramidal cells (Vreugdenhil et al., 2003), striatal Pvalb neurons and medium spiny neurons (MSN) (Orduz et al., 2013), and at the calyx of Held, a glutamatergic synapse (Muller et al., 2007). The last of these examples is an exception, as most Pvalb neurons are GABAergic; nonetheless, it demonstrates that the inhibitory effect of PV on PPF is independent of neurotransmitter type. The prevention (reduction) of facilitation is a hallmark of PV. The PV-mediated effect size on PPF depends on many parameters but most importantly on PV concentration, stimulation frequency [interspike interval (ISI)], number of spikes, and Ca2+ on/off kinetics in Pvalb neurons. The role of PV as a delayed Ca2+ source has been investigated in less detail, although delayed release at GABAergic synapses has been observed (Lu and Trussell, 2000; Kirischuk and Grantyn, 2003). At MLI–MLI synapses, an MLI firing in bursts (10 APs) induces long-lasting asynchronous release for up to 2,400 ms after the train; the duration is much shorter (400 ms) in PV−/− MLIs (Collin et al., 2005). Interestingly, the IPSC integral of the delayed release in WT MLIs is greater than that of the signal generated during the AP train. Thus, the synaptic output of MLIs is random and almost constant during the interburst period; the mean signal intensity is essentially determined by the number of APs in the preceding burst. In summary, MLIs (and likely other Pvalb neurons, e.g., in the cortex) alternately adopt a phasic signaling mode during bursts and an integrating (tonic) signaling mode between bursts (Collin et al., 2005). PV has a different effect on sustained asynchronous release by layer 5 Pvalb neuron autapses in the SSC (Manseau et al., 2010). In the absence of PV, asynchronous release from the autaptic terminal is slightly but significantly increased; this decreases Pvalb neuron spike reliability and reduces the ability of pyramidal neurons to integrate incoming stimuli to produce precise firing. As each Pvalb neuron innervates multiple pyramidal neurons, asynchronous release from a single one may desynchronize a large portion of the local network and disrupt cortical information processing. While Pvalb autapses have been implicated in precise spike timing (required, for example, for synchronous oscillations) (Deleuze et al., 2019), asynchronous release reduces the spike precision and reliability of cortical neurons and thereby disrupts synchronous firing when the activity level surpasses a threshold value in order to prevent/decrease the generalized synchronous activity observed during epileptic discharges (Manseau et al., 2010). In the absence of PV (i.e., with increased asynchronous release), the onset of pentylenetetrazole-induced tonic–clonic seizures was found to be delayed in PV−/− mice, although the intensity of the subsequent generalized seizures was higher (Schwaller et al., 2004).

Yet another effect of PV may contribute to the modulation of intracellular Ca2+ signaling, especially in Pvalb neurons with high, near-millimolar PV concentrations such as MLIs (Eggermann and Jonas, 2012) and TRN neurons (Janickova et al., 2020). In these neurons, the large pool of Mg2+-bound PV does not usually slow the effective Ca2+-binding rate but instead contributes to the regeneration of metal-free (apo) PV that acts as a fast Ca2+ buffer. Therefore, Mg2+ binding/unbinding may serve as a metabuffering (buffering of buffering) mechanism that maintains the concentration of apo-PV during rapid, repetitive activity in fast-spiking Pvalb neurons (Eggermann and Jonas, 2012; Hu et al., 2014). While proteins including KV3.1b are a prerequisite for the fast afterhyperpolarization that characterizes Pvalb neurons, extracellular matrix molecules of the mostly negatively charged PNN components contribute to their rapid firing. PNNs are thought to establish local molecular gradients of physiologically relevant ions such as Ca2+, K+, or Na+ around Pvalb neuron somata (Morawski et al., 2015). Accordingly, treatment with chondroitinase ABC—a bacterial enzyme that cleaves polysaccharide chains of PNN components—significantly (~50%) decreased Pvalb neuron firing frequency in cortical slices (Tewari et al., 2018).

PV influences spike reliability through asynchronous release and also during bursting activity. Besides the expected effect of increasing PPF at striatal Pvalb neuron–MSN synapses, the absence of PV leads to increased Pvalb neuron excitability and more regular spontaneous spiking within a train. Experimental (Orduz et al., 2013) and modeling (Bischop et al., 2012) data indicate that the likely cause of the latter is a change in the activation of small conductance (SK) Ca2+-dependent K+ channels. Thus, the presence of PV at the synapse induces arrhythmicity (i.e., increase in “jitter”) by modulating intrinsic oscillations via SK channel activation (Orduz et al., 2013). The triad of SK channels, voltage-dependent Ca2+ channels, and sarco(endoplasmic) reticulum Ca2+ ATPase (SERCA) pumps enables the generation of Ca2+ signaling-dependent oscillatory activity in the TRN (Cueni et al., 2008); in striatal Pvalb neurons and likely in TRN Pvalb neurons, PV is a fourth component that contributes to this process by increasing the irregularity of the oscillatory spiking pattern (Orduz et al., 2013). How the absence of PV affects TRN Pvalb neuron function in vivo is discussed in Striatum and TRN as a Hub in NDDs: Role of Pvalb Neurons.

Functional phenotypes observed in PV−/− mice related to excitability, synaptic transmission, short-term modulation, firing properties, and network effects (e.g., oscillations) may represent the extreme end of decreased PV-induced changes because reduced but not complete loss of PV expression is usually observed in human NDDs and corresponding animal models. The functional consequences of a direct or indirect (i.e., secondary to NDD risk gene mutations) decrease in PV level are discussed here. A small hairpin (sh)RNA was used to assess the role of PV in cortical circuits of adolescent rats (PND34–38) (Caballero et al., 2020). PV level in the PFC was decreased by ~25% at PND65, resembling the NDD rodent phenotype of lower PV expression at an older age (>PND60). In layer 5 pyramidal cells, the frequency of sIPSCs was reduced and PV deficiency was observed, which increased facilitation (i.e., a higher PPF ratio at an ISI of 50 ms). As sEPSC frequency was unchanged, the reduction in PV led to an increase in the E/I ratio in pyramidal cells. On the contrary, the frequency of sEPSCs was decreased in fast-spiking cortical Pvalb neurons. Hippocampal-evoked local field potential (LFP) responses in the PFC are affected by a lower PV level in a frequency-dependent manner: at 20 and 40 Hz, LFP facilitation occurs while control rats show LFP depression. In summary, higher PV expression is required for refinement of prefrontal GABAergic function, while its absence results in immature afferent processing and a hypofunctional state (Caballero et al., 2020).

Results from the above-described study cannot be directly compared to experiments carried out in PV+/− mice. Unlike in PV-shRNA rats, no data are available from PV+/− mice on LFPs in the PFC in vivo or IPSCs mediated by fast-spiking (Pvalb) neurons and EPSCs determined ex vivo. Moreover, behavioral data from PV-shRNA rats are sparse. In the trace fear conditioning and extinction test, acquisition of a cue-mediated fear response was unaffected by a reduction in PV level, while fear extinction was prolonged. Compared to controls, PV-shRNA rats showed increased freezing times lasting until the last trial of cue presentation (Caballero et al., 2020). Similar findings were obtained in the reward-based T-maze reversal learning assay carried out in PV−/− mice to assess behavioral inflexibility: while the initial learning phase was identical for WT and PV−/− mice, a large proportion of the latter exhibited a clear deficit in the ability to reverse their behavior in order to receive the reward (Wöhr et al., 2015). It will be interesting to determine whether PV-shRNA rats also exhibit repetitive and stereotyped ASD-like behaviors. Additionally, electrophysiological recordings of the PFC in PV+/− mice may reveal similarities between the two models in terms of neuronal firing properties and behavior.



Alterations in Synaptic Transmission in NDD Mouse Models Suggest PV Involvement

Mice lacking the ASD-associated gene LMO4 (encoding an endogenous inhibitor of PTP1B phosphatase) specifically in Pvalb neurons [PV-Lmo4 knockout (KO) mice] show increased Pvalb neuron-mediated perisomatic feedforward inhibition (likely by basket cells) onto pyramidal cells (Zhang et al., 2020a), as well as increased excitability of Pvalb neurons in the dorsal anterior cingulate cortex (dACC). Spontaneous inhibitory inputs (sIPSC amplitude) mostly from Pvalb neurons onto dACC layer 2/3 pyramidal cells are increased while excitatory inputs are less affected, resulting in a lower E/I ratio. Optogenetically induced activation of Pvalb neurons was shown to increase PPF. Differences between WT and KO mice were greatest at an ISI of around 20–50 ms, while short-term depression of IPSCs in a train (e.g., at 20 Hz) was reduced in KO mice. The broadened AP signal in PV-Lmo4 KO mice may be attributable to a reduction in delayed rectifying potassium conductance (by KV1.2 or KV3) (Zhang et al., 2020a). Given the close association (coexpression) of PV and KV3.1b in most cortical Pvalb neurons (Chow et al., 1999), a decrease in KV3.1b is a potential mechanism for AP broadening. It is worth noting that, at the behavioral level, PV-Lmo4KO mice display typical ASD core symptoms of reduced social interaction and repetitive, stereotyped behaviors (Table 1).

As discussed above and shown in Table 1, PV expression is altered in several genetic and “environmental” mouse ASD models (Animal NDD Models of ASD With Reduced PV Expression and/or Decreased Number/Altered Distribution of PV+ Neurons). Changes in proteins involved in synaptic transmission have been reported in these mice and are briefly summarized here. The level of Kcnc1 transcript encoding the Kv3.1b channel necessary for maintaining the fast-spiking phenotype of Pvalb neurons was decreased slightly in PV−/− mouse and significantly (−40%) in VPA mouse forebrain lysates (including neocortex, thalamus, and pallidus) (Lauber et al., 2016). The latter mice are characterized by reduced PV expression in the striatum (Lauber et al., 2016). In the cortex, Kv3.1b shows near-perfect overlap with PV (99% of all PV+ neurons are Kv3.1b+ and vice versa) (Du et al., 1996; Chow et al., 1999; Lien and Jonas, 2003). The expression and function of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels responsible for Ih currents are important for regulating resting membrane potential, input resistance, dendritic integration, synaptic transmission, and neuronal excitability (Biel et al., 2009; Benarroch, 2013). These channels are altered in ASD mouse models, often in those with decreased PV expression. This is the case for Shank3B−/− mice expressing a lower level of PV in striatal Pvalb neurons (Filice et al., 2016). Cultures of developing hippocampal neurons derived from these mice show increased input resistance and excitability as well as drastically attenuated Ih currents and reduced expression of Hcn4 protein (Yi et al., 2016). Reduced Hcn4 mRNA and PV levels are also seen in the striatum of Cntnap2−/− mice (Lauber et al., 2018). Moreover, Hcn1 mRNA expression in the striatum was decreased slightly in PV−/− and significantly in Shank3B−/− mice at PND25 (Lauber et al., 2016). On the contrary, Hcn1 mRNA and HCN1 protein levels were elevated (by ~40%) in the forebrain of PND25 VPA mice that showed no difference in forebrain PV expression relative to the control (Lauber et al., 2016). Thus, brain region- and gene-specific (Gad1, Pvalb, Kcnc1, Hcn1-4, and Kcnn1–4) alterations may be responsible for (maladaptive) homeostatic mechanisms and are observed in several ASD models, mostly those with decreased PV level; some of these are likely cell autonomous and linked to Pvalb neuron hypofunction (e.g., Gad1, Pvalb, and Kcnc1), as are the downstream consequences of reduced (absent) PV expression such as increases in the number of mitochondria and dendritic branching (as discussed in Effect of PV on Mitochondria, Oxidative Stress, and Pvalb Neuron Morphology: Link to NDDs). Altered expression of HCN family members Hcn1–4 or potassium calcium-activated channel subfamily N members 1–4 (SK channels) that are not specifically expressed in or even absent from Pvalb neurons reflect a Pvalb neuronal circuit phenotype caused by PV downregulation-mediated functional changes in Pvalb neurons. However, the putative changes (e.g., alterations in neuronal activity of one neuron subpopulation leading to parallel or hierarchical changes in others) have not been fully elucidated.

Adding yet another level of complexity, the absence of PV in striatal PV neurons has a presumed retrograde effect on the cortical glutamatergic inputs onto Pvalb neurons. In the time window (10–50 ms) when Pvalb neuron–MSN synapses show stronger facilitation in the absence of PV, PPF of EPSCs between cortical neurons and striatal Pvalb neurons—mostly mediated by AMPA receptors—is significantly reduced (Wöhr et al., 2015). The same effect is observed in PV+/− mice, in which a ~50% reduction in PV level was sufficient to influence PPF at this corticostriatal synapse. Further experiments have suggested that changes in short-term plasticity at the cortical neuron–FSI synapse involve a presynaptic adaptation mechanism, possibly resulting from homeostatic plasticity in the cortical neuron caused by the absence/reduction in PV in the postsynaptic striatal Pvalb neuron. However, the lack of a direct link (synapse) between Pvalb neurons and their cortical inputs indicate a retrograde or circuit (network) effect. In summary, the removal/decrease in PV in Pvalb neurons has complex effects on intracellular Ca2+ signaling and synaptic transmission even without considering the changes induced at the morphological level (discussed in Effect of PV on Mitochondria, Oxidative Stress, and Pvalb Neuron Morphology: Link to NDDs).




Striatum and TRN as a Hub in NDDs: Role of Pvalb Neurons

Several brain regions and associated circuits have been investigated in the context of NDDs including the basal ganglia and thalamus, and especially the TRN. The basal ganglia are involved in motor learning, habit formation, and stimulus processing to generate appropriate responses; they are also implicated in mood, motivation, and decision making (goal-directed action). These processes involve the cortico–basal ganglia–thalamocortical loop in which cortical pyramidal cells project to the striatum, with striatal neurons giving rise to direct and indirect pathways. In the former, the neurons project to the internal segment of the globus pallidus, which sends efferents to the thalamus; projections from the thalamus to the cortex close the loop. In the indirect pathway, a fiber bundle from the striatum reaches the external segment of the external globus pallidus, which forms synapses with neurons of the subthalamic nucleus (STN). The STN projects to the thalamus and from there back to the cortex. The term “disclosed loop” has been used to describe a closed circuit that is open to outside influence at the initial stage of cortical input (Figure 8 in Shipp, 2017). Patients with a damaged striatum often show autistic traits (Damasio and Maurer, 1978; Maurer and Damasio, 1982) and stereotyped movements. In male mice, dorsal striatum-specific damage (by coablation of ~40–50% Pvalb neurons and large cholinergic interneurons) results in spontaneous stereotypy and deficits in social interaction (Rapanelli et al., 2017). Restricted and repetitive behaviors are also linked to alterations in striatal and thalamic circuits (Farmer et al., 2013). Functional brain imaging studies have revealed the involvement of corticostriatal–thalamic circuits in ASD (Fuccillo, 2016), and morphological studies of the thalamus and striatum indicate differences such as a larger volume (Schuetze et al., 2016) and surface area and greater rostrocaudal variation in the shape of the thalamus in ASD patients compared to control subjects (Schuetze et al., 2019). ASD rodent models with striatal and thalamic alterations have been developed to investigate the mechanisms underlying such dysfunctions. Details on the striatal impairment in these mutant mice can be found in Table 1 of Li and Pozzo-Miller (2019).

Mutations in several ASD-associated genes affect corticostriatal connectivity (reviewed in Fuccillo, 2016; Li and Pozzo-Miller, 2019) or general striatal structure or function as observed in human ASD patients (Langen et al., 2007; Estes et al., 2011) and multiple ASD mouse models such as Fmr1−/− (Centonze et al., 2008), Shank3−/− (Peca et al., 2011), Cntnap2−/− (Penagarikano et al., 2011), and Cntnap4−/− (Karayannis et al., 2014). Another possible feature of corticostriatal dysfunction in ASD is abnormalities in Pvalb neurons, including decreased PV expression in striatal Pvalb neurons likely caused by mutations in ASD risk genes such as CNTNAP2 and SHANK3 (Table 1).

Although Pvalb neurons account for just 1% of striatal neurons (Tepper et al., 2010), they are responsible for ~10% of all striatal activity (Duhne et al., 2020). Striatal Pvalb neurons receive projections from different cortical regions (mainly primary motor cortex and primary SSC) as well as inhibitory input from TRN (Klug et al., 2018), which is often described as the “guardian of the gateway” (Crick, 1984), and selectively modulates the thalamocortical network, playing a critical role in sensorimotor and cognitive functions, sleep, and consciousness (Crick, 1984; Schmitt et al., 2017). It is unsurprising that abnormalities in the thalamocortical circuitry are associated with some of the sensory perceptual deficits typical of ASD; thus, TRN dysfunction is considered as a prototypical circuit endophenotype in NDDs (Krol et al., 2018). NDD risk genes associated with schizophrenia (CACNA1I and GRM3) and ASD (CHD2 and PTCHD1) are strongly expressed in TRN, and as they are also thought to be linked to Pvalb neurons, results obtained in the mutant mice are discussed here. TRN neurons comprise two (mainly non-overlapping) populations characterized by expression of either PV (~60% of neurons) or SST (~40%) (Clemente-Perez et al., 2017; Steullet et al., 2017a). The cell types differ in terms of intrinsic membrane excitability and low-threshold Ca2+ current (IT) mediated by CaV3.2 and CaV3.3 (Talley et al., 1999). Peak IT density is higher in Pvalb neurons, suggesting that SST neurons have fewer and/or more dendritically located T-type calcium channels (Clemente-Perez et al., 2017). Hyperpolarization of TRN neurons leads to low-threshold Ca2+ spikes in the form of rebound bursts, each crowned by a series of APs. The maximal number of rebound bursts, number of APs after the first burst, and intraburst frequency are higher in Pvalb neurons than in SST cells (Clemente-Perez et al., 2017). CaV3.3 channels are required for TRN cell bursting and synchronized rhythmicity in the thalamic circuit. Absence of CaV3.3 channels (Cacna1i) in CaV3.3−/− mice decreases IT by ~80% and almost completely abolishes the bursting properties of TRN neurons (that likely express Pvalb) (Astori et al., 2011). A lack of CaV3.3 channels also reduces apamin-sensitive currents mediated by SK2 channels, indicating that CaV3.3/SK2 channel interactions are required for the proper functioning of the latter in TRN neurons (Cueni et al., 2008). Interestingly, KO mouse models of ASD and schizophrenia have shown similar findings with respect to TRN neuron function both in vivo and in slice cultures.

In vivo recordings of TRN Pvalb neurons in anesthetized PV−/− mice have revealed altered proportions of neurons with specific firing properties: medium-bursting (type II) neurons were more abundant than the long-bursting type (III), indicating a decrease in rebound bursting in the absence of PV. Additionally, the ISI within a burst was longer, while the number of spikes was unaffected (Alberi et al., 2013). These changes are likely associated with an altered distribution of CaV3.2 channels mediating IT. CaV3.2 channels are more abundant at active axosomatic synapses of PV−/− TRN neurons as compared to WT TRN neurons, suggesting that the differential localization of CaV3.2 affects bursting dynamics. Notably, the distribution of CaV3.3 channels is similar in the two genotypes. TRN neurons express apamin-sensitive SK channels (Cueni et al., 2008), and the absence of PV is therefore presumed to have a similar effect on TRN neuron SK currents as in the striatum (Orduz et al., 2013). A cross-correlation analysis of neurons simultaneously recorded with the same electrode tip showed that ~30% of neuron pairs tended to fire synchronously independent of PV expression. Hence, PV deficiency does not affect the functional connectivity between TRN neurons that are also coupled by chemical synapses (Zhang et al., 2020b), as is the case in cortical Pvalb neurons (Galarreta and Hestrin, 1999), but affects the distribution of CaV3.2 channels and dynamics of burst discharges in TRN cells, possibly by modulating SK channel activity. Other KO mouse models of Ca2+ signaling components (e.g., the schizophrenia risk gene Disc1) show a strong effect on the function of TRN neurons, which most likely involves SK channels (Delevich et al., 2020). In mice, patch-domain containing protein 1 (PTCHD1) is expressed almost exclusively in TRN neurons at PND0 and is still prominently expressed at PND15. Ptchd1Y/− mice with TRN neuron-specific deletion of the ASD- and intellectual disability-associated Ptchd1 gene showed attention deficit and hyperactivity along with a 50% reduction in SK currents, which were rescued by a pharmacological treatment that restored SK channel function (Wells et al., 2016). Importantly, at all investigated membrane potentials of Ptchd1Y/− TRN neurons in cultured slices, the number of rebound bursts was smaller than in WT mice, whereas no difference was observed in IT. Thus, the reduced bursting activity of Ptchd1Y/− TRN neurons is likely the result of decreased SK currents. Moreover, free [Ca2+]i is significantly lower in Ptchd1Y/− TRN neurons, providing further evidence of altered intracellular Ca2+ handling.



Effect of PV on Mitochondria, Oxidative Stress, and Pvalb Neuron Morphology: Link to NDDs

The two major roles of mitochondria are the generation of ATP via oxidative phosphorylation and Ca2+ buffering. In neurons, these two processes occur not only globally but also locally—for example, in presynapses (reviewed in Devine and Kittler, 2018). The electrophysiological properties of Pvalb neurons require both fast presynaptic Ca2+ handling and sufficient energy production to sustain high-frequency firing. PV is a component of the Ca2+ signaling toolkit involved in the regulation of intracellular [Ca2+]i (Berridge et al., 2003). A high firing rate of cortical GABAergic interneurons including Pvalb neurons is observed in vivo, which is more physiologically relevant than the fast-firing properties of Pvalb neurons that were mostly measured in vitro. Two-photon in vivo calcium imaging in the SSC of mice has revealed that GABAergic interneurons have higher activity than excitatory neurons, measured as event rate using the Ca2+ indicator GCaMP6 expressed in either neuron population (Chen et al., 2020). PV acting as a slow-onset Ca2+ buffer mostly serves as a “Ca2+ off” mechanism that reduces [Ca2+]i after an initial increase in conjunction with two other essential “Ca2+ off” components—namely, SERCA pumps and PMCAs—that require ATP for this function. How the absence or partial downregulation of PV affects a cell expressing PV under physiological conditions remains an open question. A Ca2+ overlay blot with protein extracts of forebrain and cerebellum did not show upregulation of EF-hand Ca2+-binding proteins similar to PV in the brain of PV−/− mice (Schmidt et al., 2003). On the other hand, fast-twitch muscles of PV−/− mice are more resistant to fatigue as a result of increased fractional volume (density) of mitochondria (Chen et al., 2001). This inverse (antagonistic) regulation (i.e., PV downregulation and overexpression increasing and decreasing mitochondrial volume, respectively) occurs in all systems investigated to date including tissues/cells endogenously expressing PV such as fast-twitch muscle cells, kidney epithelial cells, and Pvalb neurons (Schwaller, 2020). The same mechanism exists in cells overexpressing PV including neurons of Thy-PV mice (Van Den Bosch et al., 2002; Maetzler et al., 2004), C2C12 muscle cells (Ducreux et al., 2012), MDCK kidney epithelial cells (Henzi and Schwaller, 2015), and CG4 oligodendrocyte-like cells (Lichvarova et al., 2019). Mitochondria are functionally similar to PV in terms of shaping intracellular Ca2+ transients: neither greatly affects the rising phase because of their slow-onset Ca2+-buffering/Ca2+-uptake properties but increases the rate of [Ca2+]i decay, thus shortening Ca2+ transients, and both have anti-facilitating effects at presynaptic terminals—i.e., they accelerate recovery from synaptic depression (e.g., in the calyx of Held; Kim et al., 2005), thereby participating in the clearance of presynaptic Ca2+ and modulating neurotransmitter release (Billups and Forsythe, 2002). According to the notion of activity-dependent homeostatic changes/adaptations (Berridge et al., 2003), mitochondria are in the best position (with respect to Ca2+ signal modulation) to compensate for a loss/decrease in PV. Moreover, while SERCA pumps and PMCAs are not obviously upregulated in PV-deficient cells, they are presumed to contribute more extensively to Ca2+ removal in the absence of PV (although this has yet to be demonstrated). Thus, PV-deficient Pvalb neurons likely need to produce more ATP to accommodate the increased activity of Ca2+ extrusion systems. Ca2+ uptake by mitochondria is energetically costly and can only be maintained by increasing ATP production (Palmieri and Persico, 2010). Conversely, Ca2+ buffering by PV is an energy-saving process, as the small conformational changes in PV induced by Ca2+ binding/Ca2+ release require little energy and are independent of ATP levels.

Mitochondria were previously assumed to be homogeneous in terms of composition and function but are now known to be highly diverse within different organs (Mootha et al., 2003) and even in different cells of the brain, as demonstrated in cerebellar granule cells, Purkinje cells, and astrocytes (Fecher et al., 2019). This is also true of cell components involved in Ca2+ signaling, which show cell-type specific regulation (Fecher et al., 2019). Several experimental models with reduced PV expression show not only an increased mitochondrial volume but also elevated levels of mitochondrial proteins directly related to Ca2+ uptake. In epithelial cells of the distal convoluted tubule in mouse kidney, several genes implicated in mitochondrial Ca2+ uptake and generation of mitochondrial membrane potential including mitochondrial calcium uptake 1 (Micu1), mitochondrial calcium uniporter regulator 1 (Mcur1), and mitochondrial cytochrome c oxidase subunit 1 (mt-Co1) are upregulated in PV−/− mice (Henzi and Schwaller, 2015). Levels of COXI and positive regulators of mitochondria biogenesis (Ppargc1a, Nrf1, and Tfam) are higher in PV-negative CG4 cells than in those overexpressing PV (Lichvarova et al., 2019). However, no differences are observed in the expression of mitochondrial genes directly linked to ATP synthesis such as F1-ATPase subunit (Atp5Ff1b) (reviewed in Schwaller, 2020), further suggesting that the increases in mitochondrial volume and protein expression likely enhance the slow Ca2+-buffering capacity conferred by PV in WT cells. Additionally, transcript levels of mitochondrial uncoupler protein UCP2 (Ucp2) are elevated in control (PV−) CG4 cells (similar to the condition in PV−/− mice) compared to PV-expressing CG4 cells (mimicking the condition in WT Pvalb neurons) (L. Janickova, unpublished). This is in line with RNA-seq results from cortical samples of ASD patients demonstrating that UCP2 is among the most strongly upregulated transcripts (Parikshak et al., 2016; Schwede et al., 2018). Consistent with findings from PV−/− mice, transcript levels of several genes related to synaptic transmission and mitochondria are altered in ASD (Schwede et al., 2018), and expression-weighted cell type enrichment analysis of three mouse ASD and schizophrenia models revealed significant upregulation of mitochondrial genes in fast-firing inhibitory (presumably Pvalb) neurons, while mitochondrial protein levels showed a global downregulation in the cortex (Gordon et al., 2019).

The increase in the density of mitochondria is not homogeneous in the soma of Pvalb neurons and is mostly observed in the region adjacent to the plasma membrane in Purkinje cells (Chen et al., 2006) as well as in striatal and TRN Pvalb neurons (Janickova and Schwaller, 2020). Previously, it was unclear whether this is an on/off or precisely regulated mechanism. Analyses of nine different Pvalb neuron populations from five different brain regions (hippocampus, cortex, striatum, cerebellum, and TRN) selected based on moderate-to-strong PV staining revealed a strong positive correlation between the magnitude of the increase in mitochondrial density and estimated PV concentrations in Pvalb neurons of WT mice—i.e., a higher PV concentration was associated with a greater PV deficiency-induced increase in mitochondrial density (but not in the length of individual mitochondria). Such an increase exists not only in PV−/− Pvalb neuron somata but also in the dendrites (Janickova et al., 2020), confirming an earlier finding that mitochondrial density was higher in control CG4 (PV−) cells than in those overexpressing PV (Lichvarova et al., 2019). In particular, more mitochondria are present at the end of elongating processes and near the growth cone in control CG4 cells, which likely promotes process branching similar to what is observed in PV−/− striatal and TRN Pvalb neurons (Janickova et al., 2020). Whether increased dendrite length and branching in the absence of PV results in local hyperconnectivity as observed in several ASD mouse models (Table 1 in Janickova et al., 2020) remains to be determined. More detailed information on mitochondria and branching can be found in the Discussion of Janickova et al. (2020).

The fast-firing property of Pvalb neurons is associated with their high energy demand (Kann et al., 2014; Kann et al., 2014); accordingly, Pvalb neurons contain significantly more mitochondria in their somata, dendrites, and axons than any other interneuron subtype or pyramidal cells. This makes Pvalb neurons especially vulnerable to metabolic stress and/or excessive formation of reactive oxygen and nitrogen species (ROS and NOS, respectively) (Kann, 2016). ROS production increases with age in Pvalb neurons of WT mice and is highly correlated with PV concentration but not mitochondrial density, which is similar (~8%) in all investigated Pvalb neurons (Janickova and Schwaller, 2020); that is, between the ages of 1 and 6 months, a higher PV concentration is associated with an age-dependent increase in ROS production. Importantly, in the absence of PV, ROS production is significantly higher in mice older than 1 month and the relative increase is approximately proportional to the PV concentration in WT Pvalb neurons (Janickova and Schwaller, 2020). An elevation in ROS levels causing an imbalance in redox homeostasis has been suggested as a pathophysiological mechanism of ASD (Tang et al., 2013; Pangrazzi et al., 2020). Increased ROS levels have also been observed in postmortem brain tissue of children with ASD (Siddiqui et al., 2016).

Increased mitochondrial ROS production and Pvalb neuron impairment (possibly linked to decreased PV level) have been causally linked to schizophrenia etiology and pathology (reviewed in Hardingham and Do, 2016; Steullet et al., 2016, 2017b). In Gclm−/− mice—a schizophrenia mouse model deficient in the glutamate cysteine ligase modifier subunit, the rate-limiting enzyme for glutathione biosynthesis (Cabungcal et al., 2019)—the number of PV+/PNN+ neurons is decreased. This may be due to Pvalb neuron loss or a decrease in PV expression and altered molecular composition of PNNs, possibly as a result of neuron immaturity (Steullet et al., 2017a). In brain slices from Gclm−/− mice, most TRN neurons were shown to fire in a tonic mode at a membrane potential of −70 mV, whereas ~80% neurons in WT mice exhibit bursting behavior. At more negative membrane potentials (−80 and −90 mV), no differences in bursting behavior existed between genotypes. While membrane potential-dependent differences in firing behavior of TRN neurons are correlated with decreased PV level in Gclm−/− TRN neurons, a causal relationship between these events has yet to be established. Notably, a decrease in the number of PV+ neurons in the TRN has been reported in other ASD models showing behavioral phenotypes such as the Engrailed-2 KO mice (En2−/−) and abnormal spindle-like microcephaly-associated gene (Aspm1–7) mutants (Garrett et al., 2020; Pirone et al., 2020). Whether this is due to PV downregulation—and the electrophysiological consequences thereof—remains unclear.

Brain-development-dependent mitochondrial alterations (dysfunction) may trigger a cascade of events that leads to NDDs such as ASD or schizophrenia (Tang et al., 2013; Cabungcal et al., 2019). However, at least in 1 month-old PV−/− mice showing no increase in ROS production (Janickova and Schwaller, 2020) but exhibiting robust ASD-like behaviors, excessive oxidative stress can be excluded as the main contributor to the ASD phenotype. The onset of oxidative-stress-induced Pvalb neuron dysfunction may occur at a later age and result in a schizophrenia-like rather than an ASD-like phenotype, although this is speculative and must be tested in longitudinal studies using different NDD mouse models. Supporting the oxidative stress hypothesis of NDD, inhibiting oxidative stress in schizophrenia patients by treatment with the antioxidant N-acetyl-cysteine (NAC) significantly improved neurocognition and alleviated positive clinical symptoms (Klauser et al., 2018; Retsa et al., 2018). However, in young individuals with ASD, NAC treatment for 12 weeks boosted glutathione production but did not improve social interaction deficits (Wink et al., 2016). Meanwhile, symptoms of irritability were attenuated in children with ASD who were treated with NAC (Hardan et al., 2012). Additional studies are required to determine whether NAC can reduce ASD core symptoms.




CONCLUSIONS AND OUTLOOK

We have formulated the Parvalbumin Hypothesis of ASD based on experimental data (new and previously published) (Figure 1). This hypothesis pertaining to the etiology of ASD (and possibly schizophrenia) provides a framework for future research and allows the formulation of predictions that can be tested in human ASD postmortem brain samples or using the many existing animal models of ASD. This hypothesis does not hold true for all ASD cases and may even be restricted to a small number of cases with known genetic mutations or environmental perturbations in which downregulation of PV has been reported. The validation of a hub consisting of PV-expressing neurons in ASD is expected to facilitate the development of therapeutic strategies that restore brain function(s) in ASD and possibly other NDDs.
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Autism spectrum disorder (ASD) is characterized by impaired social interaction, language delay and repetitive or restrictive behaviors. With increasing prevalence, ASD is currently estimated to affect 0.5–2.0% of the global population. However, its etiology remains unclear due to high genetic and phenotypic heterogeneity. Copy number variations (CNVs) are implicated in several forms of syndromic ASD and have been demonstrated to contribute toward ASD development by altering gene dosage and expression. Increasing evidence points toward the p-arm of chromosome 3 (chromosome 3p) as an ASD risk locus. Deletions occurring at chromosome 3p result in 3p-deletion syndrome (Del3p), a rare genetic disorder characterized by developmental delay, intellectual disability, facial dysmorphisms and often, ASD or ASD-associated behaviors. Therefore, we hypothesize that overlapping molecular mechanisms underlie the pathogenesis of Del3p and ASD. To investigate which genes encoded in chromosome 3p could contribute toward Del3p and ASD, we performed a comprehensive literature review and collated reports investigating the phenotypes of individuals with chromosome 3p CNVs. We observe that high frequencies of CNVs occur in the 3p26.3 region, the terminal cytoband of chromosome 3p. This suggests that CNVs disrupting genes encoded within the 3p26.3 region are likely to contribute toward the neurodevelopmental phenotypes observed in individuals affected by Del3p. The 3p26.3 region contains three consecutive genes encoding closely related neuronal immunoglobulin cell adhesion molecules (IgCAMs): Close Homolog of L1 (CHL1), Contactin-6 (CNTN6), and Contactin-4 (CNTN4). CNVs disrupting these neuronal IgCAMs may contribute toward ASD phenotypes as they have been associated with key roles in neurodevelopment. CHL1, CNTN6, and CNTN4 have been observed to promote neurogenesis and neuronal survival, and regulate neuritogenesis and synaptic function. Furthermore, there is evidence that these neuronal IgCAMs possess overlapping interactomes and participate in common signaling pathways regulating axon guidance. Notably, mouse models deficient for these neuronal IgCAMs do not display strong deficits in axonal migration or behavioral phenotypes, which is in contrast to the pronounced defects in neuritogenesis and axon guidance observed in vitro. This suggests that when CHL1, CNTN6, or CNTN4 function is disrupted by CNVs, other neuronal IgCAMs may suppress behavioral phenotypes by compensating for the loss of function.
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INTRODUCTION


Autism Spectrum Disorder

Autism spectrum disorder (ASD) describes a group of neurodevelopmental disorders characterized by three core behavior domains: deficits in social interaction, delayed language development and repetitive or restrictive behaviors (American Psychiatric Association, 2013). ASD is currently estimated to affect 0.5–2.0% of the global population, with ever-increasing prevalence (Zablotsky et al., 2015; World Health Organization, 2019; Centers for Disease Control and Prevention, 2020; Maenner et al., 2020; May et al., 2020; Shaw et al., 2020). In addition to its phenotypic heterogeneity, several studies have reported associations between ASD and other neurodevelopmental and neuropsychiatric disorders, including but not limited to schizophrenia (Zheng et al., 2018; De Crescenzo et al., 2019), epilepsy (Besag, 2018), and major depressive disorder (Magnuson and Constantino, 2011). Individuals with ASD frequently present with intellectual and learning disabilities, demonstrating impaired cognitive function (Srivastava and Schwartz, 2014). Although ASD etiology remains unclear, several studies have demonstrated that ASD possesses a strong genetic component, with concordance rates in monozygotic twins as high as 95% (Abrahams and Geschwind, 2008; Sandin et al., 2014; Colvert et al., 2015; De La Torre-Ubieta et al., 2016; Ramaswami and Geschwind, 2018; Rylaarsdam and Guemez-Gamboa, 2019). The increased power of modern DNA sequencing technologies and number of ASD case-parent trio studies has allowed researchers to identify common inherited and rare de novo mutations that confer risk toward ASD development, and to date hundreds of ASD candidate genes have been reported (Rylaarsdam and Guemez-Gamboa, 2019).



Copy Number Variations and Their Contribution to Autism Spectrum Disorder Genetics

Copy number variations (CNVs) are structural genetic changes whereby segments of DNA on a chromosome – usually defined as greater than 1 kb in size – become deleted or duplicated through erroneous DNA replication (Figure 1). CNVs can be inherited or arise de novo and alter gene dosage (i.e., the number of copies of alleles of a given gene) and expression (i.e., the amount of a gene transcribed as RNA or translated into protein) (Gamazon and Stranger, 2015). Large CNVs (greater than 1 Mb) were among the first types of de novo genetic variation discovered in ASD and more recently, smaller CNVs have been associated with ASD as well (Ramaswami and Geschwind, 2018). Notably, individuals with ASD are observed to carry significantly more CNVs than their unaffected siblings or control subjects (Sebat et al., 2007; Pinto et al., 2010; Levy et al., 2011; Leppa et al., 2016). Multiple CNVs occurring at several loci including chromosomes 7q, 15q, 16p, 22q, and others have been implicated in ASD (Jacquemont et al., 2006; Marshall et al., 2008; Bucan et al., 2009; Glessner et al., 2009; Ramaswami and Geschwind, 2018). These CNVs cause clinically defined syndromes that are often comorbid with ASD, so called “syndromic” forms of ASD. Studying these rare genetic syndromes and how they overlap with ASD phenotypes will reveal candidate genes and convergent molecular pathways linking various forms of ASD. In this review, we will focus on CNVs occurring in the p-arm of chromosome 3 (henceforth referred to as chromosome 3p) and how they contribute toward ASD risk.
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FIGURE 1. Copy number variations alter gene dosage and expression. Copy number variations (CNVs) can manifest as deletions, where segments of DNA are removed (represented in orange), or duplications, where extra copies of a DNA segment are produced (represented in blue). CNVs can vary in size, affecting several exons in a gene, to multiple genes or even cytobands of a chromosome. Created with BioRender.com.




Copy Number Variations in Chromosome 3p26.3 as Risk Factors for ASD

There is increasing evidence that CNVs occurring at chromosome 3p contribute toward ASD risk. Deletions at chromosome 3p result in 3p-deletion syndrome (Del3p), a rare genetic disorder characterized by developmental delay, intellectual disability, microcephaly, and various facial dysmorphisms and limb abnormalities (Verjaal and De Nef, 1978; Shuib et al., 2009; Peltekova et al., 2012; Kellogg et al., 2013). Cases of Del3p often present with neurodevelopmental and neuropsychiatric phenotypes, such as ASD, schizophrenia, and epilepsy (Schinzel, 1981; Drumheller et al., 1996; Fernandez et al., 2004; Bittel et al., 2006; Dijkhuizen et al., 2006; Malmgren et al., 2007; Roohi et al., 2009; Pohjola et al., 2010; Cottrell et al., 2011; Palumbo et al., 2013; Moghadasi et al., 2014; de la Hoz et al., 2015; Hu et al., 2015; Guo et al., 2017; Juan-Perez et al., 2018; Parmeggiani et al., 2018). Individuals affected by Del3p also tend to display neuroanatomical abnormalities as well (Malmgren et al., 2007; Pariani et al., 2009; Carr et al., 2010; Kellogg et al., 2013; Kuechler et al., 2015; Hajek et al., 2018; Parmeggiani et al., 2018). Although there are limited reports, duplications at chromosome 3p have been shown to present with ASD-associated phenotypes (Kashevarova et al., 2014; Li et al., 2016). Therefore, studying CNVs occurring in chromosome 3p could lead to the discovery of dosage-sensitive genes which are involved in molecular mechanisms that regulate neurodevelopmental processes. Genome-wide CNV studies in ASD cohorts have also detected ASD-specific and recurrent CNVs in the 3p26.3 cytoband, a region located at the distal end of the p-arm (Figure 2; Glessner et al., 2009; Levy et al., 2011; Guo et al., 2017). In a previous review of Del3p cases, Peltekova et al. (2012) noted that many of the cases of chromosome 3p CNVs that are comorbid with ASD occur at more distal cytobands of the p-arm. Furthermore, it is rare for individuals with a 3p26 deletion to display normal intelligence (Shuib et al., 2009). Therefore, it is likely that disruption of genes encoded in the 3p26.3 region play a role in the development of neurodevelopmental phenotypes in individuals with Del3p.
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FIGURE 2. The 3p26.3 region encodes three neuronal cell adhesion molecules of the immunoglobulin superfamily. The 3p26.3 region is located at the distal end of the p-arm of chromosome 3. It is the terminal cytoband, lying just before the telomeres and containing three genes (in order from the telomere): Close Homolog of L1 (CHL1), Contactin-6 (CNTN6), and Contactin-4 (CNTN4). Figure adapted from the Ensembl Genome Browser (Yates et al., 2020). Created with BioRender.com.


The 3p26.3 region contains three consecutive genes encoding closely related neuronal cell adhesion molecules of the immunoglobulin superfamily (IgCAMs), in order from the telomere: Close Homolog of L1 (CHL1), Contactin-6 (CNTN6), and Contactin-4 (CNTN4) (Figure 2). Interestingly, the SFARI Gene database scores CNTN6 and CNTN4 as strong ASD candidate genes (Abrahams et al., 2013). These neuronal IgCAMs have been observed to play key roles in neurodevelopment, regulating axon guidance, neuronal migration and synaptic plasticity (Betancur et al., 2009; Sytnyk et al., 2017). Importantly, CNVs and other mutations affecting these neuronal IgCAMs have been reported in individuals with neurodevelopmental and neuropsychiatric phenotypes (Table 1). For example, CNVs in CHL1 have been observed in individuals with ASD, intellectual disability and epilepsy, and are associated with speech delay, difficulties with expressive language, learning disabilities and cognitive impairment (Angeloni et al., 1999; Pohjola et al., 2010; Cuoco et al., 2011; Shoukier et al., 2013; Tassano et al., 2014; Li et al., 2016; Bitar et al., 2019; Table 1). CNVs in CNTN6 have similarly been reported in individuals with ASD, schizophrenia, intellectual disability, bipolar disorder, and epilepsy (Kashevarova et al., 2014; Noor et al., 2014; Hu et al., 2015; Li et al., 2016; Mercati et al., 2017; Juan-Perez et al., 2018; Tassano et al., 2018; Repnikova et al., 2020; Table 1). Finally, CNVs involving CNTN4 have been observed in individuals with ASD, language delay, and seizures as well (Fernandez et al., 2004; Fernandez T. et al., 2008; Fernandez T. V. et al., 2008; Dijkhuizen et al., 2006; Glessner et al., 2009; Roohi et al., 2009; Pinto et al., 2010; Cottrell et al., 2011; Poultney et al., 2013; Zhang et al., 2020; Table 1). These observations suggest that the cellular pathways regulated by these neuronal IgCAMs are important contributors to the behavioral phenotypes of neurodevelopmental disorders such as ASD. Therefore, it is imperative to obtain a greater understanding of the functions of these neuronal IgCAMs, their interactors and how they modulate the cellular pathways underlying ASD etiology.


TABLE 1. Overview of phenotypes observed in individuals with CNVs in CHL1, CNTN6, and CNTN4.
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Notably, CNVs in the 3p26.3 region show a spectrum of phenotypic severity, and demonstrate incomplete penetrance for ASD and other neurodevelopmental phenotypes (elaborated upon in section “CNVs in the 3p26.3 Region Are Associated With Neurodevelopmental Behavior Phenotypes” of this review). However, larger CNVs affecting two or all three neuronal IgCAMs encoded in the 3p26.3 region are observed to produce more severe phenotypes, suggesting that disruptions to multiple members of these neuronal IgCAMs exert additive effects that contribute to phenotype severity. This would also explain the incomplete penetrance commonly observed with CNVs that only affect one of these genes, and why severe behavior phenotypes have not been observed in animal knockout models for Chl1 or Cntn4 (discussed later in section “Behavior Phenotypes of Animal Models” of this review). As such, this review aims to discuss our current understanding of the functions of CHL1, CNTN6, and CNTN4, examining their overlapping expression patterns and interactomes during neurodevelopment. We will discuss how these genes regulate neuronal migration and neurite outgrowth, how this alters synaptogenesis and synaptic plasticity and ultimately, behavior phenotypes in animal models.



COPY NUMBER VARIATIONS IN CHROMOSOME 3p26.3


CNVs in the 3p26.3 Region Are Associated With Neurodevelopmental Behavior Phenotypes

Using the online PubMed database, 195 studies investigating individuals with CNVs or chromosomal rearrangements in chromosome 3p were collected (Supplementary Table 1). In total, 894 individuals with a total of 907 CNVs were collated. Where available, CNV coordinates, properties (deletion or duplication), inheritance status, and ASD diagnoses were recorded (Supplementary Table 1). Additionally, any neurodevelopmental or neuropsychiatric phenotypes were also recorded, which included: the presence of autistic features (i.e., individuals displaying any or all of the core behavior domains of ASD but without an ASD diagnosis), Rett syndrome, Asperger syndrome, pervasive developmental disorder not otherwise specified (PDD-NOS), schizophrenia, Prader-Willi syndrome, attention deficit disorder or hyperactivity, bipolar disorder, intellectual disability, developmental delay, seizures or abnormal electroencephalogram, and any neuroanatomical abnormalities (as identified by magnetic resonance imaging) (Supplementary Table 1). Studies investigating chromosome 3p CNVs in cancerous tumors were excluded.

To identify which cytoband of chromosome 3p holds the largest burden for CNVs, the collated CNVs were mapped along the chromosome by the cytoband of their distal breakpoint (Figure 3). A significant portion of these CNVs (approximately 41.9%) are observed to occur in the 3p26.3 region, suggesting that mutations in genes encoded in this cytoband are important contributors to the neurodevelopmental phenotypes observed in individuals affected by Del3p. However, why is there such a high frequency of CNVs occurring at the 3p26.3 region? Although outside the scope of this review, the high frequency of CNVs in the 3p26.3 region could be explained by telomere attrition. Studies have previously reported higher frequency of ASD cases in individuals with shorter telomere lengths (Li et al., 2014), and that families at high-risk for ASD possess significantly shorter telomere lengths (Nelson et al., 2015). In spite of this, the high frequency of CNVs in the 3p26.3 region identifies this cytoband as a potential genetic risk locus for the ASD and ASD-associated phenotypes observed in individuals affected by Del3p.
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FIGURE 3. The distribution of CNVs at chromosome 3p mapped by their distal breakpoint. Most deletions and duplications reported at chromosome 3p occur within the 3p26.3 region (380 of 907 CNVs; consisting of 225 deletions and 155 duplications), suggesting genes encoded in this region may be the molecular link between Del3p and ASD. Some studies were unable to provide high-resolution analysis of chromosomal breakpoints, only providing general coordinates (e.g., 3p26 rather than 3p26.1, 3p26.2, or 3p26.3). Additionally, cases of chromosomal translocations involving chromosome 3p have been included within the “Deletion” category for ease of visualization. In cases of inherited CNVs, if the phenotype of the parent is discussed, they have also been included as well. Figure created using GraphPad Prism 8.


It is important to acknowledge that just as ASDs present with a complex range of phenotypes (ranging from mild to severe), individuals affected by CNVs in chromosome 3p demonstrate a similar spectrum of phenotypic severity. Although the 3p26.3 region represents a promising candidate region for the neurodevelopmental phenotypes of Del3p, CNVs in the 3p26.3 region demonstrate incomplete penetrance for ASD and other neurodevelopmental phenotypes (Pohjola et al., 2010; Moghadasi et al., 2014). This suggests that depending on the location and magnitude of CNVs in chromosome 3p26.3, deletion or duplication of specific regions within the CHL1, CNTN6, and CNTN4 genes may confer greater risk toward ASD development, and that these genes function as genetic modifiers to affect the severity of neurodevelopmental phenotypes. Interestingly, larger CNVs that encompass more genes appear to show higher penetrance and tend to result in more severe phenotypes. Guo et al. (2012) reported two cases of ASD with duplications affecting both CNTN6 and CNTN4, which demonstrated striking deficits in social interaction and communication, in addition to markedly delayed development, seizures, speech delay and self-injurious behaviors. Other studies have also reported cases of CNVs affecting multiple neuronal IgCAMs in the 3p26.3 region in individuals diagnosed with ASD or those exhibiting pronounced autistic features (Schinzel, 1981; Drumheller et al., 1996; Angeloni et al., 1999; Fernandez et al., 2004; Malmgren et al., 2007; Pinto et al., 2010; van Daalen et al., 2011; Moghadasi et al., 2014; Weehi et al., 2014). These reports provide further evidence that mutations in the neuronal IgCAMs encoded at the 3p26.3 region produce additive deleterious effects that contribute to more severe phenotypes.



Other Candidate Genes for Neurodevelopmental Phenotypes in Chromosome 3p

Although it is outside the scope of this review, other genes in chromosome 3p may also contribute to phenotypes observed in Del3p. Next to CNTN4 in 3p26.2, three genes are present that are often lost in larger terminal 3p26.3 deletions: Interleukin 5 Receptor Subunit Alpha (IL5RA), Transfer RNA Nucleotidyl Transferase 1 (TRNT1), and Cereblon (CRBN). CRBN in particular has been associated with autosomal recessive non-syndromic cognitive disability (Bavley et al., 2018), and disruptions to this gene by CNVs may contribute to the cognitive impairments observed in individuals affected by Del3p. Additionally, interstitial CNVs involving more proximal cytobands of the p-arm have also been associated with ASD (Harvard et al., 2005). CNVs affecting genes in these proximal cytobands have also been reported in individuals with ASD, PDD-NOS, language deficits, epilepsy, anxiety, and intellectual disability (Bittel et al., 2006; Ţuţulan-Cuniţă et al., 2012; Lesca et al., 2012; Riess et al., 2012; Schwaibold et al., 2013; Kellogg et al., 2013; Palumbo et al., 2013; Okumura et al., 2014; de la Hoz et al., 2015; Kuechler et al., 2015; Liu et al., 2015; Parmeggiani et al., 2018). A few genes encoded in chromosome 3p should be noted in relation to the neuronal IgCAMs at the 3p26.3 region – namely Protein Tyrosine Receptor Phosphatase (PTPR) Type G (PTPRG), Fez Family Zinc Finger Protein 2 (FEZF2), and Contactin-3 (CNTN3). CNTN3 is encoded in the 3p12.3 region and belongs to the same subfamily of proteins as CNTN6 and CNTN4 and similarly, functions as a neuronal IgCAM to promote neurite outgrowth (Yoshihara et al., 1995). PTPRG is a protein tyrosine phosphatase that has previously been found to interact with CNTN3, CNTN4, and CNTN6 (Bouyain and Watkins, 2010a,b), and this interaction regulates neurite outgrowth (elaborated upon later in section “Axon Guidance, Neurite Outgrowth and Neuronal Migration” of this review) (Mercati et al., 2013). Furthermore, Parmeggiani et al. (2018) recently showed through a STRING protein interaction network analysis that FEZF2 interacts indirectly with PTPRG via CNTN4, placing these proteins in the same interactome network. This may explain why both interstitial and terminal CNVs in chromosome 3p result in similar phenotypes, as the affected genes participate in convergent neurodevelopmental pathways.



NEUROPHYSIOLOGICAL ROLES OF CHL1, CNTN6, AND CNTN4


Spatiotemporal Expression Patterns of CHL1, CNTN6, and CNTN4

The three neuronal IgCAMs encoded in the 3p26.3 region belong to the Immunoglobulin (Ig) CAM (IgCAM) superfamily (Holm et al., 1996; Fusaoka et al., 2006; Shimoda and Watanabe, 2009; Chatterjee et al., 2019). Within the IgCAM superfamily, CHL1 belongs to the L1 family, whilst CNTN6 and CNTN4 belong to the Contactin family (Figure 4). As such, they share a common extracellular domain comprised of six N-terminal Ig domains followed by five Fibronectin Type III (FNIII) domains for CHL1 (Holm et al., 1996), or four FNIII domains for CNTN6 and CNTN4 (Shimoda and Watanabe, 2009; Figure 4). CHL1 contains a transmembrane and intracellular C-terminal domain, however CNTN6 and CNTN4 lack an intracellular domain and are instead tethered to the cell membrane by a C-terminal glycosylphosphatidylinositol (GPI) anchor (Holm et al., 1996; Maness and Schachner, 2007; Shimoda and Watanabe, 2009; Figure 4). As CNTN6 and CNTN4 do not have intracellular domains, they require interacting partners for intracellular signal transduction or act directly as ligands for receptors on opposing cells. Due to their structural similarity, it is likely that these neuronal IgCAMs interact with similar extracellular ligands during neurodevelopment (elaborated upon in sections “Axon Guidance, Neurite Outgrowth, and Neuronal Migration,” “Synaptic Transmission and Plasticity,” and “Behavior Phenotypes of Animal Models”). These neuronal IgCAMs also share some overlapping but distinct expression patterns, suggesting that they contribute to a combinatorial code (Yamagata et al., 2002). Previous studies within the rodent forebrain and cortex indicate that the temporal expression of all three neuronal IgCAMs follows a similar pattern – starting low during the final week of gestation and rising to peak expression levels during the first week of postnatal development (Yoshihara et al., 1995; Hillenbrand et al., 1999; Lee et al., 2000; Kaneko-Goto et al., 2008; Oguro-Ando et al., 2017). Post gestation, the expression of Chl1 and Cntn6 falls to a constant level (Hillenbrand et al., 1999; Lee et al., 2000), whereas the expression of Cntn4 continues to increase until a constant level that is maintained in adulthood (Yoshihara et al., 1995; Kaneko-Goto et al., 2008).
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FIGURE 4. CHL1, CNTN6, and CNTN4 share similar protein structure. CHL1, CNTN6, and CNTN4 are members of the IgCAM superfamily. These neuronal IgCAMs share similar extracellular domains composed of six Ig domains and five FNIII domains for CHL1, or four FNIII domains for CNTN6 and CNTN4. Whereas CNTN6 and CNTN4 are tethered to the membrane by a GPI anchor, CHL1 has both transmembrane and intracellular domains. Created with BioRender.com.


Cell-type-specific expression of these neuronal IgCAMs throughout neurodevelopment, from previously reported data in rodent models, is not so straightforward. Chl1 is reported to be strongly expressed in cortical layer V interneurons, hippocampal pyramidal cells of the Cornu Ammonis 1 and 3 (CA1 and CA3, respectively) regions, and in interneurons of the hippocampus proper and the hilar region of the dentate gyrus (DG) (Hillenbrand et al., 1999). Cntn6 is significantly expressed in the cortex within layer V interneurons, and within the CA1 hippocampus region, the DG and the hilar region of the DG (Lee et al., 2000; Zuko et al., 2016a,b). Cntn4 is strongly expressed within layer V cortical interneurons, and although weakly expressed in regions of the hippocampus, is specifically localized to granule cells of the DG (Chatterjee et al., 2019). Although Chl1, Cntn6, and Cntn4 are all expressed in layer V interneurons of the cortex, Cntn6 is more prominently expressed within layers Vb and VIb whereas Cntn4 is more strongly expressed in layers Vb and VIa (Oguro-Ando et al., 2017). Furthermore, while Cntn4 is extensively expressed in layers II–V of the cortex, Cntn6 expression is more confined to layers II, III, and V (Zuko et al., 2016b; Oguro-Ando et al., 2017). Although our knowledge of cell-type-specific expression of these neuronal IgCAMs is limited, these studies in rodent models suggest that Chl1, Cntn6, and Cntn4 display overlapping, though distinct, spatiotemporal expression patterns. Advances in single-cell transcriptomic profiling technology have provided greater insight into cell-type-specific expression patterns. For example, the Allen Brain Atlas has curated single-cell and single-nucleus RNA-sequencing data to produce a transcriptional profile of different regions of the human and mouse cortex and hippocampus (©2015 Allen Institute for Brain Science. Allen Cell Types Database. Available from https://celltypes.brain-map.org/). Single-cell transcriptomic datasets such as these are vital to improving our understanding of CHL1, CNTN6, and CNTN4 expression in the developing human brain.

In the human motor cortex, CHL1 and CNTN4 are, with a few exceptions, commonly expressed in most GABAergic interneuron and glutamatergic pyramidal neuron populations (©2015 Allen Institute for Brain Science). However, CNTN6 demonstrates striking cell-type-specific expression, mainly being expressed in Vasoactive Intestinal Peptide (VIP), Somatostatin (SST), and Parvalbumin (PVALB) expressing interneurons, and Thymocyte Selection Associated (THEMIS), RAR-Related Orphan Receptor B (RORB) and FEZF2 expressing pyramidal neurons (©2015 Allen Institute for Brain Science). In the mouse hippocampus, the expression of these neuronal IgCAMs becomes more selective. Whilst Cntn4 is expressed in the CA1, CA2, and CA3 regions, Chl1 is only expressed in the CA1 and CA3, and Cntn6 is only expressed in the CA3 (Figure 5A). In the DG, low levels of Cntn6 and Cntn4 can be detected, whilst Chl1 is expressed in granule cells and GABAergic interneuron populations (Hochgerner et al., 2018; Figure 5A). This demonstrates that each of these neuronal IgCAMs has its own expression pattern independent from one other. The overlapping expression indicates that neurons can differ in combinations of CHL1, CNTN6, and CNTN4 expression – these combinatorial patterns [suggest] that these IgCAMs are part of a code, as has been suggested for Contactins in the retina (Yamagata and Sanes, 2012).
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FIGURE 5. CHL1, CNTN6, and CNTN4 display overlapping expression in the hippocampus and participate in shared signaling pathways. (A) Chl1, Cntn6, and Cntn4 demonstrate region-specific and overlapping expression patterns in the mouse hippocampus. The CA2 and DG only express Cntn4 and Chl1, respectively, while all three neuronal IgCAMs are co-expressed in the CA3, and Chl1 and Cntn4 are co-expressed in the CA1. Data derived from the Allen Brain Atlas (©2015 Allen Institute for Brain Science. Allen Cell Types Database. Available from https://celltypes.brain-map.org/). (B) CHL1, CNTN6, and CNTN4 are capable of homophilic interactions that promote neurite outgrowth. These three neuronal IgCAMs commonly interact with members of the PTPR family – CHL1 interacts with CNTN6 to direct and maintain the correct angle of apical dendrites in cortical pyramidal neurons through PTPRα signaling, and both CNTN6 and CNTN4 are reported to interact with PTPRγ to promote neurite outgrowth. Additionally, CHL1 and CNTN4 interact with APP and enzymes involved in the proteolytic processing of APP – CNTN4 interacts with APP to promote neurite outgrowth and regulate retinal ganglion cell (RGC) axon-target matching in the development of visual pathways, and CHL1 cleavage by BACE1 and ADAM proteins is observed to promote neuronal survival, neurite outgrowth and regulate axonal arborization. Created with BioRender.com.


Regardless of their individual expression patterns, the common peak temporal expression during early postnatal development suggests that CHL1, CNTN6, and CNTN4 play key roles in synaptogenesis and the maintenance of neuronal networks within the developing brain. Their similar structure and partially overlapping spatial expression indicates that disruptions to the expression or function of these neuronal IgCAMs could produce additive deleterious effects. To understand the co-morbidities of these proteins in the brain, further investigations and confirmation of the developmental expression of CHL1, CNTN6, and CNTN4 expression in the human brain is essential. In subsequent sections of this review, we will further discuss these neuronal IgCAMs and their functional role in neurons, including common interacting partners. In the case of overlapping interactomes, we will study their contribution toward ASD etiology.



Regulation of Neurogenesis and Neuronal Survival

Dysregulated neurogenesis and neuronal apoptosis are phenotypes that are associated with ASD – both in animal models and postmortem brains (Wegiel et al., 2010; Wei et al., 2014; Fan and Pang, 2017; Courchesne et al., 2019). The neuronal IgCAMs encoded in the 3p26.3 region have demonstrated roles in promoting neuronal survival and regulating neurogenesis. Chl1 has been observed to suppress apoptosis in primary cultures (Chen et al., 1999; Naus et al., 2004; Nishimune et al., 2005). Overexpression of Chl1 or its treatment in soluble or substrate form is hypothesized to exert anti-apoptotic effects by induction of Phosphatidylinositol-3-Kinase (PI3K) and Mitogen-Activated Protein Kinase (MAPK) signaling (Nishimune et al., 2005) and by increasing the expression of B-Cell Lymphoma 2, an anti-apoptotic protein (Chen et al., 1999). Notably, altered PI3K and MAPK signaling is implicated in ASD and other neurodevelopmental disorders (Enriquez-Barreto and Morales, 2016; Baranova et al., 2020). Chl1 has also been observed to interact with the Patched-1 hedgehog receptor in regulation of neuronal survival, as inhibitors of Smoothened and RhoA and Rho-Associated Kinases 1 and 2 are able to inhibit Chl1-mediated survival of cerebellar Purkinje and granule cells (Katic et al., 2017). Studies in Chl1-deficient mice have also revealed increased apoptosis, loss of PVALB-positive (PV+) neurons and decreased precursor cell proliferation in the CA1 region of the hippocampus and cerebellum (Jakovcevski et al., 2009; Schmalbach et al., 2015). Interestingly, the loss of PV+ interneurons in the hippocampus is correlated with increased microglial activation and enhanced IL-6 secretion in the hippocampus (Schmalbach et al., 2015). Although it is outside the scope of this review, dysregulated neurogenesis as a result of neuroinflammation has also been observed in ASD (Fan and Pang, 2017), suggesting a mechanism exists by which Chl1 and other neuronal IgCAMs may regulate inflammatory signaling in the brain.

Although there are limited studies, Cntn6 and Cntn4 are also reported to play roles in regulating neuronal survival. Cntn6 regulates neuronal survival and morphology through its interaction with Latrophilin-1 (Lphn1) (Zuko et al., 2016a). Neurons overexpressing Lphn1 display morphological defects including reduced neurite branching points, soma size, total neurite length, and longest branch length (Zuko et al., 2016a). Increased Caspase-3 immunoreactivity was also observed in the Cntn6-deficient visual cortex (Zuko et al., 2016a). Interestingly, Lphn1 is known to interact with Neurexin-1, another neuronal IgCAM whose disruption is also associated with ASD (Kim et al., 2008; Moreno-Salinas et al., 2019). These interactions between Lphn1, Cntn6, and other neuronal IgCAMs may point toward a common cellular pathway implicated in ASD etiology.



Axon Guidance, Neurite Outgrowth, and Neuronal Migration

Deficits in neuronal migration and axon guidance are a characteristic commonly observed in ASD (Wegiel et al., 2010; Pan et al., 2019). In Chl1-deficient mice, impairments in neuritogenesis and axonal guidance can be observed. In the hippocampus, mossy fibers of the CA3 region display unorganized projections that invade into the pyramidal cell layer, rather than forming the supra- and infra-pyramidal bundles parallel to the pyramidal cell layer observed in wild-type mice (Montag-Sallaz et al., 2002; Frints et al., 2003; Heyden et al., 2008). Additionally, Chl1-deficient mice display aberrant arborization of olfactory sensory neuron axons (Montag-Sallaz et al., 2002; Heyden et al., 2008). Chl1 is further reported to stimulate neurite outgrowth in primary neuronal cultures (Chen et al., 1999; Hillenbrand et al., 1999; Dong et al., 2002), and may promote neurite outgrowth via multiple pathways. For example, the intracellular domain of Chl1 interacts with Ezrin, a member of the Ezrin-Radixin-Moesin (ERM) family of Actin-binding proteins, to modulate Actin dynamics and facilitate F-Actin remodeling (Schlatter et al., 2008). The Chl1-Ezrin interaction also plays a role in axonal repulsion by mediating the growth cone collapsing activity of the chemorepellent Semaphorin-3A (Sema3a) (Schlatter et al., 2008), and insufficient Sema3a-mediated repulsion in CHL1-deficient mice is observed to alter the positioning of axons projecting toward the cortex from the ventral telencephalon and basal complex (Wright et al., 2007). Chl1 binding to Sema3a triggers Chl1 cleavage by β-Site Amyloid-Precursor Protein-Cleaving Enzyme 1 (Bace1), which generates an active membrane-bound Chl1 fragment that interacts with Ezrin to relay the Sema3a signal to the Actin cytoskeleton (Barão et al., 2015). In addition to Sema3a, Chl1 also interacts with other molecules in the growth cone to regulate axon targeting and neurite outgrowth, including the Ephrin A7 Receptor (Demyanenko et al., 2011) and Disrupted in Schizophrenia 1 (Ren et al., 2016). Chl1 may also promote neuronal migration and neurite outgrowth by interacting with β1 Integrins and recruiting the Actin-binding protein Ankyrin to the cell membrane, triggering activation of c-Src, PI3K, and MAPK cascades (Buhusi et al., 2003; Demyanenko et al., 2004; Katic et al., 2014). More recently, homophilic Chl1–Chl1 interactions have also been observed to regulate neurite outgrowth during the development of ventral midbrain dopaminergic pathways (Alsanie et al., 2017).

Interestingly, Chl1 was observed to interact with Cntn6, and this interaction is responsible for maintaining the correct angle of apical dendrites in cortical pyramidal neurons through Ptpr-Alpha (Ptpra) signaling (Ye et al., 2008). Notably, compound heterozygous mice for both Chl1 and Cntn6 display an additive deleterious phenotype – these compound heterozygous mice showed more severe misoriented dendrites compared to single heterozygous Chl1 or Cntn6 mice and wild-type littermates (Ye et al., 2008). This suggests that Chl1 and Cntn6 may partially compensate for one another, and places Cntn6 directly within Chl1’s interactome. Although no studies have validated this further, it is possible Cntn6 could interact with the same binding partners as Chl1 as well, thereby participating in shared intracellular pathways (Zuko et al., 2013). It is worthwhile to note that Chl1 and Cntn6 are both expressed in the CA3 region of the hippocampus (Figure 5A), and that Cntn6-deficient mice also display a larger suprapyramidal bundle (Zuko et al., 2016b), a phenotype similar to that observed in the hippocampus of Chl1-deficient mice (Montag-Sallaz et al., 2002; Frints et al., 2003; Heyden et al., 2008). In addition to its interaction with Chl1, Cntn6 is also reported to regulate neurite outgrowth in primary neuronal cultures through Ptprg signaling (Takeda et al., 2003; Bouyain and Watkins, 2010b; Mercati et al., 2013). Importantly, Cntn4 has been observed to interact with Ptprg, and this interaction promotes neurite extension (Bouyain and Watkins, 2010b; Cottrell et al., 2011). Therefore, at least within the context of neuritogenesis, these three neuronal IgCAMs share an overlapping interactome, as they interact with each other and with similar binding partners (Figure 5B). This suggests that these neuronal IgCAMs participate in common neurodevelopmental pathways and may display some functional redundancy, leading to additive deleterious phenotypes with loss-of-function mutations. Additionally, similar to Chl1, Cntn6 is capable of promoting neurite outgrowth through homophilic Cntn6–Cntn6 interactions (Huang et al., 2011). As well as promoting neuritogenesis, Cntn6 is also observed to play roles in axon guidance, particularly in the establishment of the corticospinal tract (Huang et al., 2012). Cntn6-deficient mice display a delay in the development of projections of corticospinal tract axons during prenatal and neonatal development (Huang et al., 2012).

Contactin-4 is observed to play roles in regulating axon guidance and neurite extension, for example promoting neurite outgrowth in primary cortical neurons (Yoshihara et al., 1995; Mercati et al., 2013). Similar to Cntn6, Cntn4 may interact with Chl1 or other members of the L1 family, and both heterophilic and homophilic Cntn4 interactions may promote neurite extension (Yoshihara et al., 1995; Mercati et al., 2013). Cntn4’s role in axon guidance has been extensively explored in multiple species in the development of olfactory and visual pathways (Kaneko-Goto et al., 2008; Osterfield et al., 2008). In the olfactory system, Cntn4 expression in axon terminals guides individual axons from odorant receptors to distinct olfactory bulb glomeruli, suggesting Cntn4 promotes the formation and maintenance of odor maps, possibly via interaction with Ephrin-A5 (Kaneko-Goto et al., 2008). Similar to Chl1, Cntn4-deficient olfactory sensory neurons display aberrant projections toward multiple olfactory bulb glomeruli (Kaneko-Goto et al., 2008). This shared axon guidance deficit observed between Chl1- and Cntn4-deficient mice further supports the possibility that these neuronal IgCAMs participate in common signaling pathways during neurodevelopment. Osterfield et al. (2008) identified extracellular binding partners of Amyloid Precursor Protein (App) in retinal axons growing on the optical tectum, which is a well characterized model of axon development (McLaughlin and O’Leary, 2005; Flanagan, 2006). In retinal ganglion cells, Cntn4 is suitably placed to interact with App during the developing retinotectal system in order to mediate axon outgrowth and axon-target matching. Cntn4-deficiency results in defects in retinal ganglion cell axon-target matching, arborization and outgrowth (Osterfield et al., 2008; Osterhout et al., 2015). This system is clearly sensitive to axon guidance defects or to absence of certain CAMs, as was demonstrated in Bace1-knockout mice (Hitt et al., 2012). Although axon guidance deficits in the hippocampus of Cntn4-deficient mice have not yet been explored, it would be interesting to see if Cntn4-deficient mice also display abnormal mossy fiber projections similar to Chl1- and Cntn6-deficient mice, as Cntn4 is expressed in the CA3 region as well (Figure 5A).

Interestingly, cleavage of these neuronal IgCAMs by specific enzymes may also be key to their functions in axon guidance and promoting neurite outgrowth. For example, Chl1 cleavage by Bace1 has been demonstrated to be involved in axonal organization, as reduced Bace1-mediated Chl1 cleavage is reported to contribute toward defective axonal organization in Bace1-deficient mice (Ou-Yang et al., 2018). Notably, Bace1-deficient mice display axon guidance defects in the olfactory bulb and hippocampus similar to Chl1 and Cntn4-deficient mice (Hitt et al., 2012). BACE1, together with proteins of the Disintegrin and Metalloproteinase Domain-Containing Protein (ADAM) family, are key enzymes in APP processing (Sinha et al., 1999; Vassar et al., 1999). APP cleavage by ADAM family proteins (α-secretase activity) or BACE1 (β-secretase activity) produces a secreted APP (sAPP) fragment and a membrane-bound carboxyl terminal fragment (CTF) – these fragments are referred to as sAPPα/β and CTFα/β depending on their generation via α- or β-secretase activity (Chow et al., 2010). In addition to its interaction with APP, CNTN4 may also play a modulatory role in APP processing, as co-expression of CNTN4 with APP in transfected HEK-293T cells resulted in an increase production of CTFα (Osterfield et al., 2008). It is unknown if CNTN4 also regulates the activity of or is cleaved by ADAM proteins, but these findings suggest that CHL1 and CNTN4 may play similar roles in an overlapping pathway regulating APP processing. Other studies have also reported that Adam8 cleaves Chl1 to release an extracellular fragment that promotes neuronal survival and neurite outgrowth in vitro (Naus et al., 2004), and Adam10 interacts with Bace1 to regulate Chl1 cleavage (Wang et al., 2018). The Adam10-Bace1 interaction may be important for neuritogenesis in primary neuronal cultures and importantly, APP is reported to promote neuronal migration and neurite outgrowth (Billnitzer et al., 2013; Nicolas and Hassan, 2014; Wang et al., 2017). Increased levels of sAPPα are also associated with ASD, hinting toward dysregulated APP processing as a convergent pathway in ASD etiology (Ray et al., 2011; Sokol et al., 2019).



Synaptic Transmission and Plasticity

Neuronal IgCAMs have been found to influence synapse formation, maintenance and plasticity (Betancur et al., 2009; Sytnyk et al., 2017). L1 and Contactin family neuronal IgCAMs perform important functions at neuronal synapses, forming homodimer and heterodimer trans complexes with other neuronal IgCAMs or receptors. As discussed in section “Axon Guidance, Neurite Outgrowth, and Neuronal Migration,” these neuronal IgCAM interactions are important for axon guidance, target-matching, and arborization, but they also anchor, organize, and bridge the synaptic cleft (Missler et al., 2012; Yang et al., 2014; Chatterjee et al., 2019). In this section we focus on the reported non-adhesion functions of CHL1, CNTN6, and CNTN4 in synaptic transmission and how they may influence synaptic plasticity.

In addition to promoting the formation and stabilization of synapses (Ashrafi et al., 2014), CHL1 is reported to play multiple non-adhesion roles that modulate synaptic activity. The intracellular domain of Chl1 regulates synaptic vesicle recycling by interacting with the 70 kDa Heat Shock Cognate (Hsc70) synaptic chaperone protein and regulating the un-coating of Clathrin-coated synaptic vesicles in the Clathrin-dependent recycling pathway (Leshchyns’ka et al., 2006). Chl1 localizes primarily in the presynaptic terminals of axons of both excitatory and inhibitory neurons, co-localizing with Hsc70 and the synaptic vesicle marker Sv2 (Leshchyns’ka et al., 2006). Chl1 also modulates the refolding of Soluble N-Ethylmaleimide-Sensitive Factor Attachment Protein Receptor (SNARE) complex proteins to maintain the vesicle recycling machinery during periods of continuous synaptic activity (Andreyeva et al., 2010). Interestingly, Chl1 was recently reported to interact with Dopamine Receptor D2 (DRD2), regulating its internalization at the presynaptic environment (Kotarska et al., 2020). This suggests that Chl1 may regulate dopaminergic signaling in neurons, and also the density of neurotransmitter receptors on the surface of axon terminals, which can influence how the presynaptic environment responds to modulatory signals from axo-axonic synapses. Chl1 has also been observed to play roles in Serotonin-2C Receptor (5-ht2cr) signaling in hippocampal GABAergic neurons – its deficiency impairs 5-ht2cr phosphorylation and 5-ht2cr association with Phosphatase and Tensin Homolog (Pten) and Arrestin Beta-2 (Arrb2) (Kleene et al., 2015). Notably, PTEN and ARRB2 are both implicated in ASD etiology as well (Varga et al., 2009; Thompson and Dulawa, 2019). Genetic variants in CHL1, ITGB1, and ITGB3 have also been identified as predictors of treatment-resistant depression and responsiveness to selective serotonin reuptake inhibitors (SSRIs), suggesting that the Chl1-Integrin interactions that regulate neuronal migration have further roles in serotonergic signaling (Morag et al., 2011; Oved et al., 2013, 2017; Fabbri et al., 2015, 2017; Probst-Schendzielorz et al., 2015). Several studies have also observed long-term potentiation (LTP) deficits at synapses between the CA3 and CA1 region of the hippocampus that could be rescued by application of GABAAR modulators, indicating that Chl1 may play a role in the establishment of synaptic plasticity as well (Nikonenko et al., 2006; Schmalbach et al., 2015). Taken altogether, these studies demonstrate that CHL1 and its interactors regulate a complex array of synaptic functions, ranging from synaptic vesicle recycling to neurotransmitter receptor internalization and downstream signaling.

As Chl1 has been observed to interact with Cntn6 within cortical neurons (Ye et al., 2008), and both neuronal IgCAMs share overlapping expression patterns in certain brain regions and neuronal populations, it is also possible Cntn6 may participate in similar functions to Chl1 in the presynaptic environment. Although there have been no direct studies investigating the role of Cntn6 in vesicular recycling, Cntn6 is expressed in the presynaptic terminals of glutamatergic synapses in the hippocampus where it interacts with Vglut1 and Vglut2, transporters that regulate glutamate uptake into presynaptic vesicles (Sakurai et al., 2009, 2010). Cntn6-deficiency is observed to reduce Vglut1 and Vglut2 expression in the hippocampal formation, suggesting that Cntn6 participates in the formation and maintenance of glutamatergic synapses (Sakurai et al., 2010). These studies point toward Cntn6’s involvement in a shared pathway regulating vesicle processing at the presynapse with Chl1. Similar to the regulation of apical dendrites in pyramidal neurons (Ye et al., 2008), this could be another mechanism by which Cntn6 can compensate for Chl1 deficiency, and future studies should investigate if Cntn6 regulates vesicular recycling in a similar manner to Chl1. Interestingly, Cntn6-deficiency is also observed to cause a decrease in the number of PV+ GABAergic interneurons in the visual cortex (Zuko et al., 2016a). These studies indicate that Cntn6 may be a regulator of synaptic transmission in both excitatory and inhibitory neuron populations within the brain. It would therefore be interesting investigate if the effects of Cntn6 deficiency in cortical and hippocampal neurons translates to a shift in excitation-inhibition (E/I) ratios and changes in synaptic plasticity, as increases in E/I ratios due to reduced GABAergic signaling have been associated with deficits in social interaction and other neuropsychiatric phenotypes (Yizhar et al., 2011).

A recent study observed that Cntn4-deficient mice display altered cell-surface expression of glutamate and GABA receptors (GABARs) in ASD-related brain regions (Heise et al., 2018). Cntn4-deficient mice show reduced cell-surface glutamate and GABAARα1 receptor levels in the cerebral cortex and hippocampus, suggesting Cntn4 can modulate synaptic transmission by altering the density of cell-surface neurotransmitter receptors (Heise et al., 2018). However, whether Cntn4 deficiency impairs glutamatergic or GABAergic signaling within cortical and hippocampal neurons, and subsequently whether these changes in cell-surface receptor expression result in altered E/I ratios or changes in LTP remains to be fully determined. Cntn4 is expressed in both the CA1 and CA3 regions (Figure 5A), so it would be interesting to see if Cntn4-deficient mice display decreased PV+ neurons in the CA1 region and LTP deficits at CA3-CA1 synapses, similar to Chl1-deficient mice (Nikonenko et al., 2006; Schmalbach et al., 2015). Additionally, due to its high structural similarity with Cntn6, and shared binding partners with Cntn6, it is likely Cntn4 may perform similar functions to Cntn6 or even Chl1 at neuronal synapses. Therefore, it is possible these neuronal IgCAMs can compensate for each other’s loss of function, and that disruptions to multiple genes can produce additive deleterious phenotypes.

Members of the Contactin-Associated Protein (CASPR) family interact and modulate the activity of Contactins (Murai et al., 2002; Gollan et al., 2003; Ashrafi et al., 2014; Rubio-Marrero et al., 2016). Importantly, several CASPR proteins have been reported to regulate the function of neurotransmitter receptors. CASPR1 and CASPR2 are observed to disrupt α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid receptor (AMPAR) function, causing synaptic abnormalities and regulating trafficking to the synapse (Santos et al., 2012; Fernandes et al., 2019; Gao et al., 2019). This presents a hypothesis that neuronal IgCAMs such as CNTN6 and CNTN4 could form complexes whose interactions regulate AMPAR and GABAR function and synaptic plasticity. Heise et al. (2018) suggests that CNTN4 may act as a molecular chaperone for cell surface expression of neurotransmitter receptors. It is worthwhile to note that CNTN6 has been observed to perform a similar role as well (Ye et al., 2011). Considering that Contactins lack intracellular signaling domains, it is likely that in certain cells CNTN6 and CNTN4 act as part of a larger complex of proteins, serving as chaperones or as ligands to initiate and inhibit molecular pathways. A similar situation may be the case between CHL1 and BACE1 (Hitt et al., 2012; Ou-Yang et al., 2018). Taking into account that CHL1 and CNTN6 interact with each other, the formation of a protein complex comprised of CHL1, CNTN6, and various CASPR proteins could regulate a range of synaptic functions. Ashrafi et al. (2014) demonstrated an example of such a complex in the mouse spinal cord, in which a Chl1-Nrcam heterodimer interacts in trans with a Cntn5-Caspr4 heterodimer to promote the formation of and stabilize axo-axonic synapses. These collective interactions merit further investigation to decipher the heterodimeric complexes and signaling pathways CHL1, CNTN6, and CNTN4 are involved in at the synapse.



Behavior Phenotypes of Animal Models

The use of validated neurobehavioral tests for rodents provides an avenue for researchers to understand how specific genetic alterations impact molecular pathways that alter neuronal development and synaptogenesis. Understanding how these alterations affect brain connectivity and function is essential to improve our understanding of the core behavioral features of ASD (Zerbi et al., 2018). To model the behavior phenotypes of Del3p, it important to note that the 3p26.3 cytoband encoding CHL1-CNTN6-CNTN4 is syntenic to the mouse chromosome 6qE1. Several studies have extensively characterized the phenotype of Chl1-deficient mice (Table 2). The use of SHIRPA behavior test batteries (Rogers et al., 1997, 2001) has revealed that Chl1-deficient mice display altered exploratory behavior, reduced behavior flexibility and novelty detection, impaired motor coordination, and altered social interaction and spatial information processing. Chl1-deficient mice are consistently observed to exhibit altered exploratory behavior and reduced anxiety in tests such as the open-field test, elevated-plus maze, light-dark transition test, and the Morris water maze (Montag-Sallaz et al., 2002; Frints et al., 2003; Pratte et al., 2003; Pratte and Jamon, 2009). This altered exploratory behavior may be due to impaired spatial and object novelty detection (Pratte et al., 2003; Morellini et al., 2007; Pratte and Jamon, 2009). Furthermore, Chl1-deficient mice are observed to have deficits in motor coordination, struggling to remain balanced in the rotarod test (Pratte et al., 2003). Chl1-deficient mice also display increased passivity and reduced aggressiveness, including reduced stress responses associated with transfer arousal, touch escape and irritability (Frints et al., 2003; Pratte et al., 2003; Morellini et al., 2007). Importantly, Chl1-deficient mice display altered social preference, increased behavioral inflexibility, and deficits in integrating spatial and temporal information in the hippocampus (Montag-Sallaz et al., 2002; Frints et al., 2003; Morellini et al., 2007; Buhusi et al., 2013). These are phenotypes that have been observed in certain mouse models for ASD such as the Fmr1-, Shank3-, Nlgn4-, Caspr2-, and Pten-deficient mice (Kwon et al., 2006; Jamain et al., 2008; Peñagarikano et al., 2011; Duffney et al., 2015; Kazdoba et al., 2016; Ricceri et al., 2016; Gurney et al., 2017; Verma et al., 2019).


TABLE 2. Behavior phenotypes observed in animal models for CHL1, CNTN6, and CNTN4 deficiency.
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In contrast to Chl1, the behavioral impacts of Cntn6 deficiency have not yet been well characterized (Table 2) and very few studies have examined the ASD-related behavioral effects of Cntn6 deficiency. Cntn6 deficiency was observed to result in deficits in spatial learning and memory in the Morris water maze task (Mu et al., 2018). In particular, male Cntn6-deficient mice exhibited slower spatial learning, which was attributed to altered hippocampal development (Mu et al., 2018). Another study investigated the effect of Cntn6 deficiency on motor coordination and observed that similar to Chl1-deficient mice, Cntn6-deficient mice display impaired motor coordination as well (Takeda et al., 2003). When subjected to the rotarod and horizontal rod tests, Cntn6-deficient mice struggled to stay and walk on the rods, indicating impaired balance control, despite muscle strength being unaffected (Takeda et al., 2003). Takeda et al. (2003) hypothesized that these defects in motor coordination were due to Cntn6 deficiency in the cerebellum, which leads to neuronal dysfunction. Notably, other studies have also reported that Chl1 plays an important role in cerebellar development, being expressed on the Bergmann glial cells that guide neuronal migration and synaptogenesis (Ango et al., 2008), and Chl1-deficient mice display increased neuronal apoptosis in the cerebellum (Jakovcevski et al., 2009). Importantly, cerebellar dysfunction has been previously associated with ASD (Wang et al., 2014; Hampson and Blatt, 2015; Mosconi et al., 2015). Zuko et al. (2016a) also hypothesized that as Cntn6-deficient mice display reduced numbers of PV+ GABAergic interneurons in the visual cortex, this shift in interneuron populations could lead to changes in E/I ratios in the cortex and affect behavior. Future studies into the behavioral impact of Cntn6-deficiency are clearly warranted.

Molenhuis et al. (2016) analyzed the development of neurological phenotypes in Cntn4-deficient mice at various developmental ages through an extended SHIRPA battery of tests. This study also included assessments for ASD-related behaviors such as the juvenile social interaction test, three-chamber social interaction test, novel object investigation task and the Barnes maze; however, Cntn4-deficiency was not observed to affect ASD-related behaviors (Molenhuis et al., 2016). Compared to wild-type littermates, Cntn4-deficient mice did not show any further changes in grooming behavior, social interaction, sensorimotor coordination, or cognitive flexibility (Molenhuis et al., 2016). No defects in olfaction were observed in Cntn4-deficient mice, which is unexpected since Cntn4 has been found to play a role in the establishment of odor maps (Kaneko-Goto et al., 2008). However, Cntn4-deficient mice do demonstrate enhanced spatial learning in the Barnes maze and a consistently increased startle response to auditory stimuli at high amplitudes (Molenhuis et al., 2016). Based on these findings, Molenhuis et al. (2016) concluded that Cntn4-deficiency does not affect ASD-specific phenotypes, but rather results in subtle non-ASD-specific changes in responsiveness to stimuli and cognitive performance. Notably, hyper-responsiveness to acoustic stimuli is a phenotype that has been associated with ASD and other neuropsychiatric disorders (Baranek et al., 2013; Green et al., 2013; Acevedo et al., 2018; Dakopolos and Jahromi, 2019; Hornix et al., 2019).

Overall, the lack of any strong phenotypes in Cntn4-deficient mice supports the idea that Cntn4 deficiency may be compensated for by other neuronal IgCAMs. As discussed in sections “Axon Guidance, Neurite Outgrowth, and Neuronal Migration” and “Synaptic Transmission and Plasticity,” Cntn4 regulates neurite outgrowth, axon guidance, dendritic spine morphology, and cell-surface neurotransmitter receptor expression. This discrepancy between the subtle behavior reported and phenotypes observed in ex vivo or in vitro cultures suggest other neuronal IgCAMs exhibit a degree of functional redundancy that can compensate for deficits in neuronal migration and neurite outgrowth. Indeed, Cntn4 deficiency is mainly reported to only cause mild abnormalities in gross cortical development and axon guidance in the olfactory bulb. Similarly, the effects of Chl1 and Cntn6 deficiency on neurite outgrowth are more pronounced within primary neuronal cultures, and milder phenotypes are observed in animal models. Studies in other CAMs, such as Neural Cell Adhesion Molecule 1 (Ncam1), L1 Cell Adhesion Molecule (L1cam) and several members of the Cadherin family have also indicated similar findings (reviewed in Hortsch, 1996; Colman and Filbin, 1999; Halbleib and Nelson, 2006; Dalva et al., 2007; Niessen et al., 2011; Lin et al., 2016). Ncam1- and L1cam-deficiency results in pronounced defects in neuronal migration and neurite outgrowth in culture, however, only subtle neuronal migration and behavior phenotypes are observed in Ncam1- and L1cam-knockout mice (Hortsch, 1996; Colman and Filbin, 1999). This may explain the highly variable severity of phenotypes in humans caused by CNVs in the 3p26.3 region and further suggests that multiple neuronal IgCAMs and their signaling pathways may interact with one another. When one gene is disrupted, others may act to suppress the behavioral phenotype by compensating for the loss of function.

Considering the region-specific expression patterns of Chl1, Cntn6, and Cntn4, such as in the hippocampus (discussed in section “Spatiotemporal Expression Patterns of CHL1, CNTN6, and CNTN4”) (Figure 5A), how can shared signaling pathways exist between these neuronal IgCAMs? For example, if certain axon guidance deficits in the hippocampus could be compensated for by different combinations of these neuronal IgCAMs, this can only occur in regions where co-expression of these neuronal IgCAMs does exist, e.g., in the CA1 and CA3 (Figure 5A). Yet, other regions remain unaccounted for, e.g., the CA2 and DG only express Cntn4 and Chl1, respectively (Figure 5A), so how can common signaling pathways exist in these regions in order to compensate for axon guidance deficits? It is important to consider two factors: (1) the high structural similarity and shared binding partners among the Contactin family members (Shimoda and Watanabe, 2009; Bouyain and Watkins, 2010a); and (2) the capability of Chl1 to form large complexes through heterodimerization in cis and trans with other neuronal IgCAMs of the Contactin and CASPR families (Ashrafi et al., 2014). Other members of the L1, Contactin, and CASPR families should also be considered to be participating in regulating compensatory effects as a high degree of functional redundancy may exist between these neuronal IgCAMs. Some of these family members demonstrate region-specific expression as well. For example, Cntn3 is expressed in the CA2 and not the DG, whilst Cntn5, Caspr1, Caspr5, and L1cam are expressed in the DG and not the CA2 region (©2015 Allen Institute for Brain Science; Hochgerner et al., 2018). Certain genes, such as Cntn1, Caspr2, Caspr5, and Nrcam are also commonly expressed in both the CA2 and DG (©2015 Allen Institute for Brain Science; Hochgerner et al., 2018). As interactors of Chl1 (Ashrafi et al., 2014), Cntn5 and Nrcam may initiate signaling pathways to compensate for Chl1 deficiency in the DG. Additionally, Cntn3 and Cntn5 are particularly interesting as, similar to Cntn6 and Cntn4, they are reported to interact with PTPRG to regulate neurite outgrowth (Bouyain and Watkins, 2010a,b). Notably, PTPRG is expressed in the CA1, CA2, CA3, and DG (©2015 Allen Institute for Brain Science; Hochgerner et al., 2018) – it is possible that interactors shared among these different neuronal IgCAMs such as PTPRG act as hub proteins to facilitate axon guidance in regions such as the hippocampus, allowing for compensation during instances where the expression or function of certain neuronal IgCAMs are disrupted. Therefore, not every member of the L1 and Contactin families need to be expressed in all cells of the hippocampus – rather, alternate family members form complex networks of interactomes to compensate for axon guidance deficits. In fact, the specific blend of these molecules in different neurons may bestow a combinatorial code upon different populations of neurons. It would also be pertinent to monitor the expression of other neuronal IgCAMs in Chl1-, Cntn6-, and Cntn4-deficient models to see if other family members are being upregulated to compensate for each other’s deficiency. Examples of this have been observed in other ASD models such as the Shank3 mutant mouse, where upregulation of Shank1 and Shank2 are observed to partially compensate for synaptic defects (Zhou et al., 2016). However, shared interactions such as PTPRG between the Contactins also raise the question of whether certain neuronal IgCAMs act as core components for axon guidance regulation and if others exhibit higher degrees of functional redundancy? At this point further research is still required to answer this question.



FUTURE DIRECTIONS

Our understanding of the function of neuronal IgCAMs, CHL1, CNTN6, and CNTN4, encoded within the 3p26.3 region in neurodevelopment has greatly advanced over recent decades. Evidence has shown a genetic link between these genes, Del3p and ASD. In particular, there are specific CNVs reported in these genes (Supplementary Table 1). Through clinical reports and patient genetics, we are beginning to understand the link between CNVs in CHL1, CNTN6, and CNTN4, and the severity of Del3p and ASD phenotypes. CNVs occurring in these neuronal IgCAMs may affect the severity of ASD phenotypes through multiple molecular pathways. We hypothesize that disruption or imbalance of these pathways can contribute toward the ASD phenotype. However, the high variability of these CNVs makes it difficult to currently predict the effects of these mutations on gene dosage and their consequence on neurodevelopment. Further studies should aim to establish a link between CNV length, magnitude and location within a gene with the severity of ASD phenotypes reported in the patient in order to further elucidate genotype-phenotype relationships.

Disrupting the functions of CHL1, CNTN6, and CNTN4 and their signaling pathways may contribute to ASD via three main routes. Firstly, these neuronal IgCAMs participate in signaling pathways that regulate neurogenesis and neuronal survival. Chl1 induces activation of the PI3K, MAPK, and hedgehog signaling pathways (Nishimune et al., 2005; Katic et al., 2017), and Cntn6 modulates neuronal apoptosis by inhibiting the neurotoxic effects of Lphn1 (Zuko et al., 2016a). Cntn6 modulates activity of Lphn1 by direct binding, however, in regions of the brain Lphn1 may be regulated by other binding partners, since Cntn6 has a range of interactors (a common theme in the Contactin family) (Zuko et al., 2013). Secondly, these neuronal IgCAMs have been shown to interact with each other and with similar binding partners in the context of axon guidance, neuritogenesis and synapse formation likely participating in common signaling pathways and sequestering each other’s binding partners (Figure 5B). Chl1-Cntn6 interactions are important in regulating dendritic morphology (Ye et al., 2008), and Cntn6 and Cntn4 interact with Ptprg to promote neurite extension (Bouyain and Watkins, 2010b; Cottrell et al., 2011; Mercati et al., 2013). Additionally, CHL1 and CNTN4 may regulate axon guidance and arborization via direct heterodimerization and perhaps an overlapping pathway of APP processing (Osterfield et al., 2008; Osterhout et al., 2015; Ou-Yang et al., 2018). CNTN4 is shown to be an extracellular binding partner of the E1 domain of APP, although this interaction leaves the Ig domains of CNTN4 available for other binding partners. This is important since not only is APP linked with neurodegeneration but also neurodevelopment (Steinbach et al., 1998; Magara et al., 1999; Osterfield et al., 2008). Furthermore, the E1 domain of APP is important for neural stem cell differentiation (Ohsawa et al., 1999), synaptogenesis (Morimoto, 1998), and neurite outgrowth (Small et al., 1994; Ohsawa et al., 1997). The CNTN4-APP interaction has been observed in the olfactory bulb and retinal axons of the retinotectal system, which are regions where the development of axon–axon and axon-target contacts is crucial (Osterhout et al., 2015). Alterations in CNTN4 expression have been implicated to negatively affect the proteolytic processing of APP, which contributes to impairments in axon guidance and synaptic plasticity, reduced neuronal survival, and ultimately results in cognitive impairments (Bamford et al., 2020). Finally, deficiencies in CHL1, CNTN6, and CNTN4 may impair the formation and stabilization of synapses due to their role as synaptic adhesion molecules. Dysregulation of CHL1, CNTN6, and CNTN4 signaling is observed to alter synaptic function, causing impairments in synaptic plasticity and shifting the E/I balance in neuronal circuits. CHL1 and CNTN6 in particular play important roles in vesicular recycling at the presynapse (Leshchyns’ka et al., 2006; Sakurai et al., 2009, 2010; Andreyeva et al., 2010), and their deficiency alters both glutamatergic and GABAergic transmission and causes synaptic loss (Nikonenko et al., 2006; Sakurai et al., 2009, 2010; Schmalbach et al., 2015; Zuko et al., 2016b). CNTN4 deficiency is also observed to alter cell-surface expression of neurotransmitter receptors (Heise et al., 2018). Taken altogether, we hypothesize that disruptions to CHL1, CNTN6, and CNTN4 pathways impacts neurogenesis, neuronal survival and axon guidance. Disruptions to these neuronal IgCAMs can also lead to impairments in synaptic function by directly disrupting synapse formation and stabilization, or through altering synaptic transmission and plasticity. These impairments in turn can contribute to the cognitive and behavior phenotypes observed in Del3p and ASD.

Evidence from animal studies have also shown a potential involvement of these neuronal IgCAMs in the development of ASD-associated behaviors (Table 2), but importantly suggest that the deficiency of these molecules can be compensated for by other neuronal IgCAMs. The lack of strong behavioral phenotypes, as opposed to the pronounced defects in neuronal migration and neuritogenesis in culture, indicate that loss of function in CHL1, CNTN6, and CNTN4 may be compensated for by other neuronal IgCAMs which act to suppress the behavior phenotype. To better understand how these genes interact with one another, multi-gene models may be more appropriate than single-gene knockout studies. We hypothesize that a more severe phenotype will be observed when all three neuronal IgCAMs encoded in the 3p26.3 region are disrupted. A model in which all three genes have been disrupted will help to increase our understanding of how defects in multiple genes cause developmental syndromes such as Del3p. Such a model will also allow for further investigation into the formation of neuronal IgCAM complexes in different brain regions and the role they play in neurodevelopment.
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Autism spectrum disorder (ASD) is comprised of several conditions characterized by alterations in social interaction, communication, and repetitive behaviors. Genetic and environmental factors contribute to the heterogeneous development of ASD behaviors. Several rodent models display ASD-like phenotypes, including repetitive behaviors. In this review article, we discuss the potential neural mechanisms involved in repetitive behaviors in rodent models of ASD and related neuropsychiatric disorders. We review signaling pathways, neural circuits, and anatomical alterations in rodent models that display robust stereotypic behaviors. Understanding the mechanisms and circuit alterations underlying repetitive behaviors in rodent models of ASD will inform translational research and provide useful insight into therapeutic strategies for the treatment of repetitive behaviors in ASD and other neuropsychiatric disorders.
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INTRODUCTION

Autism spectrum disorder (ASD) consists of a group of neurodevelopmental disorders with shared, yet heterogeneous, behaviors. With the introduction of improved diagnostic criteria, there has been a substantial rise in the prevalence of autistic cases in the last few decades, reported between three and six children per 1,000 worldwide (Kassim and Mohamed, 2019; Lord et al., 2020) and 1 in 54 children in the US (Zablotsky et al., 2019; Maenner et al., 2020). The variability in global prevalence is largely due to differences in methodological assessment and environmental and/or geographical factors (Chiarotti and Venerosi, 2020; Lord et al., 2020). Both genetic and environmental factors influence the development of ASD and may converge on similar neural outcomes, such as altered connectivity, excitation/inhibition imbalance, and signaling system alterations (Muhle et al., 2004; Satterstrom et al., 2020). Several candidate genes have been associated with the development of ASD (Levitt and Campbell, 2009; Yuen et al., 2017; Feliciano et al., 2019; Grove et al., 2019; Guo et al., 2019); siblings born in families with ASD are particularly high risk indicating a strong genetic basis (Stubbs et al., 2016). Environmental factors involved in the development of ASD include prenatal and postnatal complications, viral infections and nutrient deficiencies (Grabrucker, 2013; Sealey et al., 2016; Karimi et al., 2017; Modabbernia et al., 2017). Understanding these environmental and genetic interactions in autism risk will help guide treatment strategies for ASD (Chaste and Leboyer, 2012; LaSalle, 2013; Tordjman et al., 2014; Kim and Leventhal, 2015; Nardone and Elliott, 2016).

Children with ASD are characterized by social and communication challenges and restricted, repetitive behaviors (Baranek, 1999; Lord et al., 2000). These core behaviors are often accompanied by comorbidities such as epilepsy, anxiety, hyperactivity, and aggression (Richler et al., 2007; King et al., 2009). The restricted, repetitive behaviors (RRBs) in ASD are clustered into two categories. The repetitive behaviors include stereotypic motor movements, repetitive use of objects, self-injurious behaviors, and the circumscribed behaviors include compulsions, desire for sameness, rituals, and restricted interests (Zandt et al., 2007; Whitehouse and Lewis, 2015). The restricted, repetitive behaviors in ASD share similarities with obsessive-compulsive disorder (OCD) and other neuropsychiatric and neurodevelopmental disorders (Scahill and Challa, 2016; Jiujias et al., 2017; Gulisano et al., 2020). Currently, behavioral and pharmacological interventions target specific symptoms and/or associated comorbidities, which are personalized according to individual needs (Eissa et al., 2018; Chahin et al., 2020). Yet, more robust therapeutic interventions have been required that target the underlying neural mechanisms that govern these core autistic symptoms.

Behavioral approaches are typically used to treat repetitive behaviors in ASD and related neurodevelopmental disorders. Behavioral approaches usually employ reinforcement procedures, altering the environment, and promoting variability and flexibility in behavior (Boyd et al., 2012). Pharmacological interventions for irritability and some forms of repetitive behavior, such as self-injurious behavior include selective serotonin reuptake inhibitors (SSRIs) like Fluoxetine and antipsychotics such as haloperidol (typical) and Risperidone (atypical) (Gencer et al., 2008; Miral et al., 2008; Malone and Waheed, 2009; Doyle and McDougle, 2012; DeFilippis and Wagner, 2016; Masi et al., 2017; Maneeton et al., 2018). Risperidone is a second-generation antipsychotic medication that has been FDA approved for the treatment of irritability in children and adolescents (McDougle et al., 2005, 2008; Scahill et al., 2007, 2012; Aman et al., 2009). It is an antagonist at the serotonin 2A and dopamine D2 receptors and is useful in alleviating irritability, aggression, and self-injurious behavior in young ASD subjects (McCracken et al., 2002; Shea et al., 2004; Chavez et al., 2006; Kent et al., 2013; Fung et al., 2016; Maneeton et al., 2018). Besides, in controlled clinical trials, some of these pharmacological medications also reduce repetitive behaviors, but with potential side-effects that limit the widespread usage of these drugs in the treatment of ASD and as such is not approved by the FDA for repetitive disorders (McPheeters et al., 2011; Sharma and Shaw, 2012; Whitehouse and Lewis, 2015). Additionally, the benefits of pharmacological medications in improving ASD behavior are highly variable across studies and clinical populations. There is also a paucity of long-term clinical trials with a large sample size on pharmacological interventions against restricted/repetitive behavior in ASD (Yu et al., 2020; Zhou et al., 2020). Furthermore, there is a lack of evidence-based treatment strategies targeting diverse repetitive/restricted behaviors in ASD. Hence, novel treatment strategies are required that target core autistic deficits, while limiting the detrimental side effects of such medications. In this review article, we have discussed preclinical studies demonstrating the efficacy of the pharmacological treatments on restricted/repetitive behaviors, which are still under development for targeting repetitive/restricted behaviors in a clinical population. Besides, we have also reviewed studies pointing in the direction of circuit-based strategies for targeting repetitive/restricted behaviors in rodent models of ASD.

As an approach to developing new therapeutics, several rodent models of ASD have been generated with good construct validity that recapitulates many of the behavioral phenotypes observed in autistic individuals. The behavioral tasks assessing repetitive behaviors are more developed than behavioral tasks assaying resistance to change or restricted behaviors (Lewis et al., 2007). The studies we will review mainly discuss rodent models primarily displaying lower-order stereotyped motor behaviors, which are generally better characterized and easier to model than models of insistence on sameness or restricted behaviors (higher-order). Nevertheless, in this review article, we have also discussed a few rodent models that show both the repetitive and restricted behavioral phenotypes. The repetitive behaviors observed in rodent models of autism are complex and diverse, including self-grooming, jumping, circling, marble burying, hanging, rearing, and forelimb movements and involve several molecular and neural pathways (Whitehouse and Lewis, 2015; Kim et al., 2016). Also, complex restricted behaviors such as resistance to change and narrow interests represent cognitive rigidity to routines and obsessions that correspond with executive function deficits (Lopez et al., 2005). Behavioral assays for resistance to change or cognitive inflexibility in rodents include response extinction, reversal learning, and set-shifting tasks, assessing the inability to change the developed spatial habit (Colacicco et al., 2002; Roullet and Crawley, 2011). Understanding of the complex neural mechanisms underlying repetitive behaviors in these models is expected to boost translational research and provide valuable insight into potential treatments for repetitive behaviors observed in ASD. Therefore, in this review article, we will discuss the underlying mechanisms that mediate the complex motor activities and consequent repetitive behavioral repertoire in different rodent models of ASD.



RODENT MODELS OF AUTISM: GENETIC MUTATIONS, ENVIRONMENTAL RISK FACTORS, AND SOME INBRED STRAINS DISPLAYING REPETITIVE/RESTRICTED BEHAVIORS

Genetic mutations account for a significant proportion of ASD risk (Ronemus et al., 2014). Genetic mutations in ASD are complex and diverse depending on structure type [i.e., large-scale chromosome abnormalities, small scale insertions, deletions, substitutions, copy number variation (CNV) and single nucleotide variation (SNV)], inheritance type [i.e., germline, somatic, de novo mutation (non-inherited)], frequencies (i.e., common, rare and very rare) and protein sequence affected (i.e., frameshift mutation, point substitution (De Rubeis and Buxbaum, 2015; De La Torre-Ubieta et al., 2016; Ramaswami and Geschwind, 2018). Over the last decade, with the advancement of sequencing technology, many genes have been implicated in autism pathogenesis (Geschwind and State, 2015). This review covers many of the most common of these factors, which underscores the range of molecular and cellular factors implicated in ASD. Such diversity of neurobiological factors in ASD further highlights the challenges of treatment development, where seemingly divergent neural factors may converge on similar behavioral outcomes, i.e., restrictive and repetitive behaviors. When possible, we have attempted to highlight some of these similarities and differences in risk factors (Figure 1), which remains a major challenge for the field to define and address.
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FIGURE 1. Implicated brain regions in mouse models of autism. Different mouse models of autism exhibit alterations in various brain areas such as the striatum, cortex, thalamus, hippocampus, cerebellum, hypothalamus, and amygdala. These brain regions are involved in cortico-striatal and limbic circuitry. Molecular and/or neuroanatomical changes in these structures are correlated with the pathophysiology of repetitive behaviors. Some mice models implicate multiple brain regions in the pathology of restricted/repetitive behaviors. PFC, prefrontal cortex; VTA, ventral tegmental area; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; PVH, paraventricular nucleus of hypothalamus; Cntnap2, Contactin Associated Protein-like 2 gene; FMR1, Fragile X mental retardation 1; Gabrb3, Gamma-aminobutyric acid receptor subunit beta-3; Hoxb8, Homeobox protein; Itgb3, Integrin beta-3; KCNQ, Potassium voltage-gated channel subfamily; Kirrel3, Kin of Irregular Chiasm-like 3; Lrrc4, Leucine-rich repeat-containing 4; MeCP2, Methyl CpG binding protein 2; Ninj1, Nerve injury-induced protein-1; NL, Neuroligin; NRXN1a, Neurexin 1a; Oxtr, Oxytocin receptor; Pcdh19, Protocadherin-19; PV, Parvalbumin; Pak2, p21 activated kinase 2; Pten, Phosphatase and tensin homolog; Sapap3, Synapse-associated protein 90/postsynaptic density protein 95 associated protein 3; Shank, SH3 and multiple ankyrin repeat domains 3; Sh3rf2, SH3 Domain Containing Ring Finger 2; Scn1, Sodium Voltage-Gated Channel Alpha Subunit 1; Tsc2, Tuberous Sclerosis Complex 2; Ube3A, Ubiquitin Protein Ligase E3A; VPA, Valproic acid; 5Ko, 5 kainate receptor subunit.



Many genes are linked to syndromic ASD, in which monogenic syndromes exhibit phenotypic overlap with ASDs (i.e., ASD is secondary to a known genetic cause and disorder with clinically defined presentation) (Walsh et al., 2008; Schaefer and Mendelsohn, 2013; Ramaswami and Geschwind, 2018). Monogenic disorders accounted for in ASD include Fragile X Syndrome (FMR1), Tuberous Sclerosis (TSC1, TSC2), Angelman and Prader-Willi Syndromes (15q11–q13 deletion/UBE3A and GABRB3 deletion), Rett Syndrome (MECP2), Phelan-McDermid syndrome (PMS; 22q13.3 deletion/SHANK3 mutation), Smith-Lemli-Opitz Syndrome (DHCR7), Neurofibromatosis (NF1), Timothy Syndrome (CACNA1C), et cetera (Muhle et al., 2004; Moss and Howlin, 2009; Geschwind, 2011; Ramaswami and Geschwind, 2018). Whereas in idiopathic autism, the cause is unknown.

Susceptibility genes linked with non-syndromic autism involve multiple common and rare variants (CNVs), and de novo mutations. This genetic heterogeneity is associated with idiopathic ASD and accounts for a substantial fraction of autism risk, indicating the involvement of multiple genetic pathways in its etiology (Swanwick et al., 2011; Devlin and Scherer, 2012). Multiple genes with different functions implicated in ASD include SHANK1, 2, CNTNAP2, NLGN, NRXN, 16p11.2 microdeletion/microduplication, SCN1A, et cetera (Cook and Scherer, 2008; Geschwind and State, 2015; Ramaswami and Geschwind, 2018; Sultana et al., 2018). Most ASD related genes affect neural circuit structure and function, with defects in either a single neural circuit component (localized) or multiple neural systems (distributed) impacting overall network activity (Figure 1) (Rubenstein, 2010). These neurodevelopmental defects can lead to abnormal neural structure and connectivity, as well as alterations to neurotransmitter systems and their receptors.

Animal models of repetitive and restricted behaviors are classified into different categories by causal factors. The categories of models of repetitive and restricted behavior include: (1) after CNS insult (e.g., specific genetic mutations, lesions or environmental factors); (2) caused by pharmacological agents [e.g., apomorphine (dopamine agonist), amphetamine, cocaine, NMDA (glutamate receptor ligand)]; (3) resulting from restricted housing (e.g., laboratory cage, social deprivation); and (4) linked with particular inbred rodent strains (BTBR, C58) (Lewis et al., 2007; Bechard and Lewis, 2012).

Many of the genetic and environmental factors implicated in the etiology of autism have been modeled using rodents. However, not all rodent models of ASD manifest repetitive behavior. For example, mice with knockout of neuroligin-2 and -4 genes or mutations of the Scn2a (Scn2a+/–) gene do not exhibit alterations in intensity or frequency of repetitive behavior (El-Kordi et al., 2013; Wöhr et al., 2013; Shin et al., 2019; Cao et al., 2020). Hence, we will review preclinical studies with particular emphasis on rodent models displaying robust stereotypic behavior (Table 1), as discussed below.

TABLE 1. Neural alterations underlying repetitive behaviors and rescue of repetitive behaviors in rodent models of autism spectrum disorders (ASDs).
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Fragile X syndrome (FXS) is caused by an expansion of a single trinucleotide sequence (CGG) resulting in silencing of FMR1, an X-linked gene coding for fragile X mental retardation protein (FMRP). FMR-1 protein, an RNA binding protein plays an important role in regulating synaptic proteins via mRNA translation and the development of neural synapses. In addition to mRNA binding, FMRP protein has diverse functions including protein-protein interactions, DNA damage repair via chromatin binding, regulation of Ca2+ signaling, and neuronal excitation/inhibition balance (Brown et al., 2010; Alpatov et al., 2014; Davis and Broadie, 2017; Filippini et al., 2017; Zhou et al., 2017). Hence, failure to express the FMR-1 protein results in the development of autistic symptoms such as repetitive and restricted behavior (Turner et al., 1996; Mazzocco et al., 1998; Spencer et al., 2005). Fragile X mutant models exhibit increased marble burying (Thomas et al., 2012; Gandhi et al., 2014), resistance to change in an operant task (Moon et al., 2006), learning deficits on water maze task, hyperactivity, anxiety, and inadequate pre-pulse inhibition of acoustic startle (D’Hooge et al., 1997; Peier et al., 2000; Spencer et al., 2005; Lauterborn et al., 2007; Errijgers et al., 2008). Fmr-1 null mice exhibit altered spine density and morphology on apical dendrites of occipital cortical layer 5 pyramidal cells (Comery et al., 1997; Beckel-Mitchener and Greenough, 2004). Also, Fmr1 knockout mice exhibit dysfunctional cortico-striatal circuitry, reduced long-term potentiation (LTP), and decrease in levels of synaptic proteins like NMDAR subunits NR1, NR2A, and NR2B in the medial prefrontal cortex (Lauterborn et al., 2007; Krueger et al., 2011; Zerbi et al., 2018). Gene therapy using human FRM1 alleviates the low pre-pulse inhibition, hyperactivity, and anxiety behaviors in Fmr1-KO mice (Peier et al., 2000; Paylor et al., 2008; Spencer et al., 2008; Gholizadeh et al., 2014). Application of brain-derived neurotrophic factor (BDNF), mGluR5 antagonists, anti-purinergic therapy (suramin), minocycline, phosphodiesterase-4D negative allosteric modulator (BPN14770) and PI3K antagonist [GSK2702926A (GSK6A)] attenuates dendritic spine development aberrations, LTP impairments, and behavioral abnormalities in Fmr1 mutant mice (Dölen et al., 2007; Lauterborn et al., 2007; Dölen and Bear, 2008; Bilousova et al., 2009; Naviaux et al., 2015; Gurney et al., 2017; Yau et al., 2018; Gross et al., 2019).

Angelman syndrome involves chromosome 15 deletions, particularly the q11–13 region, comprising the GABAA receptor beta 3 subunit (GABRB3) and ubiquitin ligase (UBE3A) genes. GABRB3 and UBE3A genes play a role in regulating protein synthesis and synaptic plasticity (Weeber et al., 2003; Moy et al., 2006; Mardirossian et al., 2009). Mouse models of GABRB3 and UBE3A deletions exhibit ASD phenotype including developmental delay, hyperactivity, epilepsy, impaired motor function, learning deficits, and anxiety-related behaviors (DeLorey et al., 1998; Jiang et al., 2010; Tanaka et al., 2012). Mice with a mutation in Ube3Am−/p+ (maternal null mutation) exhibit deficits in LTP and changes in calcium-dependent CaMKII activity in the hippocampus (Weeber et al., 2003). The Ube3Am−/p+ mice show decreased marble burying, rearing behavior, and reversal-learning deficits in the Morris water maze (MWM) (Huang et al., 2013). Additionally, Gabrb3 deletions cause neuronal dysfunction via alterations in protein synthesis and GABA-A receptor-mediated synaptic transmission. The Gabrb3−/− mice also exhibit repetitive circling behavior (Mercer et al., 2016; Orefice et al., 2016).

Another condition, tuberous sclerosis (TSC), involves mutation of either TSC1 and TSC2 genes that codes for proteins hamartin and tuberin, which act as tumor suppressors that regulate cell growth and the mTORC1 complex (Astrinidis and Henske, 2005; Inoki et al., 2005; Curatolo and Bombardieri, 2007). mTOR is a crucial part of signaling pathways involved in cell growth, protein synthesis, and axon formation (Choi et al., 2008; Huang and Manning, 2008). Tsc2+/– mice with heterozygous TSC2 gene mutations exhibit learning, and memory deficits associated with aberrant mTOR signaling mediated LTP in the hippocampal CA1 region (Ehninger et al., 2008). Mice with Tsc2 loss in cerebellar Purkinje cells (Tsc2f/−; Cre mice) display ASD-like behaviors, including social deficits and repetitive behavior (Reith et al., 2013). Further, Tsc2 mutant mice with Tsc2 gene deletion from radial glial progenitor cells exhibit lamination aberrations, enlargement of neurons and glia, myelination defects, and astrocytosis (Way et al., 2009). Also, mice with ablated TSC1 expression in neurons show seizures and neuropathological aberrations including enlarged, ectopic neurons in the hippocampus, cortical, thalamic brain areas, alterations in glutamatergic synapses, abnormalities in cortical lamination, cytoskeleton, dendritic spine structure, and myelination (Tavazoie et al., 2005; Meikle et al., 2007). Application of mTORC1 inhibitors rapamycin and RAD001 [40-O-(2-hydroxyethyl)-rapamycin] ameliorates synaptic, cognitive, and behavioral deficits in a mouse model of tuberous sclerosis (Ehninger et al., 2008; Meikle et al., 2008; Zeng et al., 2008; Ehninger and Silva, 2011; Bateup et al., 2013).

Rett syndrome (RTT) is caused by mutations in the MECP2 gene located on the X-chromosome, which encodes for methyl-CpG-binding protein 2 (MeCP2) and affects brain development mostly in females (Ghidoni, 2007). Several mouse models of autism have been developed to study the effects of MeCP2 mutations (Chahrour and Zoghbi, 2007; Samaco et al., 2008). Mutant mice with truncated MeCP2 protein show repeated forelimb motions similar to repetitive hand movements in individuals with Rett syndrome (Table 1) (Shahbazian et al., 2002; Moretti et al., 2005). Dopaminergic deficits are implicated in RTT, such as decreased levels of dopamine transporter (DAT) (Wong et al., 1998), the altered density of dopamine D2 receptors in the striatum (Chiron et al., 1993), and reduced levels of tyrosine hydroxylase (TH), dopamine synthetic enzyme, in the striatum (Panayotis et al., 2011), suggesting striatal dysfunction in RTT individuals. Additionally, MeCP2 null mice exhibit deficits in motor coordination and motor learning along with memory deficits in the MWM. Environmental enrichment alters excitatory synaptic density in cortex and cerebellum, LTP deficit, increased BDNF levels in cortex, and rescued motor learning deficits (Lonetti et al., 2010).

Autism susceptibility genes, such as neuroligin genes (NL1, 2, 3, 4) encode the eponymous members of postsynaptic cell surface adhesion proteins that are crucial for synapse formation and maintenance (Südhof, 2008). Deletion and point mutation of neuroligin-3 (NL3) are associated with autistic behavioral phenotypes (Jamain et al., 2003; Levy et al., 2011). Overexpression of neuroligin-2 (NL2) in PFC leads to repetitive jumping behavior in mice (Table 1) (Hines et al., 2008). Moreover, deficits in neurexins, which are presynaptic cell adhesion proteins that serve as ligands for neuroligins and modulates synapse differentiation and maturation, control transmitter release, result in stereotypic grooming and altered nest-building behaviors in neurexin1a mutant mice (Etherton et al., 2009; Li and Pozzo-Miller, 2020).

SH3 and multiple ankyrin repeat domains 1, 2, and 3 (SHANK1, SHANK2, and SHANK3) are postsynaptic scaffolding proteins present in excitatory synapses that are important for synaptic development and function (Grabrucker et al., 2011; Guilmatre et al., 2014). The Shank3 protein contains multiple conserved motifs, comprising an ANK repeat, PDZ, and SAM domains, a proline-rich cluster, and SH3 (Gundelfinger et al., 2006; Kreienkamp, 2008). The SHANK proteins also regulate spine morphology and receptor endocytosis, promote interaction of signaling pathways and facilitate synaptic plasticity, crucial for the process of learning and memory (Ehlers, 1999; Sheng and Kim, 2000; Monteiro and Feng, 2017). Mutations in Shank genes are implicated in ASD (Schmeisser, 2015). In particular, PMS or 22q13.3 deletion syndrome is characterized by developmental and speech delays, intellectual disability, reduced motor function, and ASD. PMS is caused by loss of function of the SHANK3 gene resulting in reduced expression of SHANK3 protein, affecting synaptic transmission and plasticity (Costales and Kolevzon, 2015). SH3 and multiple ankyrin repeat domains 3b mutant mice (Shank3b−/−) show repetitive grooming behavior (Table 1) (Peça et al., 2011; Schmeisser et al., 2012). Moreover, Shank3B mutant mice manifest functionally impaired AMPA and NMDA receptors (Peça et al., 2011; Sala et al., 2015; Peixoto et al., 2016) (Figure 2). Shank1+/− mice display increased self-grooming behavior during adulthood (Sungur et al., 2014), while Shank2−/− mice manifest hyperactivity and repetitive jumping behavior along with the reduced activity of NMDA receptors (Table 1) (Schmeisser et al., 2012; Won et al., 2012). In contrast, Shank1 genotypes (Shank1+/+, Shank1+/– and Shank1−/−) exhibit high self-grooming behaviors, but which are confounded by behavioral testing or housing conditions. Shank1 null mutant mice show decreased transitions in the light-dark test, suggesting anxiety-related phenotypes and reduced motor abilities (Silverman et al., 2011).


[image: image]

FIGURE 2. Neural mechanisms underlying repetitive behaviors. Increased mGluR5 signaling activates the striatal direct pathway leading to heightened motor cortex activity inducing repetitive behaviors. Impaired NMDA and AMPA receptors in the striatum and hippocampus also mediates stereotypic behaviors. Cortico-striatal and PFC-VTA glutamatergic projections induce repetitive behavior. PFC projections to the SNc causes striatal dopaminergic release promoting movement. The decrease in interneuron activity in the cortex and increase in dopamine D2, D1 receptor expression in the striatum leads to reduced GABAergic signaling in the cortex, enhancing motor cortical activity, and repetitive behaviors. Elevation of serotonin 5HT2A receptor signaling in the dorsomedial striatum gives rise to stereotypic behaviors. Activation of VGLUT-positive glutamatergic neurons in the amygdala nucleus, MeA also results in stereotypic behaviors. Activation of glutamatergic projection from BLA to the ventral hippocampus leads to an increase in locomotor activity. Further, activation of lateral hypothalamic GABAergic neurons mediates an increase in locomotor activity and repetitive behaviors. Reduction in endocannabinoid 2-AG signaling in the striatum leads to an increase in glutamatergic output, enhancing motor cortex activity resulting in repetitive behaviors. Low astrocytic Ca2+ signals in the striatum elevate membrane GAT-3 expression that modulates striatal MSN activity via reduced ambient GABA levels inducing repetitive behavior. mGluR5, metabotropic glutamate receptor 5; NMDA, N-Methyl-d-aspartate; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; PFC, prefrontal cortex; VTA, ventral tegmental area; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; PVH, paraventricular nucleus of the hypothalamus; GABA, gamma-aminobutyric acid; D2R, dopamine receptor D2; D1R, dopamine receptor D1; 5HT2A, 5-hydroxy-tryptamine receptor 2A subtype; VGAT, vesicular GABA transporter; MeA, medial nucleus of the amygdala; BLA, basolateral amygdala; 2-AG, 2-arachidonoyl glycerol; GAT-3, GABA transporter 3; MSN, and medium spiny neuron.



Contactin associated protein-like 2 (CASPR-2) transmembrane protein is encoded by the CNTNAP2 gene of the neurexin superfamily that primarily mediates cell-cell adhesions in the nervous system (Rodenas-Cuadrado et al., 2014). Also, the CNTNAP2 gene plays an important role in the formation of dendritic spines and dendritic arborization (Anderson et al., 2012). Cntnap2 KO mice exhibit neuronal migration abnormalities, decreased cortical interneurons number, and aberrant hippocampal and cortical network activity (Peñagarikano et al., 2011). Also, the Cntnap2 mutant mice show reduced densities of dendritic spines along with decreased levels of AMPA receptors (AMPAR) subunit GluA1 in the spines (Gdalyahu et al., 2015; Varea et al., 2015; Gao et al., 2019). Further, the decreased number of parvalbumin-positive interneurons in the striatum results in altered activity of the cortico-striatal-thalamic pathway underlying repetitive behaviors (Lauber et al., 2018). Mice with the CNTNAP2 mutation display repetitive self-grooming behavior, rescued by risperidone, a dopamine D2 receptor antagonist (Table 1) (Peñagarikano et al., 2011), thereby, decreasing dopaminergic function and cortical activation (Parr-Brownlie and Hyland, 2005).

In addition to the above autism susceptibility genes, many other genes implicated in autistic phenotypes have been investigated in preclinical studies. Mutations in protocadherin 19 (PCDH19) chromosome X-linked gene, leads to Epilepsy in Females with Mental Retardation (EFMR) disease, cognitive impairments, and autistic phenotype (Ryan et al., 1997; Dibbens et al., 2008; Hynes et al., 2010; Specchio et al., 2011). PCDH19 gene encodes PCDH19 protein which is a cell-adhesion protein. PCDH19 regulates hippocampal neurons maturation, migration, and GABAergic transmission via binding with GABA-A receptor alpha subunit (Bassani et al., 2018). Additionally, PCDH19 interacts with intracellular protein NONO, involved in the modulation of steroid hormone receptors (Pham et al., 2017). Male mice with Pcdh19 knockout (Pcdh19 XLacZ/Y) exhibit increased rearing and stereotypic grooming behaviors (Lim et al., 2019).

Ephrins are membrane-bound proteins acting as ligands of ephrin receptors, belonging to receptor tyrosine kinases (RTKs) family which are transmembrane proteins. They serve important functions including angiogenesis, axon guidance, cell migration, tissue border formation, and synaptic plasticity (Chin-Sang et al., 1999; Kullander and Klein, 2002; Martínez and Soriano, 2005; Héroult et al., 2006; Aoto and Chen, 2007; Klein, 2009). In CNS, ephrins and Eph receptors are involved in axon pathfinding, topographic development of different brain regions and connectivity, neuronal migration, dendritic spine maturation, synapse formation, and plasticity (Gao et al., 1996; Dalva et al., 2000; Ethell et al., 2001; Grunwald et al., 2001, 2004; Henkemeyer et al., 2003; Murai et al., 2003; Palmer and Klein, 2003; Bolz et al., 2004; Klein, 2004; Yamaguchi and Pasquale, 2004; Egea and Klein, 2007; Akaneya et al., 2010; Triplett and Feldheim, 2012). Deletion of ephrin-A2 in mice exhibits impairment of behavioral flexibility in visual discrimination reversal-learning task (Arnall et al., 2010). Mice with a double knockout of ephrin-A2 and ephrin-A3 manifest excessive stereotypic facial grooming behaviors, resulting in face lesions. Also, they show reduced locomotor activity, shift towards grooming in the marble-burying assay, and increased pre-pulse inhibition of acoustic startle (Wurzman et al., 2015). The repetitive grooming behavior in double knockout mice suggests abnormalities in sensorimotor gating (Ben-Sasson et al., 2007; Perry et al., 2007; Wurzman et al., 2015). Ephrin-A2 and ephrin-A3 are located at excitatory synapses in multiple brain regions. Their deletions may result in altered excitability of forebrain networks suggesting defective processing of sensory information (Qiu et al., 2012; Wurzman et al., 2015).

Phosphoinositide signaling is important for cell survival and proliferation. Phosphoinositide 3-kinase (PI3K), Akt (serine/threonine kinase), and mammalian target of rapamycin (mTOR) are important interlinks in the PI3K pathway and are activated by upstream receptor tyrosine kinases (RTKs) and regulates protein synthesis for cell growth and proliferation (Cantley, 2002). Phosphatase and tensin homolog

deleted on chromosome 10 (PTEN), a tumor suppressor gene is a negative regulator of the PI3K/AKT/mTOR signaling pathway (Ali et al., 1999; Sansal and Sellers, 2004). Pten is an ASD candidate risk gene and its mutation is reported in a subset of autistic cases with macrocephaly (Butler et al., 2005; Herman et al., 2007; Varga et al., 2009). Mice with PTEN deletions in cortical and hippocampal neurons show macrocephaly and ASD behavioral deficits, including seizures, increased anxiety, and learning deficits. The conditional Pten mutant mice exhibit neuronal hypertrophy associated with abnormal activation of the Akt/mTOR pathway and Gsk3b inactivation (Kwon et al., 2006). Additionally, conditional Pten knockout in astrocytes results in increases in their size (Fraser et al., 2004). Further, Pten conditional KO mice exhibit increased spine number, myelination defects, and changes in synaptic structure and transmission (Fraser et al., 2008). Germline Pten+/– male mice also exhibit increased marble burying and digging, suggesting repetitive behavioral phenotype (Clipperton-Allen and Page, 2014, 2015). Deletion of PTEN causes changes in synaptic scaffolding proteins (PSD-95, Sapap1, sap-102) and reduced mGluR expression in the hippocampus (Lugo et al., 2014). PTEN also exhibits critical functions during development, with significant implications for autism and neurodevelopmental disorders (Rademacher and Eickholt, 2019). Hence, PTEN dysfunction in neurons has profound effects on neuronal morphology and connectivity resulting in ASD-like behaviors.

Additionally, the Homeobox protein (Hoxb8) protein is encoded by the HOXB8 gene, a member of the homeobox-containing group of transcription factors, involved in developmental processes such as positioning along the anterior-posterior axis and other physiological functions. Hoxb8 mutant mice display excessive grooming behavior resulting in skin lesions and anxiety-like behavior (Greer and Capecchi, 2002). In mouse brains, Hoxb8 cell lineage is present in the microglia. Hoxb8 mutant mice with Hoxb8 mutations in microglia, exhibit increased cortical dendritic spine density and dendritic spines in the striatum, defects in synapse structure, LTP, and miniature postsynaptic currents. Long-term application of fluoxetine (SSRI) attenuates excessive grooming and hyperactivity in Hoxb8 mutant mice. Hence, Hoxb8 in microglia may play role in the modulation of cortico-striatal circuits and associated grooming behavior (Chen et al., 2010; Nagarajan et al., 2018).

KCNQ/Kv7 channels mediate voltage-dependent outward potassium currents regulating resting membrane potential and decreasing neuronal excitability. KCNQ2 encodes subunits of neuronal KCNQ/KV7- K+ channels, KV7.2, which are present in the hippocampus and cortex. Mutations in KV7.2 are associated with developmental delay and autism (Cooper et al., 2001; Yue and Yaari, 2006; Shah et al., 2008; Brown and Passmore, 2009). Mice with heterozygous null mutations in the KCNQ2 gene (KCNQ2+/−) exhibit elevated locomotor activity, hyperactivity, exploratory and repetitive grooming, suggesting loss of KV7.2 is linked to ASD behavioral abnormalities (Kim et al., 2020).

Kin of Irregular Chiasm-like 3 (KIRREL3) gene mutations are linked with neurodevelopmental disorders including autism and intellectual disability (Bhalla et al., 2008; Iossifov et al., 2012; Baig et al., 2017). The KIRREL3 gene encodes the Kin of IRRE-like protein 1 (KIRREL3), also called NEPH2 (Sellin et al., 2003). KIRREL3 (NEPH2) is a member of the KIRREL protein family of transmembrane proteins that includes KIRREL (NEPH1) and KIRREL2 (NEPH3). KIRREL3 plays a role in kidney blood filtration function and is a synaptic cell-cell adhesion molecule (Gerke et al., 2006; Neumann-Haefelin et al., 2010). Kirrel3 in mice is present in the developing cochlea, retina, and olfactory neuroepithelial regions and in the adult nervous system comprising sensory regions (Morikawa et al., 2007). Disruption of the function of the KIRREL3 gene is associated with alterations in brain function. The gene is implicated in neural circuit development including neuronal migration, axonal fasciculation, and synapse formation (Serizawa et al., 2006; Nishida et al., 2011; Prince et al., 2013). KIRREL3 gene knockout in mice leads to alterations in synapses connecting dentate gyrus (DG) neurons to GABAergic neurons but no changes were observed in synapses linking DG neurons to CA3 neurons. This resulted in the disruption of DG synaptic activity and overactivation of CA3 neurons (Martin et al., 2015). KIRREL3 KO mice display increased rearing repetitive behavior, hyperactivity, impaired novel object recognition, and sensory abnormalities (Choi et al., 2015; Hisaoka et al., 2018).

Furthermore, Integrin-beta3 gene encodes integrin beta-3 protein which is a cell-surface protein (a member of alpha/beta heterodimeric receptors) and is involved in various functions including cell adhesion/migration, cell-extracellular matrix interactions, and axon/dendrite outgrowth (Sosnoski et al., 1988; De Arcangelis and Georges-Labouesse, 2000; Clegg et al., 2003). Increased integrin-beta3 activity leads to elevated SERT transport of 5-HT and increased blood serotonin levels which are reported in autistic individuals (Carneiro et al., 2008). Mice with a mutation in the integrin-beta3 gene exhibit elevated grooming in novel environments with no changes in activity in the open field test. Disruption of integrin-beta3 protein impairs platelet aggregation resulting in increased bleeding times and hemorrhages. Additional studies are required to ascertain behavioral abnormalities in integrin-beta3 deficient mice (Carter et al., 2011).

Netrin-G ligand 2 (NGL-2)/LRRC4 is a leucine-rich repeat comprising postsynaptic cell adhesion molecule which interacts with PSD-95, excitatory postsynaptic scaffolding protein, and netrin-G2, a presynaptic cell adhesion molecule (Lin et al., 2003; Kim et al., 2006; Woo et al., 2009; Matsukawa et al., 2014). NGL-2 is implicated in intellectual disability and ASD (Jiang et al., 2013; Sangu et al., 2017). NGL-2 is involved in the regulation of glutamatergic synapse development and excitatory transmission (DeNardo et al., 2012). Mice with mutations in NGL-2 (Lrrc4−/−) exhibit reduced hippocampal NMDA receptor synaptic plasticity (Soto et al., 2013, 2018; Um et al., 2018). Lrrc4−/− mice show repetitive self-grooming behavior which is rescued by D-cycloserine, the NMDAR agonist. Also, Lrrc4−/− mice exhibit impaired spatial learning in the MWM test and mild anxiety-like behavior (Um et al., 2018).

Similarly, Nerve injury-induced protein 1 (Ninjurin1/Ninj1), is a cell-adhesion molecule involved in nerve regeneration, angiogenesis, inflammation, and cancer (Araki and Milbrandt, 1996; Ifergan et al., 2011; Matsuki et al., 2015; Jang et al., 2016). Ninj1 is expressed in cortico-thalamic circuits and is implicated in the regulation of synaptic transmission. Mutation in Ninjurin1 (Ninj1) in mice leads to excessive grooming to the point of inducing hair loss and lesions and increased anxiety-like behavior. Also, Ninj1 mutant mice exhibit glutamatergic alterations in the brain, including elevated ionotropic glutamate receptors synaptic expression and mEPSCs amplitude. Stereotypic grooming in these mice is alleviated by fluoxetine (SSRI), correlating with direct inhibitory effects of fluoxetine on NMDA receptors (Le et al., 2017).

SH3RF2 gene present in the 1.8 Mb microdeletion at 5q32 is implicated in autism (Gau et al., 2012; Yuen et al., 2017). It plays a role as an anti-apoptotic regulator of the JNK pathway via degrading SH3RF1 protein that activates the JNK pathway (Wilhelm et al., 2012; Kim et al., 2014). Mice with haploinsufficiency of Sh3rf2 (Sh3rf2+/–) show increased jumping, rearing behavior, bury more marbles in the marble-burying test correlating with elevated digging behavior and hyperactivity. Abnormalities in dendritic spine development in the hippocampus, AMPAR-mediated excitatory synaptic transmission in CA1 hippocampus, altered hippocampal pyramidal neurons membrane properties, and increases in NR2A and GluR2 glutamate receptor subunits in the hippocampus are observed in Sh3rf2+/– mutant mice (Wang S. et al., 2018).

Additionally, the p21-activated kinase 2 (PAK2), a serine/threonine kinase, activated by Rho GTPases plays a crucial role in regulating cytoskeleton remodeling, dynamics, the formation of postsynaptic dendritic spines, and cortical neuronal migration (Bokoch, 2003; Boda et al., 2006; Asrar et al., 2009; Causeret et al., 2009; De La Torre-Ubieta et al., 2010). Mutations in the PAK2 gene are implicated in ASD (Willatt et al., 2005; Quintero-Rivera et al., 2010; Sagar et al., 2013). Haploinsufficiency of Pak2 leads to reduced spine densities in cortex and hippocampus, impaired hippocampal CA1 LTP, decreased phosphorylation of actin regulators LIMK1, cofilin, and reduced actin polymerization. Pak2+/– mice show repetitive grooming behavior and bury more marbles in the marble-burying test (Wang Y. et al., 2018). This suggests PAK2 is critical in brain development and its mutation contributes to autistic phenotypes.

The SCN1A gene heterozygous loss of function mutation results in Dravet Syndrome. Haploinsufficiency of the SCN1A gene affects the α subunit of the voltage-gated sodium channel (NaV1.1) in mice leading to autistic behavioral phenotypes, including hyperactivity and stereotypic behaviors such as self-grooming and circling behaviors. Scn1a+/− mouse model of autism exhibit increased excitation in the prefrontal cortex (PFC). Deletion of sodium channels (Nav1.1) in cortical interneurons causes reduced sodium (Na+) currents and neurotransmission of GABAergic interneurons resulting in altered GABAergic activity, hyperexcitability, and behavioral impairments in the mutant mice (Table 1) (Han et al., 2012).

Mutations in receptor proteins are also involved in autistic phenotypes. Oxytocin is a peptide produced in the brain, particularly in the paraventricular nuclei and hypothalamic supraoptic. It is secreted primarily by the posterior pituitary gland into the circulation (Lee et al., 2009). Oxytocin facilitates biological effects by binding to the oxytocin receptor (Oxtr). The oxytocin receptor is mainly found in the amygdala, hippocampus, olfactory lobe, and hypothalamus areas of the brain (Gould and Zingg, 2003). Oxtr−/− mice exhibit autistic-like phenotypes, increased self-grooming behavior in a visible burrow system (VBS) (Pobbe et al., 2012). Oxtr−/− mice also exhibit cognitive inflexibility during the reversal phase in the T-maze test and increased aggression. Oxtr−/− mice exhibit alterations in excitatory synaptic markers including PSD95, gephyrin scaffolding proteins, and glutamatergic, GABAergic receptors along with changes in striatal dendritic spines, indicating striatal dysfunction (Sala et al., 2011; Leonzino et al., 2019).

Environmentally induced alterations to the developing nervous system, such as through specific teratogenic agents or restricted housing also contribute to the etiology of ASD. In utero valproic acid (VPA), an antiepileptic drug, exposed mice and rats show increased repetitive behaviors, such as self-grooming along with reduced social interactions and communication dysfunction (Schneider and Przewłocki, 2005; Bromley et al., 2008).

C58/J, an inbred mice strain, show social deficits, repetitive backward somersaulting and hind limb jumping behaviors, restricted novel hole-board exploration, and reversal-learning deficits in the appetitive operant task (Moy et al., 2008b; Ryan et al., 2010; Muehlmann et al., 2012; Whitehouse et al., 2017). The hole-board test measures the number of nose-pokes (head-dipping) into holes in the floor arena as a measure of exploratory behavior (Moy et al., 2008a). Moreover, BTBR, an inbred mouse strain, shows ASD-like behavioral phenotype including social, communication deficits and stereotypic behaviors (McFarlane et al., 2008; Silverman et al., 2010; Wöhr et al., 2011). Balb/c mice, another inbred strain shows ASD-like behaviors, such as sociability deficits and stereotypic behaviors. Functional alterations in NMDAR mediated activity and elicitation of jumping and circling behavior by NMDAR antagonist MK-801 application is described in Balb/c strain (Deutsch et al., 1997; Burket et al., 2010).

Deer mice belong to a diverse Peromyscus genus of Cricetidae rodent family that is native to North America and utilized as a laboratory animal model for basic and applied research (Joyner et al., 1998; Crossland and Lewandowski, 2006). Deer mice exhibit repetitive behavior including hindlimb jumping and backward somersaulting upon being maintained in standard laboratory housing. The repetitive behaviors showed by deer mice occur at an increased rate, apparent during initial development and continuing across the lifespan. Deer mice also display reversal learning deficits in a procedural learning behavioral task involving learning to change spatial habits upon relocation of reinforcement in a T-maze (Hadley et al., 2006). Hence, deer mice are used as animal models of repetitive/restricted behaviors in autism (Powell et al., 2000; Lewis et al., 2007; Bechard et al., 2017).



GLUTAMATERGIC AND GABAERGIC SIGNALING

The normal balance of excitation and inhibition (E/I) in the forebrain is maintained by excitatory glutamatergic neurons and inhibitory GABAergic interneurons. The major excitatory neurotransmitter in the cortex is glutamate, which activates two types of receptors, i.e., ionotropic and metabotropic G-protein coupled receptors (Mehta et al., 2011). Increased excitatory signaling, hyper-excitable local connectivity, and decreases in inhibitory interneurons accompany repetitive behavioral changes in the brains of ASD animals (Rinaldi et al., 2007; Gogolla et al., 2009). Interestingly, these behaviors are ameliorated by environmental enrichment, correlating to functional alterations in neural circuitry by modifying cortical excitatory and inhibitory synaptic density, LTP, increasing BDNF expression and synaptic plasticity in the cortical network (Schneider et al., 2006; Baroncelli et al., 2010; Lonetti et al., 2010; Reynolds et al., 2013; Jung and Herms, 2014).

Glutamatergic signaling plays a crucial role in the modulation of repetitive behaviors. On the one hand, NMDA receptors play important roles in the regulation of neurotransmitter release such as glutamate affecting excitatory neural pathways. For instance, intra-striatal injections of NMDA, glutamate receptor ligand, induces repetitive behaviors caused by elevated glutamatergic activity in the basal ganglia motor circuits (Karler et al., 1997). Deer mice exhibit repetitive behaviors, such as excessive jumping and backward flips, attenuated by interrupting cortico-striatal glutamatergic projections via striatal injection of NMDA receptor antagonist MK-801 (dizocilpine) (Presti et al., 2003). Mice with astrocyte-specific inducible deletion of GLT-1 (GLASTCreERT2/+/GLT1flox/flox, iKO) manifesting stereotypic grooming behavior is alleviated by memantine, NMDA receptor antagonist (Aida et al., 2015).

On the other hand, NMDA receptors are also expressed on the surface of GABAergic neurons modulating their inhibitory tone and controlling oscillations of pyramidal neurons involved in the regulation of neuronal rhythms and activity (Benes, 2010; Deutsch et al., 2010). For instance, systemic application of anti-glutamatergic agents, phencyclidine (PCP), an NMDA receptor antagonist, evokes stereotypic behaviors, including self-grooming in rodents. NMDA antagonist application might inhibit excitation of GABAergic inputs onto pyramidal neurons causing disinhibitory (i.e., hyperexcitation of pyramidal neurons) increase in glutamate efflux and glutamatergic neurotransmission via AMPA and non-NMDA receptors in the PFC, activating motor pathways (Liu and Moghaddam, 1995). This PCP or non-NMDA receptor-induced stereotypic grooming is alleviated by blocking AMPAR (non-NMDAR) mediated glutamatergic transmission between the prefrontal cortex (PFC) and ventral tegmental area (VTA) (Takahata and Moghaddam, 2003; Audet et al., 2006) (Figure 2). Also, neuroligin-1 (NL1) knockout mice exhibit a reduced NMDA/AMPA ratio in the dorsal striatum that correlates with repetitive grooming behavior, which is rescued by systemic administration of D-cycloserine, an NMDA receptor partial co-agonist (Blundell et al., 2010). Shank2−/− mice manifest reduced NMDA receptor function and social deficits, normalized by application of D-cycloserine (Won et al., 2012). D-cycloserine is also revealed to improve sociability deficits and stereotypies in BTBR and Balb/c inbred mouse strains of ASDs (Deutsch et al., 1997, 2011a,b; Burket et al., 2013).

Dysfunction of glutamatergic signaling at the metabotropic glutamate receptor 5 (mGluR5) is implicated in neuropsychiatric disorders such as autism (Carlson, 2012) (Figure 2). As noted above, Fragile X Syndrome is a genetic disorder associated with autism and mental retardation. This disorder is caused by a loss of FMRP (Hagerman et al., 2017; Niu et al., 2017). The “mGluR theory of fragile X” suggests that FMRP and Group I metabotropic glutamate receptors (mGluRs) regulate protein synthesis at the synapse in an antagonist manner. mRNA translation at the synapse is activated by mGluRs and repressed by FMRP (Bear et al., 2004; Bear, 2005; Dölen and Bear, 2008). Fmr1-KO mice manifest increased expression of mGluR-dependent long-term depression (LTD) in the hippocampus, which is likely associated with alterations in mGluR signaling that contribute to repetitive behaviors in mutant mice (Table 1) (Yan et al., 2005; Nosyreva and Huber, 2006; Dölen and Bear, 2008; McNaughton et al., 2008; Pietropaolo et al., 2011). Also, Shank3Δe4–22−/− mice (exons 4–22 deletion) exhibit excessive grooming and have reduced striatal postsynaptic mGluR5-Homer scaffolding proteins, altered mGluR5 signaling in the striatum and cortico-striatal circuit abnormalities (Wang X. et al., 2016). Interestingly, in the Ube3Am−/p+\ (maternal null mutation) mouse model of Angelman Syndrome, mGluR-dependent LTD and coupling of mGluR5 to Homer proteins in the hippocampus is enhanced (Pignatelli et al., 2014). A mouse model of Tuberous Sclerosis Tsc2+/– exhibits reduced mGluR-LTD (LTD) in the hippocampus and altered levels of mGluR signaling Arc (activity-regulated cytoskeleton-associated) protein, which is crucial for AMPAR internalization in cerebellar LTD (Auerbach et al., 2011). This suggests that altered mGluR5 function may underlie cognitive and behavioral impairments in mutant mice models (Table 1) (Auerbach et al., 2011; Pignatelli et al., 2014).

Several studies have demonstrated the therapeutic efficacy of the mGluR5 receptor antagonist, 2-methyl-6-phenyethyl-pyrididine (MPEP), on core behavioral deficits of autism. MPEP reduces repetitive and stereotypic behaviors in the VPA and BTBR mouse models of autism (Silverman et al., 2010; Mehta et al., 2011) (Figure 3). Additionally, MPEP application decreases marble burying stereotypic behavior in Fmr1 KO mice and excessive repetitive grooming in Shank3Δe4–22−/− mice via modulation of mGluR5 signaling (Thomas et al., 2012; Gandhi et al., 2014; Wang X. et al., 2016). Also, in C58/J mice that exhibit stereotypic jumping behavior, backflips, and decreased exploratory behavior, blocking mGluR5 signaling via GRN-529, a mGluR5 negative allosteric modulator, rescues normal behavior (Silverman et al., 2012). The suppression of mGluR5 activity may modify NMDA receptor activity, since they are close associates at the postsynaptic density, suggesting NMDA receptor hyperfunction underlies jumping behavior in C58/J mice (Kim et al., 2016). Also, repetitive behavior and reversal learning deficits were attenuated by environmental enrichment in C58/J mice (Muehlmann et al., 2012; Whitehouse et al., 2017).
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FIGURE 3. Possible mechanisms alleviating repetitive behaviors. Inhibition of mGluR5 signaling inhibits striatal direct pathway via suppressing dopamine D1 receptor signaling. The reduced D1R signaling results in decreased motor cortex activity. Inhibition of cortico-striatal and PFC-VTA glutamatergic projections alleviate repetitive behaviors. Application of GABA agonists in the cortex and dopamine D2R, D1R antagonist in the striatum leads to an increase in GABAergic signaling in the cortex, reducing motor cortical activity and repetitive behaviors. Application of serotonin 5HT2A antagonist in the dorsomedial striatum also results in the rescue of repetitive behavior. Activation of VGAT-positive GABAergic neurons in the amygdala nucleus, MeA reduces repetitive behaviors. Inhibition of glutamatergic projection from BLA to the ventral hippocampus results in decreased locomotor activity. Inhibition of lateral hypothalamic GABAergic neurons leads to a decrease in locomotor activity and repetitive behaviors. Endocannabinoid 2-AG signaling in the striatum leads to reduced glutamatergic output, decreasing repetitive behaviors. Regulated astrocytes Ca2+ signals in the striatum modulate GAT-3 activity which maintains synaptic GABA levels, regulating striatal MSN activity and associated repetitive behavior. mGluR5, metabotropic glutamate receptor 5; NMDA, N-Methyl-d-aspartate; AMPA, α-amino-3-hydroxy -5-methyl-4-isoxazolepropionic acid; PFC, prefrontal cortex; VTA, ventral tegmental area; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; PVH, paraventricular nucleus of the hypothalamus; GABA, gamma-aminobutyric acid; D2R, dopamine receptor D2; D1R, dopamine receptor D1; 5HT2A, 5-hydroxy-tryptamine receptor 2A subtype; VGAT, vesicular GABA transporter; MeA, medial nucleus of the amygdala; BLA, basolateral amygdala; 2-AG, 2-arachidonoyl glycerol; GAT-3, GABA transporter 3; MSN, the medium spiny neuron.



GABAergic signaling also plays a critical role in the regulation of stereotypic behaviors. For example, the application of GABA-enhancing drugs reduces self-grooming behavior in rodents (Silverman et al., 2015). Administration of R-baclofen, a selective GABAB receptors agonist, alleviates repetitive self-grooming behavior in several ASD models, including the BTBR, Fragile X, C58/J, and idiopathic mice models (Han et al., 2014; Silverman et al., 2015). Also, the application of a GABAA receptor-selective agonist, muscimol, into the bed nucleus of the stria terminalis (BNST) decreases self-grooming behavior induced by exposure to cat urine (Xu et al., 2012). Additionally, GABRB-3 knockout mice show hyperactivity and stereotypic behaviors such as circling (Moy et al., 2006). GABA also plays an important role in regulating stress and anxiety-related behaviors, with increased GABAergic signaling exerting anxiolytic effects and inhibition of stress and anxiety-induced grooming behaviors (Chao et al., 2010).

GABA receptor agonists regulate excitation and inhibition (E/I) balance, resulting in minimizing elevated excitation in motor cortical areas and parts of basal ganglia-thalamic circuitry (Lewis and Kim, 2009; Kim et al., 2016) (Figure 3). For instance, stereotypic behaviors evoked by amphetamine are diminished by the application of GABA receptor agonists (Lewis and Kim, 2009). Likewise, the application of GABAA receptor antagonist, bicuculline, in the VTA enhances self-grooming in mice induced by alpha-melanocyte-stimulating hormone (MSH; De Barioglio et al., 1991). Also, muscimol injections into the substantia nigra pars reticulata (SNr) evoke repeated circling behavior in rats (Velíšek et al., 2005). Thus, altered GABA levels may modify basal ganglia activity by affecting dopaminergic neurons, leading to repetitive behaviors in rodents, as discussed further below (De Barioglio et al., 1991; Kim et al., 2016). Antidepressants/anxiolytics like fluvoxamine, bupropion, and diazepam alleviate repetitive digging behaviors (Hayashi et al., 2010). Moreover, Fmr1−/− mice, discussed above, exhibit hyperexcitability due to reduced activity of fast-spiking interneurons (FSI) in the somatosensory and barrel cortex (Figure 2). GABA-receptor agonists decrease marble-burying behavior in these Fmr1 knockout mice (Draper et al., 2014). Hence, altered neural signaling and E/I balance underlie repetitive behaviors associated with ASD. Enhanced GABAergic function results in reduced cortical excitation and alleviates repetitive self-grooming behavior (Kalueff et al., 2016).



SEROTONERGIC SIGNALING

Serotonergic 5HT2A receptors are found mainly in prefrontal cortical and striatal brain regions (Xu and Pandey, 2000), which are associated with repetitive behaviors in ASD (Di Martino et al., 2011; Langen et al., 2012; Delmonte et al., 2013). Differences in serotonergic components in the basal ganglia are associated with repetitive behaviors (Di Giovanni et al., 2006). For instance, deer mice exhibit a decreased density of serotonin transporters in the striatum (Wolmarans et al., 2013). And, injection of escitalopram, a selective serotonergic reuptake inhibitor (SSRI) alleviates some of the repetitive movements in deer mice, but with no effect on jumping behavior (Wolmarans et al., 2013). Additionally, optogenetic repetitive stimulation of the medial orbitofrontal cortex-ventromedial striatum pathway in mice leads to abnormal grooming behavior, which is rescued by fluoxetine administration, also an SSRI (Schmeisser et al., 2012). Family-based genetic association studies demonstrate linkages between serotonin transporter locus (SLC6A4) variants and rigid compulsive behavior (Sutcliffe et al., 2005), with the serotonin transporter gene (SLC6A4) subtype, 5HTTLPR, consistently associated with repetitive sensory and motor behaviors (Brune et al., 2006). Also, depleting tryptophan, a precursor of serotonin augments repetitive motor behaviors in autistic adults (McDougle et al., 1996).

Clinical and preclinical studies have implicated alterations in serotonin receptor activity, particularly 5HT2A receptor signaling, in ASD symptomology (McBride et al., 1989; Veenstra-VanderWeele et al., 2012) (Figure 2). Systemic treatment with a serotonin 5HT2A receptor antagonist decreases repetitive behaviors in the BTBR mouse model of autism, an inbred strain that shows similar ASD-like behavioral deficits to an idiopathic mouse model of autism (McFarlane et al., 2008; Amodeo et al., 2012, 2014, 2016). Further, infusion of M100907, a highly selective antagonist for 5HT2A receptors into the dorsomedial striatum reduces grooming behavior and reversal learning deficits in BTBR mice. This regulation of reversal learning and grooming behavior by 5HT2A receptor antagonist infusion into the dorsomedial striatum may be associated with a reduction in striatal direct pathway activation (Reiner and Anderson, 1990; Amodeo et al., 2017). However, 5HT2A receptor antagonist infusion into the orbitofrontal cortex results in increased grooming behavior and perseveration in reversal learning (Amodeo et al., 2017). This altered grooming behavior by blocking of 5HT2A receptor activity in the orbitofrontal cortex may be associated with an increased output by the orbitofrontal cortex via reduced interneuron activity, as the orbitofrontal infusion of GABA receptor agonist, muscimol, results in decreased grooming behavior in BTBR mice (Amodeo et al., 2017) (Figure 3).

Thus, elevated serotonin 5HT2A receptor signaling in the dorsomedial striatum plays a critical role in the development of stereotyped behaviors, whereas normal 5HT2A receptor activity in the orbitofrontal cortex contributes to attenuation of stereotyped behaviors in BTBR mice. Hence, abnormal serotonin receptor activity in various brain regions may contribute to restricted and repetitive behaviors.



DOPAMINERGIC SIGNALING AND BASAL GANGLIA CIRCUITRY

The cortico-basal ganglia-thalamic pathway implements motor patterned behaviors and is implicated in repetitive behaviors (Haber and Calzavara, 2009; Kalueff et al., 2016). Sequential patterns of behaviors, such as stereotyped sequential grooming movements, also called grooming chains, are carried out by these circuits in rodents (Berridge et al., 2005; Denys et al., 2013). Striatal lesions, particularly in the anterior dorsolateral region of the striatum, resulting in an inability to complete sequential grooming movements. Additionally, lesions of the ventral pallidum and globus pallidus result in disruption of grooming movements (Cromwell and Berridge, 1996), further underscoring their role in the regulation of complex and mechanistic sequenced behaviors.

Enhanced activity of basal ganglia circuitry results in increased hyperactivity and repetitive behaviors (Kim et al., 2015). In particular, the prefrontal cortical (PFC) projection to the substantia nigra pars compacta (SNc), leads to a dopaminergic release in the striatum, which promotes movement through opposing actions on direct and indirect basal ganglia pathways. Dopamine through D1 receptors is involved in the activation of the direct pathway, which in turn activates the motor cortex, resulting in movement. In contrast, dopamine through D2 receptors on neurons present in the indirect pathway, results in inhibition of the indirect pathway, also promoting movement (Gerfen et al., 1990; Gerfen, 1995). For example, amphetamine pretreated rats, when injected with a dopamine D2, D3 receptor antagonist, sulpiride, or the GABA antagonist, bicuculine, leads to repetitive behavior (Morency et al., 1985; Karler et al., 1998; Kiyatkin and Rebec, 1999). Further, these circuits are disrupted in autistic mouse models, which display PFC abnormalities. Namely, mice with mutations in the SCN1A gene leads to autistic-like phenotypes, including hyperactivity and stereotypic self-grooming and circling behaviors and increased excitation in the PFC (Han et al., 2012).

Dopamine plays a major role in modulating striatal pathways resulting in locomotion and repetitive motor behaviors. Application of Risperidone, which acts on different molecular receptors, including blocking of dopamine D2 receptors, leads to decreases in repetitive self-grooming behavior, perseveration, hyperactivity and rescues nesting deficits in Cntnap2−/− mice. Similarly, systemic administration of haloperidol, a dopamine D2 receptor antagonist decreases motor cortex activity, thereby impeding locomotor movements in rats (Parr-Brownlie and Hyland, 2005). Interestingly, increased striatal dopamine D2 receptor expression leads to deficits in GABAergic activity, thereby enhancing prefrontal cortical (PFC) excitation (Li et al., 2011) (Figure 3). Hence, reduced repetitive and locomotory behavior caused by altered dopamine D2 receptor expression may be linked to heightened cortical GABAergic function and reduced PFC excitability.

Manipulation of the nigrostriatal dopamine pathway is sufficient for modulating many stereotyped behaviors (Lewis and Bodfish, 1998). Altered striatal dopamine activity is implicated in repetitive circling behaviors, which are observed in several mouse models of ASD (Vaccarino and Franklin, 1982; Ishiguro et al., 2007). Systemic administration of a dopamine precursor, L-DOPA, and a non-selective dopamine agonist, apomorphine into the striatum induces stereotyped behaviors in rodents (Ernst and Smelik, 1966; Presti et al., 2004). Likewise, injection of dopamine D1 receptor agonists evokes stereotypic and rigid behavioral phenotype in rodents (Berridge and Aldridge, 2000a, b). Furthermore, deer mice exhibit stereotyped behaviors, such as excessive jumping and backward flips, which are attenuated by intrastriatal injection of dopamine D1 receptor antagonist, SCH23390 (Presti et al., 2003) (Figure 3). Spontaneous motor stereotypies observed in deer mice exhibit a negative association with neuropeptide enkephalin expression, a marker of striatopallidal neurons, and is attenuated by combined administration of adenosine A2A receptor agonist CGS21680 and A1 receptor agonist CPA in a dose-dependent manner, indicating altered striatal pathway activity (Tanimura Y. et al., 2010). Environmental enrichment attenuates repetitive behavior by increasing activation through the indirect basal ganglia pathway, which also results in changes in dendritic spine density in the subthalamic nucleus (STN) and globus pallidus (GP) (Bechard et al., 2016).

Several ASD mice models exhibit alterations to dopaminergic nigrostriatal signaling. Mutant mice with heterozygous deletion of the syntenic region on chromosome 7F3 (16p11+/–) display decreased self-grooming behavior along with hyperactivity and increased stereotypic circling behavior. Neuroanatomically, these mice have increased numbers of dopamine D2 receptor-expressing neurons in the striatum, reduced number of cortical neurons manifesting dopamine D1 receptors, and synaptic function defects (Portmann et al., 2014) (Figure 2). Mice deficient in the DAT have elevated levels of dopamine and increased stereotypic sequential grooming behavior. Dopamine D1A receptor-deficient mice manifest disrupted and shorter duration grooming bouts (Cromwell et al., 1998). Neuroligin NL3 mutations result in a selective decrease of synaptic inhibition onto dopamine D1-expressing medium spiny neurons (MSNs) in the nucleus accumbens (NAc) and result in behavioral changes in mutant mice via reduced selective striatal synaptic function in the nucleus accumbens/ventral striatum (Rothwell et al., 2014). Apart from this, neuroligin-1 and 3 mutant mice show the abnormal function of dopamine D1 MSNs leading to autistic-like repetitive behaviors (Rothwell et al., 2014; Espinosa et al., 2015). In the Shank3 gene deletion mouse model, striatopallidal D2 MSNs show postsynaptic defects and decreased AMPAR responses (Mei et al., 2016; Zhou et al., 2016). Repetitive grooming in Shank3B mutant mice is rescued by enhancing indirect striatopallidal pathway activity (Wang et al., 2017). Additionally, synaptic plasticity is impaired in dorsolateral striatal medium spiny neurons (MSN) in mutant mice carrying full Shank3 deletion in exons 4–22 (Δe4–22−/−), which also exhibit decreased striatal spine density and altered striatal synapse postsynaptic density (Peça et al., 2011; Sala et al., 2015; Peixoto et al., 2016; Wang X. et al., 2016). Finally, BTBR T + Itpr3tf/J mice show impairments in mesolimbic and striatal synaptic dopamine D2 receptor signaling resulting in reduced dopamine neurotransmission. Reductions in pre-and post-synaptic adenosine A2A receptor function also indicate associations with altered dopamine neurotransmission (Squillace et al., 2014).

Overall, dopaminergic circuitry in the basal ganglia mediates rigid and sequential behavioral phenotypes associated with ASD. As dopamine-containing neurons and pathways are crucial in movement and sequencing behaviors, the regulation of the dopaminergic system may provide a valuable tool for modulating repetitive behaviors. Hence, basal ganglia circuits play an instrumental role in the regulation of compulsive and repetitive behavioral phenotype associated with ASD.



GLUTAMATERGIC SIGNALING AT CORTICO-STRIATAL SYNAPSES

Striatal glutamatergic synapses express synapse-associated protein 90/postsynaptic density protein 95 (SAP90/PSD95) associated proteins (SAPAP), which form scaffolding protein complexes involved in the regulation of neurotransmitters trafficking and targeting to the post-synaptic membrane (Wu et al., 2012). Mutations in synapse-associated protein 90/postsynaptic density protein 95-associated protein 3 (SAPAP3) that also binds to SHANK3 postsynaptic scaffolding protein is associated with stereotypic behaviors in mice (Sapap3−/−), such as compulsive self-grooming to the point of inducing lesions, which is rescued by Sapap3 re-expression in the striatum and optogenetic stimulation of lateral orbitofrontal cortex (Welch et al., 2007; Bienvenu et al., 2009; Burguière et al., 2013).

Sapap3 mutant mice exhibit glutamatergic transmission defects at cortico-striatal synapses and elevated mGluR5 signaling, leading to abnormal striatal output and stereotyped behavior, which is alleviated by mGluR5 inhibition (Ade et al., 2016). This suppression of mGluR5 possibly inhibits the direct basal ganglia pathway resulting in reduced repetitive behaviors (Conn et al., 2005). NMDA and AMPAR-dependent cortico-striatal synaptic transmission is also altered. Intriguingly, systemic administration of fluoxetine, a serotonin uptake inhibitor attenuates obsessive grooming in mutant mice (Welch et al., 2007).



ENDOCANNABINOID SIGNALING IN STRIATAL SYNAPSES

Endocannabinoid signaling plays a crucial part in modulating striatal synaptic transmission and in regulating stereotypic behaviors (Chen et al., 2011; Gremel et al., 2016). The abundant endocannabinoid, 2-arachidonoyl glycerol (2-AG), activates cannabinoid-1 receptor (CB1R), mediating suppression of glutamatergic release via feedback inhibition at direct and indirect medium spiny neuron (MSN) synapses (Kano et al., 2009). Synthesis of 2-AG in the postsynaptic neuron is mediated by diacylglycerol lipase alpha (DGLα) (Gao et al., 2010; Tanimura A. et al., 2010; Shonesy et al., 2014). Mice with DGLα knockout in direct-pathway MSN exhibit reduced levels of 2-AG in the striatum and absence of feedback inhibition mediated by 2-AG at glutamatergic direct-pathway MSN synapses, resulting in excessive glutamatergic drive in direct-pathway MSNs (Figure 3). In addition, DGLα deletion in direct-pathway MSNs does not change GABAergic synaptic transmission, suggesting that alterations to excitation/inhibition balance may contribute to increased direct-pathway MSN output, resulting in excessive grooming behavior (Figure 4). Furthermore, mice with regional DGLα deletions in the ventral striatum (nucleus accumbens) exhibit repetitive grooming behavior (Shonesy et al., 2018). Thus, 2-AG signaling impairment in direct pathway MSNs leads to circuit alterations and ASD behavioral phenotypes, such as repetitive self-grooming behavior (Figure 2).
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FIGURE 4. Endocannabinoid signaling in striatal neurons. DGLα synthesizes 2-AG in the postsynaptic neuron. Postsynaptic 2-AG activates presynaptic cannabinoid-1 receptor (CB1R). The activated CB1 receptor via feedback inhibition leads to suppression of glutamate release at MSN synapses, thereby relieving repetitive behavior. However, mice with knockout of DGLα exhibit decreased striatal 2-AG levels, resulting in unrestricted synaptic glutamate release via an absence of feedback inhibition, thereby leading to elevated grooming behavior in mice. Impaired endocannabinoid signaling is involved in the alteration of striatal activity, contributing to the development of repetitive behavior. CB1R, cannabinoid type 1 receptor; DGLα, diacylglycerol lipase alpha; 2-AG, 2-arachidonoyl glycerol; dMSN, direct pathway medium spiny neurons.



Group1 mGluRs play a role in mobilizing endocannabinoids in the hippocampus, contributing to increased excitability. In FMR1 null mice, mGluR5 dependent LTD is absent at excitatory synapses of PFC and ventral striatum, which is moderated by endocannabinoid 2-arachidonoylglycerol (2-AG). The Homer scaffolding complex linking mGluR5 to DGLα is disrupted resulting in impairment of endocannabinoid mediated LTD at excitatory synapses. Application of CB1R antagonist rimonabant improves cognitive deficits in Fmr1 KO mice (Busquets-Garcia et al., 2013). Hence, endocannabinoid signaling contributes to increased excitability in FXS (Jung et al., 2012; Tang and Alger, 2015). Intriguingly, CB1, and CB2 receptor expression is upregulated in the brain of MeCP2 mutant mice. Treatment with cannabinoid cannabidivarin (CBDV) ameliorates memory deficits in MeCP2 mutant mice. CBDV also regulates BDNF, CB1, CB2 receptor levels, and PI3K/AKT/mTOR pathway which is dysregulated in MeCP2 deficient mice (Zamberletti et al., 2019). Hence, altered endocannabinoid signaling is associated with behavioral abnormalities in neurodevelopmental disorders.



ASTROCYTIC CALCIUM SIGNALING REGULATING STRIATAL CIRCUITRY

Astrocytes perform numerous functions, including maintenance of the blood-brain barrier, extracellular ion homeostasis, synapse formation, and regulation of synaptic transmission (Khakh and Sofroniew, 2015). Astrocytes also propagate intercellular Ca2+ waves upon stimulation and modulate neuronal function through Ca2+ dependent signaling (Bazargani and Attwell, 2016). Astrocytic Ca2+ signaling stimulates the release of gliotransmitters such as glutamate, GABA, ATP, and D-serine that regulate neuronal activity (Bazargani and Attwell, 2016). Astrocytes regulate extracellular levels of glutamate via transporters like GLT1, hence influencing excitatory and inhibitory neuronal balance (Wu et al., 2012). High levels of glutamate in the extracellular space lead to over-activation of glutamate receptors, i.e., neuronal excitotoxicity. Astrocytes protect against neurotoxicity by mediating glutamate clearance from synaptic space via glutamate uptake transporters, thereby modulating neuronal activity. Astrocytes also supply ATP that is crucial for the process of glutamate uptake. In astrocytes, glutamate is converted to glutamine which acts as a precursor for the resynthesis of neurotransmitters like glutamate/GABA in neurons. Further, glutamate in the synapse induces astrocytic Ca2+ increase that results in release of glutamate from astrocytes to adjoining neurons, stimulating NMDA receptors and iGluRs (ionotropic glutamate receptors), modulating their activity. Therefore, astrocytes have dual roles in maintaining glutamate release and uptake (Bazargani and Attwell, 2016; Mahmoud et al., 2019). Astrocytes also modulate synaptic GABA levels via GABA transporters (GAT) that mediates GABA uptake. Expression of synaptic GAT1 regulates GABA levels in the synapses, thereby modulating neuronal excitability. The rise in astroglial Ca2+ signaling leads to inhibition of neuronal activity. This is associated with elevated GABA levels in the synapse caused by decreases in astroglial membrane GAT levels via endocytosis into astrocytes. The membrane trafficking of GAT is regulated by Rab11, Rab family small GTPases. Rab11 suppression counteracts the decrease in neuronal activity by elevated astroglial Ca2+ levels via repressing GAT endocytosis. Therefore, astrocytes regulate activity of neuronal circuits (Zhang et al., 2017). Alterations in astroglial uptake processes or gliotransmitters release is implicated in the pathogenesis of neurological disorders including epilepsy and may contribute to the development of behavioral impairments in these disorders (Mahmoud et al., 2019).

Also, astrocytic dysfunction is implicated in stereotypic behaviors associated with neuropsychiatric disorders (Molofsky et al., 2012; Aida et al., 2015; Yu et al., 2018). Mutant mice with GLT-1 inducible deletion in astrocytes (GLASTCreERT2/+/GLT1flox/flox, iKO) display excessive self-grooming repetitive behavior resulting in self-induced injury. The knockout of astroglial GLT1 leads to alteration in the cortico-striatal synapse, suggesting glial dysfunction involvement in the pathophysiology of repetitive behaviors (Aida et al., 2015). In wild-type C57BL/6NTac mice, decreased astrocyte Ca2+ signaling in the striatum leads to increased stereotypic grooming behavior (Figure 2). In these experiments, wild-type C57BL/6NTac mice were injected with hPMCA2w/b construct to impair striatal astrocytic Ca2+ signals. The hPMCA2w/b construct consists of a w/b splice variant in human plasma membrane Ca2+-ATPases pump (hPMCA2) deficient in the cytosolic interaction domains (Yu et al., 2018). Membrane targeting of PMCA2 is determined by alternative splicing of protein cytosolic loop, in which “w” form (w splice variant) containing 45 amino acid residue insertion, display membrane localization of PMCA2. The b splice variant is generated at the COOH terminal site of the protein, an important regulatory region of the pump and its terminal sequence interacts with PDZ proteins (Chicka and Strehler, 2003). Astrocytes express the plasma membrane Ca2+ pump (PMCA2) that function to expel cytosolic Ca2+. The generated hPMCA2w/b mice exhibit excessive repetitive self-grooming behavior. Reduced astrocyte Ca2+ signaling decreases ambient GABA levels via enhanced GABA transporter 3 (GAT-3) activity (Figure 5). Also, Rab11a gene downregulation leads to increased GAT-3 functional activity, thereby reducing inhibition of MSNs in the striatum. The elevated self-grooming behavior is also observed in a mouse model of Huntington’s disease, R6/2 that is associated with decreases in astrocytic Ca2+ signals and alleviated by blocking astrocytic GAT-3. Hence, attenuated astrocytic Ca2+ signaling decreases striatal MSN inhibition, via altered GABA levels resulting in repetitive behavior (Yu et al., 2018) (Figure 5). Moreover, astrocytic GLT1 deficient mice show increased grooming, rearing, and jumping behavior, suggesting reduced synaptic glutamate clearance resulting in glutamatergic dysfunction underlying these behaviors (Jia et al., 2021). Hence, astrocytes regulate striatal activity and associated stereotypic behavior.
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FIGURE 5. Astrocytic regulation of synaptic glutamate and GABA levels. Normal astrocytic Ca2+ signals modulate GAT-3 levels in the presence of Rab11a GTPase mediating GAT-3 endocytosis. As a result, controlled ambient GABA levels in the synapses regulate striatal MSNs activity, resulting in normal behavior. Reduced striatal astrocyte Ca2+ signaling contributes to elevated self-grooming behavior via altered striatal MSN activity. Astrocytes also regulate synaptic glutamate levels via transporters like GLT-1. Elevated glutamate levels in the extracellular space induce over-activation of glutamate receptors resulting in excitotoxicity. Astrocytes protect against this excitotoxicity by clearance of synaptic glutamate via glutamate uptake transporters. In astrocytes, glutamate is converted to glutamine which acts as a precursor for re-synthesis of glutamate in neurons, mediating both uptake and release of glutamate. Astrocytes regulate glutamate and GABA in the synapse, thereby modulating neuronal activity and behavior. GABA, gamma-aminobutyric acid; GAT-3, GABA transporter 3; GLT-1, glutamate transporter 1; Rab, small Rab GTPase.



Further, mice with inactivation of Tsc1 gene in astrocytes (Tsc1GFAPCKO) displays epilepsy, learning deficits, reduced GLT-1 protein expression, elevated levels of glutamate in the hippocampus, and impairment of hippocampus-LTP suggesting altered glutamate homeostasis and synaptic plasticity in a mouse model of Tuberous Sclerosis (Wong et al., 2003; Zeng et al., 2007).

Glial ephrin-A3 also plays an important role in modulating hippocampal activity. In the adult hippocampus, dendritic spines of pyramidal neurons express EphA4 tyrosine kinase receptor, the activation of which is dependent on ligand ephrin-A3, present in the perisynaptic processes of astrocytes, is involved in the regulation of dendritic spine morphology and synapse formation (Murai et al., 2003; Klein, 2009). Mice with a knockout of ephrin-A3 or EphA4 exhibits spine irregularities and results in increased expression of astroglial glutamate transporters GLT-1 and GLAST in the hippocampus. Hence, bidirectional signals between neuronal EphA4 and astroglial ephrin-A3 regulate spine morphology, glutamate transport, and excitatory synaptic function (Carmona et al., 2009; Filosa et al., 2009).

Neural circuit refinement is associated with experience-dependent synaptic pruning. In the cortex of ephrin-A2 knockout mice, experience-dependent removal of postsynaptic dendritic spines was mediated by activation of NMDA glutamate receptors, thereby leading to changes in adult neural circuits. Ephrin-A2 null mice also showed reduced glutamate transporters, contributing to increasing synaptic glutamate and promoting spine elimination (Yu et al., 2013).

Hence, astroglial expressed ephrin-A3 and ephrin-A2 in the hippocampus and cortex, respectively, have opposite effects on the modulation of glutamate transporters and spine morphology. Treatment interventions targeting astroglial ephrin-A3/A2 signaling may alter the expression of glutamate transporters and protect against glutamate excitotoxicity, maintaining the synapse structure and dynamics.



AMYGDALA AND LIMBIC CIRCUITRY IN REPETITIVE BEHAVIORS

The amygdala is involved in the regulation of emotions, anxiety, and fear, as well as regulating repetitive behaviors. High levels of anxiety in rodents are accompanied by increased self-grooming behaviors, rescued by anxiolytic treatments (Kalueff and Tuohimaa, 2004a; Ahmari and Dougherty, 2015). Anxiety-related behavior in rats is correlated with reduced dopamine release in the amygdala and increased grooming episodes. In the medial nucleus of the amygdala (MeA), activation of vesicular glutamate transporter 2 (vGLUT2) expressing glutamatergic neurons increases repetitive self-grooming behavior (Figure 2), whereas activation of vesicular GABA transporter (VGAT)-positive GABAergic neurons represses self-grooming behavior in mice (Figure 3) (Hong et al., 2014). Also, injections of Orexin-B, a neuropeptide that regulates food intake, mood, and wakefulness in the central nucleus of the amygdala (CeA), lead to enhanced grooming frequency in hamsters. Orexin-B-induced grooming behavior is potentiated by infusion of NMDA receptor agonists (Alò et al., 2015). In the lateral amygdala, the Fmr1 KO mouse model shows synaptic defects including impaired mGluR-dependent LTP, and reduced AMPAR subunit, GluR1 surface expression (Suvrathan et al., 2010).

The basolateral nucleus of the amygdala (BLA) sends projections to the hippocampus and the prefrontal cortex (PFC; Obeso and Lanciego, 2011). Activation of glutamatergic projections from the basolateral amygdala (BLA) to the ventral hippocampus heightens self-grooming in mice (Felix-Ortiz and Tye, 2014) (Figure 2), while its inhibition leads to reduced locomotor activity, suggesting a crucial role for the ventral hippocampus in repetitive behaviors (Figure 3) (Bast et al., 2001; Zhang et al., 2002). Shank3 deficient rats show attention deficit and decreased synaptic plasticity in the hippocampal-medial prefrontal cortex pathway. Mouse models of Shank3 deletion also exhibit impaired synaptic plasticity in the hippocampus, associated with deficits in actin cytoskeleton remodeling, along with changes in NMDA glutamatergic receptors and mGluR-Homer scaffolding complex, resulting in abnormalities in cortico-striatal circuits underlying repetitive behaviors (Bozdagi et al., 2010; Duffney et al., 2013; Kouser et al., 2013; Wang X. et al., 2016). In addition, the Shank postsynaptic protein scaffold helps regulate synaptic transmission at hippocampal Schaffer Collateral-CA1 synapses (Shi et al., 2017). Further, altered synaptic transmission at thalamo-amygdala circuits is associated with obsessive self-grooming behavior in rodents (Ullrich et al., 2018).

The hypothalamus is another limbic brain region involved in regulating numerous behaviors, including self-grooming in rodents (Qualls-Creekmore and Münzberg, 2018). The hypothalamic paraventricular nucleus and the dorsal hypothalamus are associated with grooming behavior observed by local electrical stimulation in the hypothalamus that induces self-grooming in rats. The paraventricular nucleus projects to the posterior dorsal part of the medial amygdala (MeApd) which is involved in self-grooming behavior (Roeling et al., 1993). Lateral hypothalamic glutamatergic neurons adjacent to the MeApd play roles in repetitive self-grooming behaviors in mice (Figure 3). Moreover, MeApd also projects to the medial hypothalamus (Hong et al., 2014). Finally, the central nucleus of the amygdala (CeA) and MeA projects to the BNST that connects the amygdala and hypothalamus (Heimer et al., 2007). Hence, the limbic system, incorporating the amygdala, hippocampus, hypothalamus, and basal ganglia regions, play important roles in regulating repetitive behaviors.



NEUROANATOMY OF ASD

Magnetic resonance imaging (MRI) studies in humans have contributed to the understanding of the neuroanatomical basis of ASD, such as a period of early brain overgrowth in autism, particularly in frontal, temporal and cingulate cortices, hippocampus, cerebellum, and amygdala (Palmen and van Engeland, 2004; Bauman and Kemper, 2005; Courchesne et al., 2007; Amaral et al., 2008). Further, atypical functional connectivity between caudate and cortical areas has been observed in autistic subjects (Turner et al., 2006). These findings match neuroanatomical alterations observed in several of the mice models discussed above, which also show alterations to the hippocampal commissure, decreased frontal-cortical, occipital, and thalamic gray matter volume along with reduced cortical thickness (Wahlsten et al., 2003).

Neuroimaging studies also suggest an association of repetitive behaviors, with the volume of basal ganglia areas, such as the caudate-putamen (Sears et al., 1999; Calderoni et al., 2014). Autistic individuals show significantly larger right caudate and putamen volumes compared to matched controls. Moreover, total putamen and right caudate volumes reveal a positive association with ADI-C domain repetitive behavior scores (Hollander et al., 2005). Neuroimaging of individuals with fragile X syndrome (FXS) also exhibit altered gray matter volume in the caudate and white matter of the ventral frontostriatal pathway (Haas et al., 2009; Hallahan et al., 2011). Moreover, imaging studies of RTT individuals show reduced caudate nucleus and midbrain volumes (Casanova et al., 1991; Reiss et al., 1993; Subramaniam et al., 1997).

The medial frontal gyri, right fusiform gyrus, and left hippocampal volumes are also enlarged in autistic groups (Rojas et al., 2006; Verhoeven et al., 2010). The increased regional brain volumes show a positive correlation with stereotypic behaviors; however, the decreased volume of the cerebellum in autistic subjects shows a negative correlation with repetitive behavioral measures (Rojas et al., 2006). One study on autistic children demonstrated a positive association of repetitive behavior and frontal lobe volume and a negative association with cerebellar vermis volume (Pierce and Courchesne, 2001). Also, developmental studies in rodents and non-human primates show that damage to the amygdala, hippocampus, and temporal cortex induces ASD-like behaviors such as stereotypies (Bachevalier and Loveland, 2006). Early in life, amygdala and hippocampal lesions result in self-directed and stereotypic head twisting behaviors in juvenile monkeys (Bauman et al., 2008).

The anterior cingulate cortex (ACC) is also implicated in repetitive behaviors in ASD (Thakkar et al., 2008). An fMRI study in high-functioning autistic individuals revealed a negative correlation of repetitive/restricted behaviors with ACC and posterior parietal activation implicating frontal-striatal circuitry in stereotyped behaviors (Shafritz et al., 2008). Additional consistent neuroimaging findings are required to understand the neural circuitry of stereotypic behaviors in neurodevelopmental disorders.

Imaging studies in preclinical animal models are limited and research in this area is still ongoing (Wilkes and Lewis, 2018). There are a few MRI studies that have utilized diffusion tensor imaging (DTI) and functional MRI (fMRI) in animal models of repetitive behaviors (Ellegood et al., 2010, 2013; Dodero et al., 2013; Squillace et al., 2014; Haberl et al., 2015; Allemang-Grand et al., 2017). Mice with hemizygous (−/Y), heterozygous (−/+) and homozygous (−/−) Mecp2 mutation show enlarged cerebellar volume, including the vermis, cerebellar cortex region, and smaller cortical volumes including somatosensory, frontal, motor, and cingulate regions. Also, Mecp2 hemizygous male mice (−/Y) exhibit increased brainstem volume and reduced volumes in the striatum, thalamus, frontal cortex, and corpus callosum. These studies correlate with imaging findings in individuals with Rett syndrome (Dunn et al., 2002; Carter et al., 2008; Ellegood et al., 2015; Allemang-Grand et al., 2017).

MRI imaging in Fmr1 KO mice reveals decreased cerebellar nuclei and striatal volumes (Ellegood et al., 2010). Also, diffusion tensor MRI and functional MRI (fMRI) studies show changes in structural connectivity of the corpus callosum and functional connectivity between cortical regions such as visual, somatosensory, auditory, and motor regions (Haberl et al., 2015). MRI analysis of 16p11.2 CNV mice demonstrates volumetric alterations in brain regions including basal forebrain, hypothalamus, midbrain, and superior colliculus (Horev et al., 2011). Additionally, 16p11+/– pups show reduced brain volume at postnatal day 7, while the relative volume i.e., normalized to total brain volume of nucleus accumbens (NAc) and globus pallidus (GP) regions is increased. Structural abnormalities in cortical areas are also observed in 16p11+/– pups (Portmann et al., 2014). Adult heterozygous 16p11.2 mice after controlling for total brain volume show neuroanatomical alterations in different brain regions including increased midbrain, hypothalamus, superior colliculus volumes, and reduced striatal volume (Ellegood et al., 2015). Mice with chromosome 15 mutations, particularly with duplication of the 15q11–13 region show reduced relative volumes for different brain areas like basal forebrain, midbrain, hypothalamus, and thalamus (Ellegood et al., 2015).

Decreases in parvalbumin-containing interneurons in the medial prefrontal cortex are observed in ASD individuals (Hashemi et al., 2017). Parvalbumin knockout mice show ASD behavioral phenotypes, such as deficits in social interaction behaviors, ultrasonic vocalizations, and higher-order reversal learning in the T-maze assay (Wöhr et al., 2015). An MRI study of juvenile Parvalbumin knockout mice revealed reduced cortical volume and increased cerebellar volume. However, these anatomical alterations are not consistent in adult Parvalbumin knockout mice (Wöhr et al., 2015). Additional studies are required for elucidating other repetitive behaviors and brain region structural alterations in this mouse model. In utero VPA exposed rats exhibit decreased total brain volume, relative cortical and brainstem volumes, and hippocampus volume (Frisch et al., 2009; Petrenko et al., 2013).

BTBR mice exhibit reduced cerebral white and gray matter, ventricular volumes, and larger olfactory, brainstem, and cerebellum volumes compared to C67BL/6 mice (Ellegood et al., 2013). An fMRI study of BTBR mice showed decreased bilateral functional connectivity for cingulate, striatum, insular, motor cortex, and reduced striatal-thalamic connectivity. However, hippocampus, temporal and occipital areas show increased interhemispheric connectivity in BTBR mice (Sforazzini et al., 2016).

Molecularly, scaffolding proteins, glutamate receptor-interacting proteins 1/2 (Grip1/2), plays a role in AMPAR trafficking and its absence contributes to cerebellar LTD deficit in cultured Purkinje cells and social preference changes in cell-specific Grip1/2 mutant mice (Takamiya et al., 2008; Mejias et al., 2011). Grip1/2 KO mice exhibit repetitive grooming with no changes in social interaction and anxiety, normal mEPSCs but weakened mGluR-LTD at the parallel fiber-PC synapses and altered expression of arc, mGluR5, phosphorylated P38 and AKT in the Purkinje cells. So, defects in Grip1/2 mediating AMPAR trafficking at cerebellar Purkinje cells along with impaired mGluR5 signaling in cerebellum results in the pathogenesis of repetitive behaviors (Mejias et al., 2019). Mice with conditional Pten inactivation in Purkinje cells show stereotyped jumping and decreased motor learning with a structural aberration in PC dendrites, axons, reduced excitability, altered parallel fiber and climbing fiber synapses (Cupolillo et al., 2016). Further, the mouse model of Tuberous Sclerosis with Tsc2 loss in Purkinje cells (Tsc2f/−; Cre mice) displays increased marble burying repetitive behavior and Purkinje cell dysfunction, suggesting Purkinje cell loss contribution to ASD phenotype (Reith et al., 2013). Therefore, the cerebellum, particularly Purkinje cells and associated signaling pathways play important role in the regulation of repetitive behaviors.

Post-mortem studies of autistic cases have also implicated many of these same brain regions. Purkinje cells (PC) in the cerebellum are consistently altered in neuropathological analyses of ASD brain samples (Fatemi et al., 2002; Palmen and van Engeland, 2004; Whitney et al., 2008). However, the limitation of imaging studies includes poor tissue quality and small sample sizes, as well as an analysis of samples from adult brains which does not provide information regarding development (Amaral et al., 2008).

Overall, neuroanatomical alterations are largely found in frontal, temporal cortical regions, basal ganglia areas, and cerebellum in human studies and mouse models showing repetitive behaviors (Ellegood et al., 2010, 2013, 2015; Portmann et al., 2014; Haberl et al., 2015; Wöhr et al., 2015). Basal ganglia areas such as striatum and globus pallidus show volumetric alterations related to stereotyped behaviors (Ellegood et al., 2010, 2013, 2015; Portmann et al., 2014). Associations between repetitive behavioral phenotypes and changes in specific brain region structural and functional aspects require additional studies in animal models of ASD and other neurodevelopmental disorders.



ANXIETY AND REPETITIVE BEHAVIORS

ASD is associated with anxiety disorders and the prevalence estimates of anxiety in ASD individuals vary widely from 22% to 84% (van Steensel et al., 2011; Lai et al., 2014; Vasa and Mazurek, 2015; Lever and Geurts, 2016; Russell et al., 2016; Nimmo-Smith et al., 2020). There is also a significant relationship between anxiety and restricted/repetitive behaviors in the ASD population (Gotham et al., 2013; Stratis and Lecavalier, 2013; Postorino et al., 2017; Russell et al., 2019; Baribeau et al., 2020). Association of anxiety with ritualistic behaviors is related to abnormal sensory gating suggesting altered sensory processing (Green et al., 2012; Mazurek et al., 2013; Lidstone et al., 2014).

Grooming behavior reflects repetitive, stress-coping behavior and complex interplay with anxiety and motor activity in rodents (Kalueff and Tuohimaa, 2005a; Lewis et al., 2007; O’Leary et al., 2013). Some ASD mouse models demonstrate both anxiety and repetitive behaviors. In a mouse model of Rett syndrome, deletion of MeCP2 in the basolateral amygdala causes increases anxiety and learning deficits (Adachi et al., 2009). The increased grooming behavior in EphrinA2/A3 double KO mice may correlate with sensorimotor gating deficits and abnormal sensory processing as a result of exposure to novel environments (Wurzman et al., 2015). The Shank1 mice model of ASD manifests mild anxiety and repetitive behavior (Hung et al., 2008). ASD mice models with FMR1, PTEN, UBE3A, and GABRB3 mutations exhibit learning deficits, stereotypic behaviors, and anxiety phenotypes (Jiang et al., 2010; Tanaka et al., 2012; Gandhi et al., 2014; Clipperton-Allen and Page, 2015; Zieba et al., 2019). Additionally, the BTBR mouse model of autism displays anxiety traits and repetitive behaviors (McFarlane et al., 2008; Pobbe et al., 2011). In contrast, some mouse models exhibiting repetitive behaviors do not show anxiety-like behaviors or are not reported in some cases. Mouse models including mutations in CNTNAP2, neuroligin1, the oxytocin receptor, and 16p11.2 chromosomal deletions do not display anxiety behaviors or are not reported in some studies (Peñagarikano et al., 2011; Crawley, 2012; Kazdoba et al., 2016). Thus, future studies are required to elucidate the anxiety phenotype along with the repetitive behavior in different rodent models of ASD.

Acute and chronic stress plays a role in alterations of grooming activity (Katz and Roth, 1979; Fentress, 1988; Kalueff and Tuohimaa, 2004b; Komorowska and Pellis, 2004). For instance, C57BL/6J male mice following chronic social defeat stressors, display disorganized cephalo-caudal grooming patterning and induces anxiety (Veenema et al., 2003; Kinsey et al., 2007; Denmark et al., 2010). Additionally, Wistar rats exposed to the lightbox show increased grooming frequency and duration as compared to rats exposed to the dark box. The light-dark paradigm helps in assessing stress levels in rats via counting the number of defecation boli and urination spots, indicating more anxiety in rats exposed to the lightbox. This may suggest that stress and anxiety may affect grooming activity and its microstructure in rodents (Kalueff and Tuohimaa, 2005b, 2004b). Surprisingly, some inbred mouse strains demonstrate high or low grooming in response to anxiety. The BALB/c mice show increased grooming compared to 129S1 mice. The high grooming in BALB/c mice may correlate with increased anxiety as assessed by high defecation boli scores, one of the stress markers in rodents. In contrast, 129S1 mice show low-grooming and high anxiety levels, indicating that different rodent strains exhibit variation in anxiety-induced behaviors (Kalueff and Tuohimaa, 2004a, 2005a). Anxiolytics like bupropion (noradrenaline and dopamine reuptake inhibitor), fluvoxamine (SSRI), diazepam (benzodiazepine), and imipramine (tricyclic antidepressant) decreased marble burying and digging behavior in mice (Hayashi et al., 2010). Further, minocycline ameliorates marble-burying behavior and correlates with proper dendritic spines maturation in Fmr1 KO mice (Dansie et al., 2013). Studies on marble-burying are controversial as some indicate that marble-burying correlates with anxiety whereas others indicate that it reflects repetitive digging (Njung’e and Handley, 1991; Thomas et al., 2009; Taylor et al., 2017; de Brouwer et al., 2019). Minocycline also alleviates aberrant grooming behavior and modulates hippocampal GABA levels in rats (Zhang et al., 2019).

Neuropsychiatric and neurodevelopmental disorders including autism, OCD, schizophrenia, and anxiety share some symptoms and overlap in common pathological genes, circuits, and mechanisms (Shavitt et al., 2006; Kalueff and Nutt, 2007; Kalueff et al., 2008; Szechtman et al., 2017). For instance, GABAergic activity alterations are associated with anxiety, depression, and autistic phenotypes, indicating common underlying neural pathology (Persico and Bourgeron, 2006; Kalueff and Nutt, 2007). Altered GABA receptor activity by anxiolytic (GABA enhancing) and anxiogenic (GABA inhibiting) drugs correlates with a decrease and increase in stress-induced grooming behavior. This may indicate that these drugs regulate the strength of the anxiogenic stimuli perception and grooming behavior (Kalueff and Tuohimaa, 2005c; Nin et al., 2012; Xu et al., 2012; Kalueff et al., 2016). Similarly, BDNF and serotonin transporter (SERT) gene has been linked to cognitive deficits, anxiety, depression, schizophrenia, OCD, and autism (Devlin et al., 2005; Hu et al., 2006; Kaufman et al., 2006; Kalueff et al., 2007; Kas et al., 2007; Moy and Nadler, 2008). Rodents manifest heightened grooming behavior in response to changes in the environment by stressful and/or anxiogenic stimuli (Gispen and Isaacson, 1981; Florijn et al., 1993; Gargiulo and Donoso, 1996). Dopaminergic activity in the basal ganglia pathways likely mediates the stress-coping grooming behavior (Spruijt et al., 1986, 1992; Cools et al., 1988; Kametani, 1988; Reis-Silva et al., 2019). Anxiety-like behaviors correlate with decreased dopamine release in PFC, substantia nigra, and amygdala of rats spending more time self-grooming induced by stress on exposure to the elevated plus-maze (EPM). This suggests that self-grooming is associated with reward systems and may be reflective of de-arousal activity instead of a direct response to anxiety (Homberg et al., 2002). Additionally, serotonin plays a role in regulating stress-coping behavior such as self-grooming (Houwing et al., 2019). Hence, rodent grooming may represent one method for stress reduction or de-arousal, instead of directly involved in the stress response (Estanislau et al., 2013, 2019).

Also, several common brain regions have been associated with anxiety and repetitive behavioral disorders, particularly the amygdala and PFC. For instance, muscimol (GABA agonist) infusion into the basolateral nucleus of the amygdala and PFC decreases anxiety in rats (Shah et al., 2004; Bueno et al., 2005). Intriguingly, muscimol injection into BNST (extended amygdala), a region that regulates innate fear responses leads to decreased self-grooming behavior in rats (Xu et al., 2012). Additionally, GABAergic neurons in the MeApD region reduce self-grooming behavior (Hong et al., 2014). Further, injections of GABA-A receptor antagonist bicuculline into the basolateral amygdala increases anxiety in rats (Sajdyk and Shekhar, 2000). In the MeApD region, glutamatergic neurons promote stereotypic self-grooming (Hong et al., 2014). Alterations in GABA, serotonin, kainate, and glutamate receptor densities in various amygdala nuclei correlate with anxiety-like behavior in some inbred mouse strains (Yilmazer-Hanke et al., 2003; Caldji et al., 2004). Amygdala stimulation leads to increases in anxiety and facilitates compulsive behaviors (McGrath et al., 1999). In the case of OCD, basolateral amygdala projections to medial PFC modulate repetitive checking behavior in rodents (Sun et al., 2019). One of the brain regions involved in stress coping responses, the periaqueductal gray (PAG) and its pathways, influences self-grooming behavior (Bandler et al., 2000). Alteration in striatal neurons, CeA and mPFC projections to the PAG region may affect self-grooming behavior (Spruijt et al., 1992; Floyd et al., 2000). Increased expression of c-fos is observed in the hippocampus, hypothalamus, PFC after administration of anxiogenic drugs, and hypothalamic injection of GABAergic anxiolytic drugs reduces anxiety in rats (Jardim and Guimarães, 2001; Singewald et al., 2003). Hence, regulated GABAergic activity and consequent excitatory neurotransmission in these brain regions are critical for the modulation of anxiety and repetitive behaviors, indicating overlapping circuits in anxiety and repetitive behaviors.

However, further studies are required to ascertain regional and circuit differences between anxiety-induced and repetitive self-grooming behavior. Investigations of animal models displaying both anxiety and repetitive behavior simultaneously or induction of one disorder by another will help in providing innovative insight into the common and specific neural alterations underlying these disorders.



SUMMARY

Animal models of neuropsychiatric and neurodevelopmental disorders such as autism have provided relevant knowledge on the neuronal circuitry and receptor targets implicated in the etiology and pathophysiology of repetitive behaviors. Several brain regions and neural circuits including cortico-basal ganglia-thalamic circuits, limbic circuits, prefrontal cortex, cerebellum, hypothalamus, and striatum are involved in the regulation of core autistic behaviors. Genetic mutations and environmental risk factors resulting in the presentation of repetitive behaviors in rodent models involve multiple cellular, molecular, and network factors. The majority of ASD alterations involve excitatory glutamatergic, inhibitory GABAergic, serotonergic and dopaminergic neurons, receptors, neurotransmitters, neuronal migration, and spine densities resulting in changes in signaling pathways and synaptic activity which may converge on common neural circuits (Golden et al., 2018).

Genome-wide association studies (GWAS) have indicated various ASD risk genes including neuronal cell adhesion molecules (neurexins, neuroligins, CNTNAP), postsynaptic scaffolding proteins (Shanks, SAPAP), neurotransmitter signaling and trafficking (Glutamate, GABA, EphA3), and molecules involved in protein synthesis in the brain (Fmr1, TSC, MeCP2) (Stearns et al., 2007; Tabuchi et al., 2007; Hung et al., 2008; Samaco et al., 2008; Etherton et al., 2009; Radyushkin et al., 2009; Peñagarikano et al., 2011; Peça et al., 2011; Silverman et al., 2011; Casey et al., 2012; Eadie et al., 2012; Schmeisser et al., 2012; Grayton et al., 2013; Monteiro and Feng, 2017; Wang et al., 2017; Zerbi et al., 2018). Many of the autism risk genes encode for proteins involved in excitatory glutamatergic signaling, converging at excitatory synapses (Peça et al., 2011; Qiu et al., 2012). For instance, Shank3 forms a scaffolding complex comprised of SAPAP that also interconnects with ephrins/Ephs and neurexin/neuroligin complexes (Qiu et al., 2012). This suggests that alterations in these molecules may converge on common synaptic and circuit mechanisms underlying autistic behavioral phenotypes. Understanding the mechanisms by which these factors affect neuronal circuits will provide insight into relevant targets of sensorimotor repetitive behaviors.

Although ASD etiological heterogeneity leads to complex and sometimes divergent behavioral outcomes in affected populations, a large literature exists, including neuroimaging studies, that have determined the crucial role of cortico-basal ganglia and limbic circuit alterations in mediating stereotypic behaviors. Altogether, common neural modifications in specific pathways and neural circuits lead to the emergence of repetitive behaviors in ASD. Inconsistencies in some studies and factors influencing generality of the repetitive behavioral findings may be related to sample, environment, and experimental heterogeneity. Future research integrating disparate findings hold immense potential to ascertain the involvement of common neural changes converging at the level of circuit alterations in neurodevelopmental disorders. More detailed work with additional animal models is required to dissect the molecular and neuroanatomical alterations in other pathways and brain regions implicated in repetitive behavioral phenotypes, to identify potential targets and treatment strategies for attenuating repetitive behaviors in affected individuals. Finally, early interventions for repetitive behaviors hold great promise for improving the quality of life for affected individuals.



FUTURE DIRECTIONS AND LIMITATIONS

The scope of this review is narrowed to neural mechanisms underlying lower-order repetitive behaviors in rodent models of ASD. Most of the literature in rodent models of ASD discusses lower-order stereotyped sensory-motor behaviors. However, some studies address higher-order insistence on sameness behaviors, such as circumscribed interests and resistance to change in a few rodent models. Future studies are required to evaluate common underlying molecular and circuit alterations in repetitive and restricted behaviors in autism. Further, characterization of both repetitive motor behaviors and insistence on sameness behaviors should be performed in different rodent models of ASD and other neurodevelopmental disorders to increase their translational value and to identify overlapping neurobiological alterations underlying these behaviors.

Although the studies reviewed here contribute to our understanding of the underlying neural alterations in rodent models displaying robust repetitive behaviors, the relation of such alterations with repetitive behavioral expression is unresolved. A focus of most investigations has been on the pathophysiology of mutations resulting in the expression of general ASD phenotype and rescuing the core ASD behavioral deficits rather than focusing exclusively on repetitive behaviors. Future findings targeting specific brain regions and focusing on neural alterations elemental to repetitive behaviors solely, while controlling for other behaviors, will provide a better understanding of how individual genetic and environmental changes converge at molecular and circuit levels to mediate repetitive behaviors. Alternatively, the generation of mutant rodent models with a targeted knockout of susceptibility genes in circumscribed brain regions may help in clarifying particular behavioral phenotypes. For instance, in NL3 mice, inhibition is elevated in the somatosensory cortex, whereas AMPAR mediated excitation is heightened in the CA1 hippocampal region (Etherton et al., 2011). Consequently, the specific neural circuitry associated with particular cognitive and behavioral components in ASD remains to be fully dissected. Regardless of these challenges, common circuits and molecular alterations provide a basis for understanding ASD etiological factors and behavioral abnormalities.

Also, very few studies have incorporated different methodological approaches to elucidate changes fundamental in mediating repetitive behaviors in rodents (Squillace et al., 2014; Wöhr et al., 2015; Sforazzini et al., 2016). A combination of different methodological approaches such as neuroimaging, histological and molecular analysis may provide a more comprehensive understanding of alterations in specific brain regions and their neural projections primarily mediating repetitive behaviors in rodent models of ASD. Also, future studies incorporating both male and female rodent models may help in elucidating any gender differences in brain structure and function associated with repetitive behaviors. Another important requirement is to evaluate molecular and circuit modifications fundamental to repetitive behaviors in other neurodevelopmental and neuropsychiatric disorders. Corroboration of findings across varied rodent models displaying repetitive behaviors may illuminate similar and dissimilar changes in brain pathways underlying these disorders.

A somewhat underexplored therapeutic avenue in rodent models is environmental enrichment (EE), which attenuates the repetitive behaviors in models of ASD. The EE reduces repetitive behaviors in deer mice by elevating indirect basal ganglia pathway function via increasing neuronal activation and dendritic spine densities in the subthalamic nucleus (STN) and globus pallidus (GP) (Bechard et al., 2016). However, mechanisms by which environmental enrichment alters repetitive behavior and correlations with structural, functional, and molecular modifications in brain regions demand a detailed investigation. Also, investigations of the effectiveness of environmental enrichment in attenuating repetitive behaviors should be extended to different rodent models of repetitive behavioral and neurodevelopmental disorders. This may help in probing the efficacy of environmental enrichment concerning repetitive behaviors.

Pharmacologically, systemic and local applications of glutamatergic inhibitors, GABAergic, serotonergic and dopaminergic agents have varied effects in different brain regions and circuits mediating repetitive behaviors. However, it remains to be determined whether these agents are applicable for alleviating behaviors beyond lower-order motor stereotypies in rodent models. Further research is required to ascertain if these various receptor agents also play a role in higher-order stereotypies in rodent models. Also, investigating the cross-over effects of these agents in different neural pathways may help to understand the underlying cellular and molecular pathologies concerning repetitive behaviors.

Also, future research studying overlapping or common pathways underlying stress, anxiety, and repetitive behaviors may provide some critical insight into targets directed towards these behavioral domains.

This review summarizes findings on molecular, signaling pathways, circuit, and neuroanatomical alterations in rodent models of ASD displaying robust repetitive behaviors. These findings emphasize important molecular, structural, and functional connectivity changes in brain regions like the prefrontal cortex, basal ganglia structures, limbic areas, and cerebellum, suggesting a major role of cortical-basal ganglia circuits. Besides, signaling pathways involving different neurotransmitters and their receptors such as glutamate, GABA, serotonin, and dopamine are also involved in the pathophysiology of stereotypic motor behaviors. Understanding the hierarchy of changes in different brain regions molecular, structure, function, and connectivity aspects mediating repetitive behaviors in rodent models will provide an important platform for translational study.

Last, comparative research involving human clinical population and animal models of ASD and other neurodevelopmental disorders holds enormous potential for unraveling the underlying neural alterations mediating repetitive behaviors and identifying directed pharmacological and circuit-based targets for treatment interventions.
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Camk2a-Cre mice have been widely used to study the postnatal function of several genes in forebrain projection neurons, including cortical projection neurons (CPNs) and striatal medium-sized spiny neurons (MSNs). We linked heterozygous deletion of TSHZ3/Tshz3 gene to autism spectrum disorder (ASD) and used Camk2a-Cre mice to investigate the postnatal function of Tshz3, which is expressed by CPNs but not MSNs. Recently, single-cell transcriptomics of the adult mouse striatum revealed the expression of Camk2a in interneurons and showed Tshz3 expression in striatal cholinergic interneurons (SCINs), which are attracting increasing interest in the field of ASD. These data and the phenotypic similarity between the mice with Tshz3 haploinsufficiency and Camk2a-Cre-dependent conditional deletion of Tshz3 (Camk2a-cKO) prompted us to better characterize the expression of Tshz3 and the activity of Camk2a-Cre transgene in the striatum. Here, we show that the great majority of Tshz3-expressing cells are SCINs and that all SCINs express Tshz3. Using lineage tracing, we demonstrate that the Camk2a-Cre transgene is expressed in the SCIN lineage where it can efficiently elicit the deletion of the Tshz3-floxed allele. Moreover, transcriptomic and bioinformatic analysis in Camk2a-cKO mice showed dysregulated striatal expression of a number of genes, including genes whose human orthologues are associated with ASD and synaptic signaling. These findings identifying the expression of the Camk2a-Cre transgene in SCINs lineage lead to a reappraisal of the interpretation of experiments using Camk2a-Cre-dependent gene manipulations. They are also useful to decipher the cellular and molecular substrates of the ASD-related behavioral abnormalities observed in Tshz3 mouse models.

Keywords: Camk2a-Cre, TSHZ3, striatal cholinergic interneurons, autism spectrum disorder, Mus musculus


INTRODUCTION

The corticostriatal (CStr) circuitry is critically involved in functions ranging from motor control and habit formation to cognition. Defective development and dysfunction of CStr circuits have been linked to several brain disorders, including Huntington’s disease, Parkinson’s disease, and autism spectrum disorder (ASD) (Shepherd, 2013; Li and Pozzo-Miller, 2020). The striatum receives its main excitatory input from two types of cortical projection neurons (CPNs): intratelencephalic (IT) neurons and pyramidal-tract (PT) neurons. IT and PT neurons that project to the striatum reside mostly in the deep cortical layer (L) 5 (Reiner et al., 2010; Shepherd, 2013). Their primary striatal targets are the medium-sized spiny projection neurons (MSNs) (Sohur et al., 2012), which represent 90–95% of the neurons in the striatum (Gerfen and Surmeier, 2011). The remaining 5–10% of striatal neurons are aspiny interneurons, initially categorized into three main subpopulations, among which one population of striatal cholinergic interneurons (SCINs) (Kawaguchi, 1997). There is growing evidence for a higher diversity of striatal interneurons, based on studies on their developmental origin, gene expression profile, and electrophysiological properties and connectivity. These data define at least 6–7 classes of GABAergic interneurons (Munoz-Manchado et al., 2018; Tepper et al., 2018) and reveal that also SCINs are a heterogeneous population (Ahmed et al., 2019). Though few in number, striatal interneurons, and SCINs in particular, play a key functional role by modulating striatal activity through distinct connections with MSNs and/or other interneurons (Tepper et al., 2018; Abudukeyoumu et al., 2019).

We previously reported in mouse that heterozygous deletion of Tshz3, the gene encoding the transcription factor TSHZ3 (teashirt zinc-finger homeobox family member 3, also known as ZFP537), drives ASD-relevant behavioral abnormalities (Caubit et al., 2016), paralleled by altered transmission and plasticity at CStr synapses. Having shown that Tshz3 is expressed within the CStr circuit in both L5 CPNs and a few striatal cells that are not MSNs (Caubit et al., 2016), we performed conditional Tshz3 deletion using the Camk2a-Cre transgene, which is known to be active in CPNs from postnatal day 2–3 onward (Casanova et al., 2001; Li et al., 2017). We found that it results in a behavioral phenotype similar to Tshz3 heterozygous mice, also associated with altered CStr function (Chabbert et al., 2019). These findings pointed to the CStr pathway as a main player in the ASD syndrome linked to TSHZ3 deficiency. Recently, single-cell RNA sequencing (scRNA-seq) profiling showed that the striatal cells with the highest expression of Tshz3 are SCINs: the levels of Tshz3 transcripts in these cells are comparable to those found in CPNs, whereas they are very low in parvalbumin/tyrosine hydroxylase interneurons and almost null in the other striatal cell populations (Munoz-Manchado et al., 2018; Saunders et al., 2018). scRNA-seq data also revealed that the Camk2a, considered as being expressed in MSNs (von Schimmelmann et al., 2016; Andrade et al., 2017), is also expressed in subpopulations of striatal interneurons (Saunders et al., 2018). Given the phenotypic similarity between the heterozygous and conditional Tshz3 mouse models, and the literature linking dysfunction of striatal circuits (Li and Pozzo-Miller, 2020) and altered cholinergic function to ASD (Karvat and Kimchi, 2014; Rapanelli et al., 2017), here we characterized in SCINs the expression of Tshz3 and the activity of the CamK2a-Cre transgene using genetic lineage tracing (Heffner et al., 2012). Based on our results showing that the majority of SCINs express Tshz3 and the Camk2a-Cre transgene, we characterized the molecular changes in the striatum resulting from Tshz3 deletion using the Camk2a-Cre mice.



RESULTS


The Tshz3 Gene and the Camk2a-Cre Transgene Are Expressed in SCINs

In the adult striatum, there are few TSHZ3-positive cells that are not MSNs (Caubit et al., 2016) and recent transcriptomic analysis of mouse striatum suggested Tshz3 expression in SCINs (Munoz-Manchado et al., 2018; Saunders et al., 2018). To test this hypothesis, we performed double choline acetyltransferase (CHAT) and TSHZ3 immunohistochemistry in wild-type mice, confirming the expression of TSHZ3 in SCINs (Figure 1A). We also confirmed that, as reported in other tissues (Caubit et al., 2008), the expression of the Tshz3lacZ allele in the striatum, revealed by beta-galactosidase (ß-Gal) staining, recapitulates the expression pattern of endogenous TSHZ3: accordingly, the density of TSHZ3-postive neurons in control mice is on the same range of the density of ß-Gal-positive neurons in Tshz3+/lacZ mice (Figures 1B–D). Moreover, these densities are in agreement with those reported in the literature (Matamales et al., 2016). Finally, double CHAT and ß-Gal staining in the striatum (Figures 1D,E) revealed that, in average, 90.4% of TSHZ3-expressing cells are SCINs and, conversely, 98.9% of SCINs co-express TSHZ3.
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FIGURE 1. TSHZ3 is expressed in SCINs. (A) Immunostaining in a control mouse showing the expression of TSHZ3 and CHAT that identifies SCINs. Scale bar, 200 μm. (B) Immunostaining showing the expression of TSHZ3 in a control mouse. Scale bar, 250 μm. (C) Density of TSHZ3-positive (1791 cells in 56.0 mm2 from eight control mice) and ß-Gal-positive (954 cells in 28.1 mm2 from four Tshz3+/LacZ mice) striatal cells (P = 0.5225, Student’s t-test; data are expressed as mean + SEM). (D) Immunostaining showing the expression of ß-Gal (TSHZ3) and CHAT. Scale bar, 500 μm. Framed regions are shown on the right; arrow shows a ß-Gal-positive/CHAT-negative cell; arrowhead shows a CHAT-positive/ß-Gal-negative cell. (E) Percentage of CHAT-positive cells among ß-Gal-positive (TSHZ3+) cells, and vice-versa (12 sections from four Tshz3+/LacZ mice; data are expressed as median with interquartile range). cc, corpus callosum; cx, cerebral cortex; st, striatum. Nuclei in A,B are counterstained with DAPI (blue).


To further characterize the expression of the Camk2a-Cre transgene in the striatum, we performed a lineage tracing experiment by crossing Camk2a-Cre mice (Casanova et al., 2001) with Rosa26-STOP-lacZ mice (Mao et al., 1999). In these Camk2a-Cre;Rosa26-STOP-lacZ mice, the Cre activity resulted in the deletion of the STOP signal enabling lacZ expression in Cre-expressing cells and all their progeny. Accordingly, numerous ß-Gal-immunoreactive cells could be detected in the cerebral cortex and the striatum, consistent with Camk2a expression in CPNs and MSNs (Figure 2A). In addition, CHAT immunostaining showed that the majority (∼80%) of SCINs are also ß-Gal-positive (Figures 2A,B). Therefore, in the CStr circuit, Tshz3 and CamK2a are co-expressed in CPNs and SCINs.
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FIGURE 2. Expression of Camk2a-Cre in SCINs. (A) Coronal brain section from a Camk2a-Cre;Rosa26-stop-LacZ mouse stained for ß-Gal (TSHZ3) and CHAT. Scale bar, 200 μm. The boxed region is magnified to show ß-Gal/CHAT double positive SCINs (arrowheads). Scale bar, 100 μm. (B) Distribution of ß-Gal-negative and ß-Gal-positive cells among CHAT-positive cells (20 sections from three mice per genotype; ****P < 0.0001, Student’s t-test; data are expressed as means + SEM). cx, cerebral cortex; st, striatum. Nuclei were counterstained with DAPI (blue).




The Camk2a-Cre Efficiently Deletes the Tshz3-Floxed Allele in SCINs

We then examined whether Camk2a-Cre expression by SCINs can drive the deletion of Tshz3. To address this issue, Camk2a-Cre mice were crossed with Tshz3flox/flox mice to obtain Tshz3 conditional knock-out (Camk2a-cKO) mice. In this model we found that both the number of TSHZ3-positive cells (Figures 3A,B) and the levels of Tshz3 mRNA (Figure 3C) in the striatum are dramatically reduced, while the density of CHAT-positive neurons is unchanged compared to control (Figures 3D,E). The remaining TSHZ3-positive cells do not exhibit a specific spatial distribution (data not shown).
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FIGURE 3. Loss of Tshz3 in SCINs in Camk2a-cKO mice. (A) Coronal brain sections from control and Camk2a-cKO mice stained for TSHZ3. Scale bar, 500 μm. (B) Densities of TSHZ3-positive cells in the striatum of control and Camk2a-cKO mice (898 cells in 28.1 mm2 and 95 cells in 26.3 mm2 for control and Camk2a-cKO, respectively, from three mice per genotype; ****P < 0.0001, Mann–Whitney test). (C) Tshz3 mRNA levels analyzed by RNA-seq in control and Camk2a-cKO striata (****Padj < 1.00E-14, Log2FC = –2.26; data expressed as mean + SEM). (D) Coronal brain sections from control and Camk2a-cKO mice stained for CHAT. Scale bar, 300 μm (E) Densities of CHAT-positive SCINs in control and Camk2a-cKO mice (758 cells in 23.6 mm2 and 629 cells in 17.1 mm2 for control and Camk2a-cKO, respectively, from three mice per genotype; P = 0.1014, Mann–Whitney test). Cell counts in B,E were performed on the whole striatal surface. Data in B,E are expressed as median with interquartile range. cc, corpus callosum; cx, cerebral cortex; st, striatum.




Genes Differentially Expressed in the Striatum of Camk2a-cKO Mice Are Associated With ASD

Analysis of the RNA-seq data from the striatum of Camk2a-cKO mice (Supplementary Table 1A) revealed 210 differentially expressed genes (DEGs) with increased expression and 515 DEGs with decreased expression (false discovery rate cut-off = 0.075, log2 fold change > |0.25|) (Supplementary Table 1B). Tshz3 itself is the most strongly downregulated gene. Comparison of the DEGs with scRNA-seq analysis of striatal interneurons (Munoz-Manchado et al., 2018) identified thirteen DEGs (Bad, Dnpep, Fstl1, Galnt18, Hdac5, Id3, Mrpl54, Ncaph2, Ntrk1, Osbpl6, Sez6l, Tnrc18, and Tshz3) expressed in SCINs. To further characterize the DEGs, we performed functional and enrichment analyses using EnrichR (Kuleshov et al., 2016) and g:Profiler (Raudvere et al., 2019). These analyses confirmed enrichment for genes expressed in the striatum (Supplementary Tables 1C–E) and revealed KEGG pathways mainly involved in mitochondrial function and neurological disorders (Figure 4A and Supplementary Tables 1F–H). We quantified the representation of 36 mitochondrial processes within the DEGs, using the MitoXplorer pipeline (Yim et al., 2020). This analysis revealed that DEGs are distributed in 31 mitochondrial processes, especially within oxidative phosphorylation, translation as well as replication and transcription (Supplementary Figure 1). The KEGG pathway enrichment analysis also identified the association of DEGs in three pathways (glutamatergic synapse, Wnt signaling, and mTOR signaling) associated with ASD (BRITE H02111) (Supplementary Tables 1F,G). We also performed enrichment analysis on phenotypes predefined by MGI (Mouse Genome Informatics mammalian phenotypes) and found that DEGs are significantly enriched with phenotypes of impaired coordination and hyperactivity (adjusted P-value < 0.05) (Supplementary Table 1I). Comparing the 718 human orthologs (Supplementary Table 1J) of the 725 DEGs with the SFARI autism gene list (Abrahams et al., 2013) identified 54 genes (Supplementary Table 1K). Almost half of these genes (25/54 = 46%) belong to the high confidence ASD candidates (SFARI categories 1 and 2). Amongst the ASD candidate gene set, the most significant KEGG pathways and biological processes are related to synaptic signaling (Figure 4B and Supplementary Table 2). We then proceeded to identify the DEGs present in both the striatum (725 DEGs; this study) and the cerebral cortex (1025 DEGs) (Chabbert et al., 2019) of Camk2a-cKO mice. This analysis identified 235 genes regulated in these two brain regions (Supplementary Table 3A), showing that most of the genes regulated by Tshz3 are unique to the striatum or the cerebral cortex, suggesting cell-context specificity. Indeed, 196 genes regulated in both these brain structures are differentially responsive (activated in one brain part and repressed in the other, or vice versa), showing that even genes regulated by TSHZ3 both in the striatum and the cerebral cortex can be controlled by distinct mechanisms (Supplementary Table 3B). Comparing the 233 human orthologs (Supplementary Table 3C) of the 235 DEGs with SFARI identifies 15 genes including TSHZ3 (Supplementary Table 3D). Last, functional and enrichment analysis using EnrichR reveals pathways involved in mitochondrial function and neurological disorders (Supplementary Tables 3E–H).
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FIGURE 4. Enrichment analysis using EnrichR of DEGs between Camk2a-cKO and control. The bar plots show the top 10 terms selected according to their P-value. All enrichment results are also shown in Supplementary Tables 2, 3. (A) Analysis of all the DEGs. Highest-scoring is found for: nucleus accumbens, which is part of the ventral striatum, in the mouse gene atlas; terms related to striatum in the Allen brain atlas UP category; impaired coordination, which is commonly associated with ASD, in the MGI mammalian phenotype database; neurological disorders in the crowd-based DisGeNet. (B) Analysis of the 54 genes overlapping between the SFARI gene list and human orthologs of our list of DEGs. Highest scoring is found: in DisGeNet for autistic disorder (to note the strong overlap between these terms and those issued from the DisGeNet analysis of the overall set of DEGs); in Gene Ontology Biological Process for terms related to synaptic transmission and membrane potential; in human WikiPathways, for terms related to synaptic signaling pathways, including pathways associated with ASD.




DISCUSSION

As main findings, this study show that (i) all SCINs express TSHZ3 and the main striatal population expressing TSHZ3 are SCINs; (ii) the Camk2a-Cre transgene is expressed in the SCIN lineage; (iii) conditional deletion of Tshz3 using the Camk2a-Cre mediates efficient Tshz3 deletion in SCINs and drives changes in the expression of 725 genes in the striatum, among which 196 are also differentially expressed in the cerebral cortex, suggesting profound alteration of striatal function. These results call to more caution in the interpretation of experiments using Camk2a-Cre-dependent gene manipulations and point to SCINs as potential players in the ASD-relevant behavioral abnormalities triggered by Tshz3 loss in both the heterozygous deletion model (Caubit et al., 2016) and the conditional model using the Camk2a-Cre transgene (Chabbert et al., 2019).

Unreported recombinase activity using Cre driver lines can be due to ectopic expression of the Cre transgene but also to unappreciated expression of the driver gene itself (Heffner et al., 2012). The Camk2a gene has been reported to be expressed postnatally (Bayer et al., 1999) in specific brain regions, including the cerebral cortex and the striatum (Casanova et al., 2001). While the Camk2a-Cre transgene has been extensively used to study the postnatal function of genes highly expressed in projection neurons of these regions, as CPNs (Li et al., 2017) and MSNs (von Schimmelmann et al., 2016; Andrade et al., 2017), its expression and/or activity has not been specifically examined in striatal interneurons. To date, expression profiles available in gene expression atlas [i.e., Allen Brain Atlas (Lein et al., 2007)] do not provide information on the striatal cells expressing CamK2a and it is only recently that scRNA-seq reported the expression of CamK2a not only in MSNs but also in striatal interneurons (Saunders et al., 2018). In this context, genetic lineage tracing represents an efficient way to determine which cellular types express or have once expressed the CamK2a-Cre transgene whatever its developmental/postnatal expression profile. As MSNs represent 90% of all striatal neurons, expression of the reporter gene in a specific interneuron class, such as SCINs that constitute less than 2% of the total striatal population, cannot be addressed unless a specific marker for the latter is used. Here, we reveal the expression of the Camk2a-Cre transgene in the SCIN lineage by co-immunostaining for the reporter ß-Gal and for CHAT in the striatum of Camk2a-Cre;Rosa26-STOP-lacZ mice. The ß-Gal reporter is not detected in the whole SCIN population but in ∼80% of them. This could be due to methodological limitations, such as inefficient excision of the STOP cassette, and/or reflect the diversity of these interneurons recently emphasized by studies of their developmental origin and birthdate (Allaway and Machold, 2017), molecular and electrophysiological profile, and connectivity (Ahmed et al., 2019). In addition, our results call for a better characterization of the expression pattern of the CamK2a-Cre transgene, critical for the interpretation of the results generated using this Cre line. In particular, they raise the question of the contribution of SCINs to the phenotypes observed in mouse models of Tshz3-deficiency. For instance, we show that the Tshz3 gene associated with autism (Caubit et al., 2016; Chabbert et al., 2019), known to be expressed in CPNs, is also expressed in SCINs. Moreover, expression of Cre allows efficient recombination of the Tshz3-floxed allele in SCINs without affecting their viability, as previously shown for CPNs. Therefore, Tshz3 deletion in both CPNs and SCINs might contribute to altered functioning of the CStr circuitry in the heterozygous Tshz3 as well as in the conditional Camk2a-cKO mouse models. It is worth noting that, although in low number, SCINs are tonically active neurons that represent the main source of striatal cholinergic tone, and act as key regulators of striatal function in health and diseases. Despite evidence for the role of the cholinergic system in the etiology of ASD (Karvat and Kimchi, 2014), the specific involvement of SCINs remains poorly investigated. The findings of this study raise the question of the respective contribution of SCINs and CPNs to the TSHZ3-related ASD phenotype.

In addition, we found 725 DEGs in the striatum of Camk2a-cKO mice. These gene expression changes might occur in part in SCINs, in particular for the DEGs reported as specific for these interneurons (Munoz-Manchado et al., 2018) as well as in the few Tshz3-positive/CHAT-negative striatal cells, in CPN axons (Kim and Jung, 2020) and, in a non-cell autonomous way, in other striatal components. Indeed, we previously reported that Tshz3 deletion results in altered transmission and plasticity at corticostriatal synapses (Chabbert et al., 2019), which could in turn affect gene expression in their striatal targets (mainly MSNs). Tshz3 loss in SCINs might also alter their morphofunctional properties and thereby indirectly impact gene expression in their striatal targets. Regarding the pathways dysregulated in the striatum of Camk2a-cKO mice, enrichment analysis highlights synaptic activity and mitochondrial function pathways, whose alterations are suggested to contribute to ASD development (Citrigno et al., 2020; Rojas-Charry et al., 2021). In the same line, testing for enrichment of MGI mammalian phenotypes associated with the DEGs identified impaired coordination and hyperactivity, two behaviors that frequently accompany ASD. Similarly, enrichment for Elsevier pathway collection identified DEGs involved in epilepsy, which is found at higher rates in children with ASD than the general population. In conclusion, here we show that conditional Tshz3 deletion using the Camk2a-Cre transgene targets not only CPNs (Casanova et al., 2001; Li et al., 2017) but, unexpectedly, also SCINs, triggering dramatic changes in striatal gene expression. These data call for possible reconsideration of previous findings obtained using Camk2a-Cre-dependent gene deletion, and for careful characterization of transgenic Cre mouse lines.



MATERIALS AND METHODS


Mouse Strains and Genotyping

The Tshz3lacZ, Tshz3flox/flox, Camk2a-Cre [CaMK2a-iCre BAC (CKC)] and Rosa26-STOP-lacZ mouse lines have been described previously (Mao et al., 1999; Casanova et al., 2001; Caubit et al., 2008; Chabbert et al., 2019). Male heterozygous Camk2a-Cre mice were crossed with female Tshz3flox/flox to obtain Tshz3 conditional knock-out (cKO) mice (Camk2a-cKO) (Casanova et al., 2001). Littermate Camk2a-Cre–/– mice were used as control. Animals carrying the Tshz3flox allele and Tshz3Δ allele were genotyped as described previously (Chabbert et al., 2019).



Immunohistochemistry and Histology

All stains were performed on coronal 40 μm cryostat brain sections of postnatal day (P) 28–34 mice, cut at the level of the rostral striatum, from bregma 0 to +1.18 mm, AP (Paxinos and Franklin, 2001). For TSHZ3 immunostaining, brains were immediately removed after euthanasia and frozen in dry ice until use; before incubation with the antibodies, sections were fixed in 4% paraformaldehyde (PFA) for 15 min, then washed twice for 5 min in PBS. For TSHZ3 and CHAT double immunodetection, mice were anesthetized (ketamine + xylazine, 100 + 10 mg/kg, respectively, i.p.) and transcardially perfused with PBS. Brains were immediately dissected out, post-fixed by immersion 2 h in 4% paraformaldehyde in PBS, placed in 30% sucrose in PBS overnight and frozen in dry ice until sectioning. For the other stains, mice under anesthesia were transcardially perfused with 4% PFA in PBS. Brains were removed and post-fixed in 4% PFA for at least 2 h before cryostat sectioning. For all stains, brain sections were washed with PBS and blocked in PBST (0.3% Triton X-100 in 1xPBS) with 5% BSA for 1 h at room temperature. Sections were then incubated in primary antibody diluted in blocking solution (PBST, 1% BSA) overnight at 4°C with the following primary antibodies: goat anti-CHAT (1:100, Millipore, AB144P), rabbit anti-ß-Galactosidase (1:1,000, Cappel, 599762) and guinea-pig anti-TSHZ3 (1:2,000; ref. Caubit et al., 2008). Sections were then washed with PBS three times and incubated overnight at 4°C in secondary antibodies diluted 1:1,000 in blocking solution: donkey anti-guinea pig Cy3 and donkey anti-goat Cy3 (Jackson ImmunoResearch Laboratories); donkey anti-goat Alexa Fluor 488, Donkey anti-Goat AlexaFluor 568 and donkey anti-rabbit Alexa Fluor 488 (Life Technologies). Sections were stained using a 300 μM DAPI intermediate solution (1:1,000, Molecular Probes, Cat# B34650). Sections were then washed with PBS three times, mounted on Superfrost Plus slides (Fischer Scientific) and coverslipped for imaging on a laser scanning confocal microscope (Zeiss LSM780 with Quasar detection module). Spectral detection bandwidths (nm) were set at 411-473 for DAPI, 498-568 for GFP and 568-638 for Cy3; pinhole was set to 1 Airy unit. Unbiased counting of CHAT-, TSHZ3-, and ß-Gal-positive neurons were done on the whole surface the dorsal striatum (excluding the nucleus accumbens) of confocal images using ImageJ software (see figure legends for details). Images were assembled using Photoshop 21.2.3. Statistical analysis was performed using GraphPad Prism 7.05. Data were analyzed by unpaired Student’s t-test or by Mann–Whitney test when they passed or not, respectively, the D’Agostino–Pearson normality test. A P-value < 0.001 was considered significant.



RNA Sequencing Analysis

Three independent replicates, each containing the dorsal striata from 3 to 4 Camk2a-cKO mice and littermate controls (P34), were prepared for analysis. RNA and cDNA preparation, as well as cDNA sequencing, were performed as previously reported (Chabbert et al., 2019). We used STAR (Dobin et al., 2013) with standard parameters to align RNA-seq reads to the latest release of the mouse genome (mm10) downloaded from UCSC (as of March 2020). Read counting was performed using featureCounts (Liao et al., 2014). One replicate of control and one of Camk2a-cKO were discarded before further analysis due to inconsistent clustering during principal component analysis. Differential expression analysis was done using DESeq2 (Love et al., 2014). DESeq2 results, as well as the list of DEGs used for enrichment analysis and KEGG pathway mapping (representing genes with a FDR ≤ 0.075 and a fold change of 1.25 (log2FC: |0.25|), are shown in Supplementary Table 1B. Enrichment analysis was done using EnrichR (Chen et al., 2013; Kuleshov et al., 2016).



Quantitative RT-qPCR

Total RNA from control and Tshz3 mutant (P28) cerebral cortex was prepared using Rneasy Plus Universal Mini Kit gDNA eliminator (QiagenTM) and first strand cDNA was synthesized using iScript Reverse Transcription Supermix kit (Bio-RADTM). Real-time quantitative PCR (RT-qPCR) was performed on a CFX96 qPCR detection system (Bio-RADTM) using SYBR® GreenERTM qPCR SuperMixes (Life TechnologiesTM). RT-qPCR conditions: 40 cycles of 95°C for 15 s and 60°C for 60 s. Analyses were performed in triplicate. Transcript levels were first normalized to the housekeeping gene Gapdh. Primer sequences used for RT-qPCR: Gapdh Forward: 5′-GTCTCCTGCGACTTCAACAGCA-3′; Gapdh Reverse: 5′-ACCACCCTGTTGCTGTAGCCGT-3′. Tshz3 Forward: 5′-CACTCCTTCCAGCATCTCTGAG-3′; Tshz3 Reverse: 5′-TAGCAGGTGCTGAGGATTCCAG-3′. Statistical analysis was performed by unpaired Student’s t-tests by using the qbasePLUS software version 2 (Biogazelle). A P-value < 0.05 was considered significant.
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An Autism-Associated de novo Mutation in GluN2B Destabilizes Growing Dendrites by Promoting Retraction and Pruning
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Mutations in GRIN2B, which encodes the GluN2B subunit of NMDA receptors, lead to autism spectrum disorders (ASD), but the pathophysiological mechanisms remain unclear. Recently, we showed that a GluN2B variant that is associated with severe ASD (GluN2B724t) impairs dendrite morphogenesis. To determine which aspects of dendrite growth are affected by GluN2B724t, we investigated the dynamics of dendrite growth and branching in rat neocortical neurons using time-lapse imaging. GluN2B724t expression shifted branch motility toward retraction and away from extension. GluN2B724t and wild-type neurons formed new branches at similar rates, but mutant neurons exhibited increased pruning of dendritic branches. The observed changes in dynamics resulted in nearly complete elimination of the net expansion of arbor size and complexity that is normally observed during this developmental period. These data demonstrate that ASD-associated mutant GluN2B interferes with dendrite morphogenesis by reducing rates of outgrowth while promoting retraction and subsequent pruning. Because mutant dendrites remain motile and capable of growth, it is possible that reducing pruning or promoting dendrite stabilization could overcome dendrite arbor defects associated with GRIN2B mutations.

Keywords: autism, neurodevelopment, GluN2B (NMDA receptor subunit NR2B), dendrite development, GRIN2B gene, NMDA receptor, live imaging


INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder (NDD) characterized by restricted, repetitive behavior, and social deficits. A small number of genes have been identified as having a high probability of bearing mutations that cause sporadic ASD (Abrahams et al., 2013). One of these high-confidence genes is GRIN2B. GRIN2B encodes the GluN2B subunit of NMDA receptors, ionotropic glutamate receptors that are essential for plasticity and brain development (Sanz-Clemente et al., 2013). Recently, GRIN2B has been identified as 1 of the 10 genes most likely to be key nodes that may control the larger network of autism risk genes (Fan et al., 2020). Homozygous GRIN2B knockout mice die perinatally, indicating that GluN2B is required for neural development (Kutsuwada et al., 1996).

Many GRIN2B mutations have been identified among individuals with ASD and other NDDs (Myers et al., 2011; O’Roak et al., 2011, 2012, 2014; Tarabeux et al., 2011; Talkowski et al., 2012; Yoo et al., 2012; De Rubeis et al., 2014; Iossifov et al., 2014; Kenny et al., 2014; Pan et al., 2015; Sanders et al., 2015; Takasaki et al., 2016; Platzer et al., 2017). However, it is not yet understood how GRIN2B mutations lead to pathogenesis of NDDs. Studies in non-neuronal cells have begun evaluating how GRIN2B mutations affect NMDAR function by examining channel properties and subcellular trafficking (Swanger et al., 2016; Liu et al., 2017; Bell et al., 2018; Fedele et al., 2018; Vyklicky et al., 2018; Li et al., 2019; Sceniak et al., 2019), but only a few GRIN2B mutations have been studied in neurons (Liu et al., 2017; Sceniak et al., 2019).

The first ASD-associated GRIN2B mutation to be discovered was a de novo splice site mutation (O’Roak et al., 2011) that is predicted to truncate GluN2B within the second extracellular loop (S2), which forms part of the agonist binding domain (ABD). In addition to this variant (GluN2B724t), four more GRIN2B mutations have been identified among individuals with ASD or intellectual disability that also lead to truncation within S2 (Endele et al., 2010; Kenny et al., 2014; Stessman et al., 2017). Furthermore, 32 protein-altering mutations occur in the ABD, 20 of which are within S2 (Swanger et al., 2016; Platzer et al., 2017; Stessman et al., 2017).

We recently demonstrated that GluN2B724t expression causes a striking impairment in dendrite morphogenesis, leading to reduced dendrite length and complexity (Sceniak et al., 2019). This reduction in dendritic arborization was associated with a lack of mutant subunit surface trafficking and distribution into dendrites. Further, dendritic spine number was likely decreased by the presence of GluN2B724t since spine density was unaltered (Sceniak et al., 2019). Dendrite morphology directly affects the extent of synaptic connectivity, the number of potential synaptic partners a neuron interacts with, and dendritic filtering of postsynaptic responses (Ledda and Paratcha, 2017; Martínez-Cerdeño, 2017). Therefore, restricting dendrite length and branching is expected to change what information is received by a neuron, as well as how that information is processed by a neuron, consistent with the hypothesis that abnormal dendrite morphogenesis leads to symptoms of ASD and ID.

Dendritic arbors are established through repeated cycles of formation of new branches followed by their elongation (Lohmann and Wong, 2005; Yoong et al., 2019). Ultimately, nascent branches are either stabilized or retracted and eliminated. Distinct molecular mechanisms underlie different aspects of dendrite growth (Vaillant et al., 2002; Baumert et al., 2020; Wilson et al., 2020). For example, glutamate-mediated signaling through mGluR5 receptors leads to Ckd5-mediated phosphorylation of delta-catenin. Interestingly, unphosphorylated delta-catenin promotes extension, whereas phosphorylated delta-catenin favors branching over extension (Baumert et al., 2020). As a result, altering glutamate signaling can shift growth from extension to branching. Therefore, it is important to define which features of dendrite growth are impaired in ASD. Here, we sought to address this issue by studying the dynamics of dendrite elongation, branching, stabilization, and pruning. Through live imaging of developing cortical neurons, we found that GluN2B724t impeded dendrite development by reducing elongation and promoting dendritic pruning. These data suggest that ASD mutations contribute to ASD pathophysiology by shifting the dynamics of dendrite growth away from extension and toward branch elimination, thereby reducing dendritic arbor size and complexity and disrupting normal circuit development and function. Based on the observations presented here, it will be important to explore whether promoting dendrite outgrowth and branch stabilization can reverse the dendrite maldevelopment caused by mutant GluN2B.



RESULTS

To investigate how ASD-associated mutations restrict dendritic arbor size and complexity, we used live, time-lapse confocal microscopy to examine the dynamics of dendrite growth. We focused on a mutation that is predicted to truncate GluN2B in the S2 lobe of the ABD at amino acid 724 (GluN2B724t; O’Roak et al., 2011; Figure 1A). Rat neurons were transfected with either GluN2BWT or GluN2B724t tagged with GFP, along with tdTomato to fill dendrites. Imaging was performed at 5–9 days in vitro (DIV), a period of highly active dendrite growth and branching. Consistent with our previous observations in more mature neurons (Sceniak et al., 2019), 5–9 DIV neurons expressing GluN2B724t appeared to have fewer, as well as shorter, dendrites than GluN2BWT neurons (Figure 1B). Time-lapse images were collected over 4 h (Figure 1B; Supplementary Videos 1, 2), and terminal dendrites were tracked for the following fates: extension, retraction, pruning, and branching (Figure 2). Terminal dendrites were analyzed because they are the segments that are actively growing.
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FIGURE 1. Developing neurons expressing ASD-mutant GluN2B have smaller dendrites. (A) Schematic of GluN2BWT (left) and GluN2B724t (right). M1, M2, M3, and M4 represent membrane domains. To focus on the mutation site, full amino and carboxy termini are not depicted when indicated by line breaks. (B) Representative images of neurons (5–9 DIV) transfected with mutant (right) or wildtype (left) GFP-tagged GluN2B (not shown) and tdTomato (color coded with an intensity scale, as indicated by the color key). Arrows point to terminal ends of dendrites. Imaging times are displayed in hours, relative to the start of imaging. Scale bar, 25 μm.
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FIGURE 2. Examples of terminal dendrite dynamics. Both wild-type and mutant neurons were observed extending, retracting, branching, and pruning. (A–D) Representative images of dendrite behavior. Top panels, low magnification view of individual neurons, visualized by imaging of tdTomato cytoplasmic fills. Areas within the red boxes are magnified in the time-lapse panels below each neuron. Dashed lines indicate the positions of each dendrite tip at the beginning of imaging. White arrows indicate the position of the dendrite tip in each frame. Growth cones were considered the tips of dendrites, rather than individual filopodia. Imaging times are displayed relative to the start of imaging (0:00) and span 4 h. Intensities are colored as in Figure 1. Scale bars, 10 μm. (A) wildtype dendrite extending and remaining terminal (white arrows). (B) Wildtype dendrite retracting and remaining terminal (white arrows). (C) GluN2B724t dendrite emerging, growing, and then retracting (white arrows). (D) GluN2B724t dendrite retracting and pruning (white arrows).


Here, we chose to express GluN2BWT and GluN2B724t on a wild-type background to reflect the heterozygous nature of patients with ASD. We previously showed that the effect of GluN2B on dendrite development was not due to overexpression of GluN2B (Sceniak et al., 2019). Furthermore, exogenous expression of GRIN2B does not alter the expression levels of other NMDAR subunits (Kutsuwada et al., 1996; Morikawa et al., 1998; Tang et al., 1999; Philpot et al., 2007; von Engelhardt et al., 2008), so the results reported here are likely not due to upregulation of other NMDAR subunits. It is also worth noting that the effects observed here are cell-autonomous since a small percentage (typically less than 2%) of cells express GFP-GluN2B constructs.


ASD-Associated Mutant GluN2B Reduces Dendrite Elongation but Not Motility

Because we observed shorter dendrites in GluN2B724t neurons when compared to GluN2BWT neurons, we asked whether reduced dendrite length stems from either reduced elongation or increased retraction. To do so, we measured changes in dendrite length over time. For these analyses, terminal dendrites must have been greater than 7 μm over the time period analyzed. Dendrites that branched during the imaging period were not included in this analysis.

First, to determine whether mutant dendrites grow at a different net rate than wildtype dendrites, we traced terminal dendrites in the first and last frames of the movies. GluN2B724t dendrites averaged a significantly smaller net gain in length than GluN2BWT dendrites (Figure 3A; GluN2BWT: 6.87 ± 1.48 μm, n = 113 dendrites from 14 cells and GluN2B724t: 1.14 ± 1.75 μm, n = 93 dendrites from 14 cells; p = 0.018). In addition, more mutant dendrites netted a loss of length (Figure 3B). To further delineate the mechanisms of reduced net growth of mutant neurons, we analyzed the instantaneous growth rate of terminal dendrites. By examining the instantaneous growth rate, we could remove contaminating effects of periods when dendrites were neither extending nor retracting since only frames with detectable movement were analyzed. Consistent with what we observed over 4 h, GluN2B724t dendrites elongated more slowly (Figure 3C; GluN2BWT: 0.73 ± 0.23 μm/min, n = 565 movements from 113 dendrites and GluN2B724t: -0.22 ± 0.21 μm/min, n = 465 movements from 93 dendrites; p = 0.0008). However, the absolute values of the instantaneous rate of change for wildtype and mutant neurons were similar (Figure 3D; GluN2BWT: 3.47 ± 0.18 μm/min, n = 565 movements from 113 dendrites and GluN2B724t: 3.23 ± 0.14 μm/min, n = 465 movements from 93 dendrites; p = 0.7147), indicating that GluN2B724t dendrites were not less motile than GluN2BWT dendrites.
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FIGURE 3. ASD-associated mutant GluN2B leads to a bias toward retraction of growing dendrites, while wild-type dendrites tend to elongate. (A,B) ASD-associated mutation in GluN2B disrupts dendrite growth kinetics. Quantification of the average change in length of terminal dendrites for neurons expressing GluN2BWT (white) or GluN2B724t (blue) from eight independent experiments. (A) Over 4 h, neurons expressing GluN2B724t had reduced net growth. Data represent means ± S.E. (*p = 0.018, n = 14 GluN2BWT neurons, and 14 GluN2B724t neurons). (B) ASD-associated mutation in GluN2B biases net growth of dendrites toward retraction and away from extension. Top and middle panels, histograms represent the number of dendrites that lengthen or shorten, separated into bins of 10 μm, with negative values representing a terminal dendrite becoming shorter over 4 h of live imaging. Bottom panel, cumulative probability distribution of changes in dendrite length. GluN2BWT (n = 113 dendrites), and GluN2B724t (n = 93 dendrites). Dashed orange lines, zero change in length. (C,D) ASD-mutant GluN2B reduces the net rate of dendrite outgrowth but not overall motility of terminal dendrites. Lengths of terminal dendrites were measured every 12 min for 1 h. Data represent means ± S.E. (n = 113 GluN2BWT dendrites, and 93 GluN2B724t dendrites). (C) ASD-associated mutant dendrites elongated at a reduced rate, compared to neurons expressing GluN2BWT (*p = 0.0008). (D) Overall motility of terminal dendrites was similar for neurons transfected with either wildtype or mutant GluN2B (p = 0.7147). Motility represents all movements, regardless of direction, and was quantified by averaging the absolute values of instantaneous growth rates. Rates of extension [(E), p = 0.5255] and retraction [(F), p = 0.3121] were similar in ASD and WT neurons. Time spent extending [(G), left, p = 0.0017] and retracting [(G), middle, p = 0.0283] were significantly different, however. Time spent not actively extending or retracting was similar for ASD and WT neurons [(G), right, p = 0.2138]. Each frame represents 12 min.


Mutant dendrites could have reduced growth either: (i) because elongation is decreased or (ii) because retraction is increased. To distinguish between these possibilities, we separately analyzed extension and retraction. First, we evaluated rates of extension and retraction. The average rate of extension did not differ for wildtype and mutant dendrites (Figure 3E; GluN2BWT: 5.56 ± 0.38 μm/min, n = 194 movements from 113 dendrites and GluN2B724t: 5.26 ± 0.28 μm/min, n = 115 movements from 93 dendrites; p = 0.5255). The rates of retraction for both GluN2BWT and GluN2B724t were also similar (Figure 3F; GluN2BWT: -4.80 ± 0.35 μm/min, n = 140 movements from 113 dendrites and GluN2B724t: -4.88 ± 0.25 μm/min, n = 144 movements from 93 dendrites; p = 0.3121). Given that net growth was substantially reduced in mutant neurons (Figures 3A,C) while rates of extension and retraction were similar (Figures 3E,F), these data suggest that growing dendrites must spend less time extending and/or more time retracting in neurons expressing GluN2B724t. We found that both of these changes occur (Figure 3G; GluN2BWT: 1.72 ± 0.11 frames extending, 1.24 ± 0.09 frames retracting, and 2.04 ± 0.12 frames not changing length; GluN2B724t: 1.24 ± 0.11 frames extending, 1.548 ± 0.11 frames retracting, 2.22 ± 0.12 frames not changing; p = 0.0017, 0.0283, and 0.2138, respectively). Therefore, expression of GluN2B724t shifts dendrite dynamics away from extension and toward retraction, leading to shorter dendrite arbors.



GluN2B724t Expression Promotes Pruning of Dendrite Branches

Neurons expressing GluN2B724t also have fewer branches (Sceniak et al., 2019). To determine whether we could capture that change in branching in our imaging time period, we analyzed the net change in the number of terminal dendrites. Within this analysis, positive values corresponded to dendrites gained from branching, and negative values represented pruned dendrites. Mutant neurons tended to lose dendrite branches, whereas wild-type neurons did not (Figure 4A; GluN2BWT: 0.00 ± 0.08, n = 14 cells and GluN2B724t: -0.30 ± 0.10, n = 14 cells; p = 0.0302). Although there was a net loss of branches in the mutant, these dendrites were still dynamic since the mean of the absolute values of all branch gains and losses was not significantly different in mutant and wild type neurons (Figure 4B; GluN2BWT: 0.32 ± 0.07, n = 14 cells and GluN2B724t: 0.48 ± 0.09, n = 14 cells; p = 0.2553).
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FIGURE 4. ASD-associated mutation in GluN2B increases dendrite pruning but does not affect formation of new branches. (A) ASD mutant neurons (blue bars) display a net loss of terminal dendrite branches, while wild-type neurons (white bars) have a stable number of terminal dendrites. Positive values represent gain of dendrite branches, while negative values represent loss of dendrite branches. Data represent the mean ± S.E. (*p = 0.0302, n = 14 GluN2BWT, and 14 GluN2B724t neurons). (B) To calculate the total change in the number of terminal dendrites per cell per hour, both gains and losses of dendrites are represented as positive values. The ASD-associated mutation did not have a significant impact on the total change in the number of terminal dendrites (p = 0.2553). (C) Outcomes for terminal dendrites. A higher percentage of ASD-mutant dendrites were pruned, while a higher percentage of wild-type dendrites remained stable as terminal dendrites. The percentages of dendrites that branched were similar for mutant and wild-type dendrites. (A–C) For each cell, data were collected every hour for 4 h. (D) An increased percentage of ASD-associated mutant neurons had at least one pruned terminal dendrite over a 4-h time period, as compared to wild-type neurons. (E) Neurons that had at least one pruned dendrite had a similar number of pruned dendrites. Data represent the mean ± S.E. (p = 0.114, n = 7 GluN2BWT, and 12 Glun2B724t neurons). (F) Pruned dendrites retracted at a significantly faster rate for neurons expressing GluN2B724t compared to neurons expressing GluN2BWT (p = 0.008, n = 37 GluN2BWT, and 50 GluN2B724t dendrites).


Apical and basal dendrites of pyramidal cells are differentially affected by mutation or loss of two autism-associated genes, Epac2 and TAO2 (de Anda et al., 2012; Srivastava et al., 2012). This raises the question of whether apical and basal dendrites are similarly affected by GluN2B724t. To test this, we quantified the net change in number of terminal dendrite branches for only the principal/apical dendrites. In wild-type and mutant neurons, a similar percentage of the total population of terminal dendrites belonged to the principal dendrite arbor (GluN2BWT: 67.74 ± 0.09%, n = 13 cells and GluN2B724t: 60.69 ± 0.08%, n = 13 cells; p = 0.5378). Interestingly, the stability of apical branches did not differ when comparing wild-type and mutant neurons: in 4 h of imaging, the same proportion of wild-type and mutant GluN2B neurons lost apical branches (2 out of 13 neurons for both GluN2BWT and GluN2B724t) GluN2BWT. In addition, apical dendrites gained 1.15 ± 0.42 branches (n = 13 cells), and GluN2B724t apical dendrites gained 0.46 ± 0.39 branches (n = 13 cells; p = 0.2787), even though the mutant neurons tended to lose dendrite branches in the same movies (Figure 4A).

The observed reduction in dendrite branching could stem from either reduced formation of new branches or increased elimination of existing branches. To distinguish between these two possibilities, we analyzed branching and pruning of individual dendrites. Dendrites that existed at the start of recording could have one of three possible fates: branch, prune, or remain terminal (i.e., neither branch nor prune). Within our 4 h imaging period, a higher percentage of GluN2B724t dendrites pruned (Figure 4C; wt: 4.6%, n = 131 and 724t: 25.9%, n = 139 dendrites). Conversely, a lower percentage of mutant dendrites remained terminal (Figure 4C; GluN2BWT: 86.3%, n = 131 and GluN2B724t: 66.9%, n = 139). Interestingly, rates of formation of new branches were similar in wild-type and mutant neurons (Figure 4C; GluN2BWT: 9.2%, n = 131 and GluN2B724t: 7.2%, n = 139). These data suggest that dendrites of neurons transfected with GluN2B724t were less stable and had an increased bias toward pruning.

The observed bias toward pruning could be from more cells having dendrites that prune, or from more dendrites pruning per cell. We found that a higher percentage of mutant neurons had dendrites that pruned (Figure 4D; GluN2BWT: 50%, n = 14 cells and GluN2B724t: 86%, n = 14 cells). Of the neurons that had pruned dendrites, there was no difference in the number of transient dendrites per cell [Figure 4E, 5.29 ± 0.71 (wt) and 4.17 ± 0.94 (724t); n = 7 GluN2BWT and 12 GluN2B724t neurons; p = 0.114]. This shows two things: (1) more neurons expressing GluN2B724t had pruned dendrites, and (2) of the cells that had pruned dendrites, neurons expressing mutant and wildtype GluN2B had a similar number of dendrites that pruned.

For the dendrites that pruned, we next asked whether the pruning process occurred more rapidly in GluN2B724t expressing neurons by analyzing the rate of elimination of pruned branches. All imaging frames were included in the calculations, including frames with advances or no movement. The rate of elimination was increased for GluN2B724t-expressing neurons compared to GluN2BWT-expressing neurons [Figure 4F; -0.055 ± 0.018 μm/min (GluN2BWT), -0.174 ± 0.035 μm/min (GluN2B724t); p = 0.008; n = 37 GluN2BWT dendrites from seven neurons and 50 GluN2B724t dendrites from 12 neurons]. Together, our data indicate that ASD mutant GluN2B destabilizes growing dendrites, leading to increased rates of branch pruning, which ultimately leads to reduced arbor complexity.



DISCUSSION

Despite abundant evidence that GluN2B influences dendrite growth and arborization (Ewald et al., 2008; Espinosa et al., 2009; Sepulveda et al., 2010; Bustos et al., 2014; Keith et al., 2019), the specific role of GluN2B in the dynamics of dendrite outgrowth and branching remains poorly understood. In the Xenopus tectal system, GluN2B over-expression did not alter branch additions or retractions but increased the appearance of transient dendrites, defined as existing no longer than 2 h (Ewald et al., 2008). Here, we found that rodent cortical neurons expressing GluN2B724t had more retraction events, fewer stable dendrites, and more transient branches than wild-type neurons. In our experiments, transient dendrites corresponded to dendrites that existed at the start of imaging but did not persist for the entire 4 h imaging period. Although transient dendrites are defined somewhat differently in these two studies, both point to a role for GluN2B in regulation of dendrite turn-over and stability. Overall, these data suggest that ASD-associated GRIN2B mutations may disrupt normal GluN2B-dependent stabilization of nascent dendrites. GluN2B724t may restrict dendrite outgrowth and branching by either inhibiting downstream signals that stabilize growing dendrites or by activating signaling pathways that promote retraction and pruning.

In cortical pyramidal neurons, apical and basal dendrites are distinct subcellular compartments. Here, we found that ASD mutant GluN2B lead to a net loss of terminal dendrites. However, in the same movies, apical/principal dendrite branches were unaffected by GluN2B724t, indicating that apical and basal dendritic arbors are differentially affected by GluN2B724t. Our observations are consistent with previous studies demonstrating that basal dendrite arbors are specifically reduced by expression of ASD-associated mutations in Epac2 (Srivastava et al., 2012) and loss of the ASD-associated TAO2 (de Anda et al., 2012). Interestingly, it was recently shown that GluN2B antagonists preferentially reduced basal dendrite branch number without significantly changing apical dendrite branching in cortical pyramidal neurons in organotypic slices (Gonda et al., 2020).

The synaptotrophic hypothesis posits that dendritic arbors are stabilized and shaped by concomitant synapse formation (Vaughn, 1989; Wong and Ghosh, 2002; Cline and Haas, 2008; Valnegri et al., 2015). This hypothesis is supported by observations that, in Xenopus tectal neurons, strong synapses are associated with stabilized dendrites, while weak synapses are not (Wu et al., 1999). Supporting a role for NMDARs in mediating synaptotrophic dendrite growth in mammalian cortex, NMDAR activation stabilizes stellate cell dendrites that form synapses with appropriate presynaptic partners (Mizuno et al., 2014). In this study, local activation of synaptic NMDARs was proposed to stabilize dendrite branches and promote their elongation, while global NMDAR signaling reduced dendrite extension and decreased the motility of terminal dendrite branches throughout the dendritic arbor.

It seems likely that the impaired dendrite elongation and branching that we observed in ASD mutant neurons is coupled to reduced synaptogenesis. Here, we observed that terminal dendrites are less stable and more likely to be eliminated in neurons transfected with GluN2B724t than with GluN2BWT. We previously showed that dendrites of mutant neurons form fewer spine synapses (Sceniak et al., 2019), but we do not yet know whether the number of non-spine synapses formed with dendrite shafts is similarly reduced. On one hand, if synaptotrophic mechanisms couple dendrite growth and synaptogenesis, then reduced stability of terminal dendrites and increased pruning could be downstream of reduced synaptogenesis. In addition, mutant NMDARs could reduce synapse strength, contributing to a deficit in dendrite stabilization. On the other hand, abnormal dendrite growth dynamics might drive the loss in synapse number in GluN2B724t neurons: smaller, simplified dendrites may encounter fewer appropriate synaptic partners as they grow, driving a reduction in synapse formation.

The etiology of autism remains unclear; although, it is believed that autism is related to defects in neuronal connectivity in higher-order association areas (Geschwind and Levitt, 2007). Magnetic resonance imaging has provided evidence of both large-scale and small-scale changes in connectivity (Maximo et al., 2014), supporting this theory. Most research examining the cellular basis of connectivity abnormalities in ASD has focused on spine number and morphology or synaptic function (Kelleher and Bear, 2008; Bourgeron, 2009; Phillips and Pozzo-Miller, 2015; Varghese et al., 2017). However, it remains unclear how mutations in ASD-associated proteins cause changes in connectivity. One hypothesis is that morphological abnormalities in dendritic arbors lead to altered connectivity (Kulkarni and Firestein, 2012; Copf, 2016). Consistent with this hypothesis, our results suggest that in forms of ASD characterized by lower synapse number, ASD mutations may contribute to reduced connectivity by impairing dendrite outgrowth and stabilization.

Understanding how ASD mutations alter dendrite growth and stabilization is essential: if the bias in dendrite growth dynamics can be shifted toward outgrowth and stabilization, perhaps dendrite architecture can be restored. Because diagnosis of ASD often occurs after dendrite development is complete, it will be interesting to determine whether dendrite defects can be reversed later in development, after diagnosis of ASD.



MATERIALS AND METHODS

All studies were conducted with an approved protocol from the Case Western Reserve University Institutional Animal Care and Use Committee or the Central Michigan University Institutional Animal Care and Use Committee, in compliance with the National Institutes of Health guidelines for care and use of experimental animals.


Neuronal Cell Culture and Transfection

Neurons and astrocytes were derived from cortices of wild-type Sprague Dawley rats at 0–1 days postnatal. Neurons were grown on a confluent monolayer of astrocytes at 5% CO2. Astrocytes were plated on 18 mm coverslips made of German glass (Carolina Scientific) that were acid cleaned then coated with a mixture of collagen and poly-D-lysine and grown in MEM without phenol red (Gibco), supplemented with N2 (Gibco), 10% fetal calf serum (Gibco or HyClone), 20% glucose, glutamax (Gibco), and Primocin (Invivogen). When astrocytes formed a confluent monolayer, neurons were plated on top of the astrocytes. Co-cultures were maintained in neuronal medium: Neurobasal-A (Gibco) with B27 (Gibco) and without antibiotics or phenol red, as previously described (Bury and Sabo, 2011, 2014; Sceniak et al., 2012). Half of the medium was replaced with fresh, equilibrated neuronal medium every 3–5 days.

Neurons were co-transfected with pEGFP-GluN2B constructs (2.6 μg DNA/coverslip) along with tdTomato (0.4 μg DNA/coverslip) at 2 DIV using the calcium phosphate method (Berry et al., 2012; Sceniak et al., 2019). pEGFP-GluN2B constructs were previously described (Sceniak et al., 2019). EGFP is inserted in the amino-terminal extracellular domain after the signal peptide. tdTomato-N1 was Addgene plasmid 54642.



Live Imaging of Neurons

Neurons were imaged live at 5–9 DIV. A coverslip was transferred to a sterile, closed imaging chamber (Warner Instruments) and bathed in warmed (37°C) Hibernate-A low-fluorescence medium (Gibco), supplemented with glutamax (Gibco). The chamber was mounted on the microscope stage and enclosed in a custom-made warming box (32–35°C). GFP was used to identify cells that expressed GluN2B constructs. Large neurons with pyramidal somas, based on tdTomato fills, were chosen for imaging. Only healthy cells were imaged, as determined by the appearance of the soma under DIC and a smooth axon without fragmentation or blebbing. Transfection efficiency was sufficiently low that individual filled neurons could be imaged without interference from nearby neurons. Imaging was with a Nikon C1 Plus confocal system, Eclipse Ti-E microscope, 20X (NA 0.75) Plan Apo objective, and 590/50 nm bandpass filter to visualize tdTomato fills. A perfect focus system was used to maintain focus. Eighty images were collected at 3-min intervals over 4 h. Scanning frame times were kept minimal at 14.7 s per image. Gains were set to clearly visualize thin dendrites while minimizing saturation in thicker dendrites and were kept constant during imaging. Images were taken with pixel sizes ranging from 205.1 to 250.3 nm.



Dendrite Analysis

Fiji (ImageJ 2.0.0-rc-65/1.51w) was used to track dendrite growth and branching, based on the tdTomato fills. Individual terminal dendrite branches were traced throughout the movies for further quantification, as described in detail below for each measure presented. Analysis was limited to neurons that remained healthy throughout the 4 h imaging period. Dendrites were identified based on their morphology (shorter than the axon, tapered). MATLAB was used to plot the data. Since the data were not normally distributed (not shown), statistical comparisons were made using Wilcoxon rank sum tests in MATLAB.

To quantify the change in length of terminal dendrites, dendrites longer than 7 μm were traced at the start (t = 0 h) and end (t = 4 h) of imaging. To calculate a net change in length, the difference between starting and ending lengths was determined, then these values were averaged for each neuron. Statistical analysis was performed using the average of each neuron. Histograms represent data for individual dendrites.

To determine instantaneous growth rates, terminal dendrites greater than 7 μm long were traced every 12 min for 1 h. This analysis interval was sufficient to capture all quantifiable movements. The instantaneous net growth rate corresponds to the average rate of change in length for all movements. The instantaneous motility corresponds to the mean of the absolute values of instantaneous growth rates. The rate of retraction was calculated by averaging growth rates for all movements resulting in loss of at least 2 μm of dendrite in 12 min. Similarly, the rate of extension is the mean of movements that added at least 2 μm of dendrite length in 12 min.

Pruning dendrites were defined as dendrites that existed at the start of imaging but retracted until no longer visible. Branching dendrites were defined as dendrites that existed at the start of imaging but became branched into 2 or more dendrites during imaging. Dendrites that remained terminal were dendrites that may have gained or lost length but never disappeared or branched. For analysis of the net change in the number of terminal dendrites, the total number of terminal dendrites per neuron was recorded each hour for 4 h. For apical dendrite analysis, the first and last frames of movies were compared for addition or loss of terminal dendrites.

To determine retraction rates for pruned dendrites, we recorded the length of each dendrite every 12 min until the dendrite was completely gone. Changes in length were divided by 12, and every pruned branch was treated as independent for statistical analysis. Transient dendrites were not considered fully pruned until they completely disappeared. This ensured that we did not include dendrites that might eventually regrow in the analysis of pruning.
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Supplementary Video 1 | Representative movie example of a GluN2BWT GFP-GluN2B neuron. Neuron was six DIV. Movie spans 4-h of imaging. Images were collected every 3 min. Frame time was 14.718 s. This neuron is also shown in Figure 1B. Scale bar, 25 μm.

Supplementary Video 2 | Representative movie example of a GluN2B724t GFP-GluN2B neuron. Neuron was seven DIV. Movie spans 4-h of imaging. Images were collected every 3 min. Frame time was 14.718 s. This neuron is also shown in Figure 1B. Scale bar, 25 μm.
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dysfunction MGIURS Cogram et al. (2019, 2020),
o Purinergic signaling alteration  « Chronic application of Gross et al. (2019), and
o Altered cerebellar and striatal Bryostatin-1 (Protein Kinase Shukla et al. (2020)
volumes C potent activator)
o €FT508, MNK
(mitogen-activated protein
Kinase interacting protein
kinase) inhibitor
« BPN14770,
phosphodiesterase-4D
negative allosteric modulator
(PDE4DNAM)
« GSKBA (PI3K antagonist)
o F5-115, S6KI
(MTORC1-p70 ribosormal
S6 kinase 1) inhibitor
Gabrb3-/- « Repetitive circling o Gerebellar verrmis hypoplasia DeLorey et al. (1998, 2008),
o Hyperactivity o Abnormal GABA-A receptor Mercer et al. (2016), and
function in the hippocampus Orefice et al. (2016)
o Altered GABA-A
receptor-mediated
neurotransmission
Hoxb8 KO in « Increased grooming « Increased cortical dendritic o Fluoxetine (SSR) Greer and Capecchi (2002),
microglia o Anxiety-like behavior spine density Chen et al. (2010), and
« Increased denditic spines in Nagarajan et al. (2018)
the striatum
o Defects in LTP, miniature
postsynaptic currents
tgh3-/= « Increased grooming in a o Alterations In axon/dendrite De Arcangelis and
novel environment autgrowth, cell adhesion, and Georges-Labouesse
synapse formation (2000), Clegg et al. (2003),
o The reduced corpus Carter et al. (2011), and
callosum, hippocampus, Ellegood et al. (2012)
striatum, and cerebellum
o Increased amygdala volume
KCNQ2+~ « Repetitive grooming o Increased neuronal Yue and Yaarl (2006), Shah
o Hyperactivity excitabilty et al. (2008), Brown and
« Increased locomotor activity Passmore (2009), and Kim
etal. (2020)
Kirel3=/= « Repetitive rearing behavior o Abnormal hippocarmpal Gerke et al. (2008),
o Increased locomotor activity mossy fiber synapse Serizawa et al. (2006),
o Hypersensitivity to acoustic formation Nishida et al. (2011), Prince
startle (acoustic startle test) o Increased CA3 neuron etal. (2018), Martin et al
o Hyperactivity activity during development (2015), Choi et al. (2015),
« Abnormal neuronal migration and Hisaoka et al. (2018)
Lrro4=1= « Repetitive self-grooming o Reduced NMDA « NMDA receptor agonist DeNardo et al. (2012), Soto
o Impaired spatial learning receptor-mediated synaptic (D-cyclosering) etal. (2018, 2018), and Um
(MWM) plasticity etal. (2018)
o Abnormal synaptic
transmission
MeCP2 « Repeated forelimb o Decreased levels of Shahbazian et al. (2002),
movements doparine transporter (DAT) Moretti et al. (2005), Lonetti
« Deficits in motor coordination and tyrosine hydroxylase (TH) etal. (2010), Luetal
and motor learning in the striatum (2016), Allemang-Grand
« Memory deficits « Altered cortical and cerebellar etal. (2017), and
volumes Zamberletti et al. (2019)
« Cortical LTP deficit
o Decreased cortical BONF
levels
o Impaired PI3K/AKT/mTOR
pathway
« Upregulated CB1 and
CB2 receptor levels
o Hippocampal circuit
dysfunction
Ninj1 o Excessive groominginducing ~ « Altered synaptic function in o Fluoxetine (SSR) Leetal. (2017)
hair loss and lesions thalamocortical neurons
o Increased aniety-like « Increased expression of
behavior ionotropic glutamate receptor
o The increased ampltude of
miniature EPSCs
NL 1=/~ « Repetitive self-grooming o Reduced NMDA/AMPA « NMDA receptor partial Blundell et al. (2010) and

Spatial learring deficits

receptor ratio in the
hippocampus and dorsal
striatum

Reduced hippocampal LTP
Abnormal function of
doparrine D1 MSNs
Reduced GIUN2A containing
NMDARs expression in
direct-pathway MSNs
Reduced frequency of
miniature excitatory
neurotransmission in
indirect-pathway MSNs

co-agonist (D-cyclosering)

Espinosa et al. (2015)

NL2 overexpression

« Repetitive Jumping

Reduced E/l balance in PFC

Hines et al. (2008)

NL3-/=

« Repetitive motor routine
o Hyperactiity

Reduced striatal synaptic
function in nucleus
accurrbens/ventral striatum
Abnormal function of
doparrine D1 MSNs

Altered GABAergic signaling
and £/l balance in

GA2 hippocampal area
Altered synaptic activity in the
hippocampus,
somatosensory cortex, and
basolateral amygdala
Increased AMPA mediated
neurotransmission and LTP in
the hippocampus

Radyushkin et al. (2009),
Rothwell et al. (2014), Modi
et al. (2019), Burrows et al.
(2015), Hose et al. (2018),
and Matta et al. (2020)

NL3R4S1C

Repetitive behavior (object
exploration task)
Aggression

Smaller sriatal volume
Increased striatal
postsynaptic density 95
(PSD-95) protein levels

« Risperidone, GBI receptor
agonist (WINS5, 212-2)
targeting aggression

Tabuchi et al. (2007),
Etherton et al. (2011), and
Kumar et al. (2014)

NRXNTa~/~

Reptitive self-grooming
Altered nest bilding
Impaired prepuise inhibition
Aggressive behaviors

Mid anxiety-like behavior

A decrease in miriature
excitatory postsynaptic
current frequency in the
hippocampus

Impaired excitatory synaptic
transmission in the
hippocampus
Sensorimotor gating
impaiments

Increased cortical volume
and decreased cerebellar
volume

Etherton et al. (2009) and
Grayton et al. (2018)

Oxtr=/=

Cognitive inflexiblity in the
reversal phase in T—maze
Increased aggression

Alterations in excitatory
synaptic markers (PSD-05,
gephyrin scaffolding proteins)
Altered glutamatergic and
GABAergic receptors

Sala et al. (2011), Pobbe
etal. (2012), and Leonzino
etal. (2019)

Pak2+/-

Repetitive self-grooming
behavior
Increased marble-burying
behavior

Changes in striatal denditic
spines

Reduced spine density in
cortex and hippocampus
Impaired LTP in

GA1 hippocampal region
Reduced actin polymerization
and perturbation of actin
network

Wang VY. et al. (2018)

Pedh19 XLy

Repetitive grooming behavior
Increased rearing behavior

Impaired migration and
dendritic arborization of
hippocampal CA1 neurons
Decreased GABA-A receptor
surface expression and
transmission

Bassan et al. (2018) and
Lim et al. (2019)

Pten/~

Repetitive digging and
increased marble-burying
behavior

Reduced sensorimotor gating
Increased depression-like
behavior

Increased mTOR signaling
Alterations in the serotonin
system

Altered synaptic scafoiding
proteins (PSD-95, sapapt,
sap-102)

Decreased mGIUR in the
hippocarmpus

Structural aberrations in
Purkinje cells dendrites and
axons

Page et al. (2009),
Clipperton-Allen and Page
(2014, 2015), Lugo et al.
(2014), and Raderacher
and Eickholt (2019)

PV-/-

Higher-order reversal learning
in T-maze

Decreased parvalbumin
levels

Altered excitatory and
inhibitory synaptic
transmission

Decreased infibition of
pyramidal netron output
Loss of inibitory synapses
resulting in hyperexcitation of
cortical circuits

Reduced cortical volume,
increased cerebelar volume

o 17-beta estradiol

Filice et al. (2018)

Sapap3-/~

Cormpulsive self-grooming

Glutamatergic transmission
defects at cortico-striatal
synapses

Elevated mGIURS signaling

« Sapap3 re-expression in the
striatum

« Optogenetic stimulation of
the lateral orbitofrontal cortex

 MGIURS inhibition

« Serotonin uptake inhibitor
(fuoxetine)

Welch et al. (2007)
Blenvenu et al. (2009), and
Burguitre et al. (2013)

Scniat/~

Repetitive self-groorming and
circling
Hyperactivity

Increased PFC excitation
Altered GABAergic activity in
PFC

Han et al. 2012)

Shank1+/=,
Shank1=/=

Repetitive self-grooming
increased acquisition of
spatial memory

motor deficits

mild anxiety-lie phenotype
Reduced exploratory
locomotion

A decrease in MEPSC,
altered glutamatergic
synapse

Altered maturation of
postsynaptic dendritic spines
Reduced density of

GA1 pyramidal neurons
dendritic spines

Hung et al. (2008),
Siverman et al. (2011),
Sungur et al. (2014), and
Sala et al. (2015)

Shank=/~ (exon
7 deletion)

Repetitive grooming
Hyperactivity

Anxiety-like behavior
Increased locomotor activity

Increased
NMDAR-dependent LTP and
altered NMDAR-mediated
synaptic transmission
Reduced spine density
Increased levels of GIUN2A,
GIUNT, GIUNZB,

GIuA2 glutamate receptor
subunits in hippocampus and
striatum

Schmeisser et al. 2012)

Shank2 (exons 6,
7 deletions and
frameshitt affecting
both splice variants
Shankea and
Shankeb)

Stereotypic jumping
Impaired spatial learning and
memory (Moris water maze)
Impaired nesting behavior
Hyperactivity

Anxiety-like behavior
Increased grooming in the
novel object recognition area

Reduced activity of
glutamatergic NMDA
receptors

Impaired LTP and LTD at
Schaffer-colateral-CA1-
pyramidal (SC-CA1)
synapses

Reduced NMDA/AMPA ratio
at SC-CA synapses
Decreased
NMDAR-mediated synaptic
transmission

Won et al. (2012)

Shank3 (exon
21 deletions

including Homer
binding domair)

Repetitive grooming in older
mice

Adeficit in spatial learning
and memory

Impaired motor coordination
Aberrant locomotor response
to novelty

Increased novel object
avoidance (in marble-burying
test)

Decreased excitatory
postsynaptic NMDA/AMPA
current ratio in the
hippocampal CA1 region
Reduced LTP in

CAT hippocampus
Increased mGIURS levels in
synaptic fractions

Kouser et al. (2013)

Shanka*-22 (exons

Excessive Repetitive

Impaired postsynaptic

« MGIURS antagonist (MPEF)

Wang X. et al. (2016)

4-22 deletion) self-grooming ‘SAPAP, mGILR5-Homer
« Reduced locomotion scaffolding proteins, and
« Deficient motor performance MGIURS signaling in striatal
o Anxiety-like behavior neurons
o Impaired striatal learning o Impaired striatal LTD and
synaptic plasticity
o Decreased
neurotransmission in
corticostriatal circuits
o Reduced striatal spine
density
ShankaA®-° « Repetitive self-grooming o Reduced Homer{b/c, GKAP, Bozdagi et al. (2010), Wang

heterozygous and
knockout (exons

Anenhanced head pokes
(hole board test)

and AMPAR subunit GluA1,
GluA2, GIuA3 levels at PSD

etal. (2011), Yang et al
Drapeau et al

4-9 defetion « Mild motor abnormalties in KO rrice indicating altered (2014), and Jaramillo et al
encoding ANK including difficuty in motor synaptic scaffolding proteins (201
domain) coordination in KO rmice and receptor subunits
« Motor learning deficits in KO o Reduced spine density and
mice increased spine length in
« Impaired novel and spatial GAT hippocampus
object recognition learning o Impaired hippocampal LTP {in
and memory both KO and HTZ),
glutamatergic synaptic
transmission, and synaptic
plasticty in knockott mice
o Reduced NMDA/AMPA ratio
at excitatory synapses onto
striatal MSNS (in both KO
and HTZ)
Shankab~/~ « Repetitive self-grooming o Functionally impaired AMPA o Enhancing the activity of the Bozdagi et al. (2010), Peca

« Attention-deficit

and NMDA receptors
Decreased D2 MSNs AMPA
receptor responses

Deficits of hippocarmpal
synaptic plasticity and its
association with the impaired
remodeling of the actin
cytoskeleton

indirect striatopallidal
pathway

« Subthalamic nucleus
stimulation

o Partial 5-HT1A receptor
agonist (tandospirone) in
Shankag*/~

etal. (2011), Wang et al.
Schmeisser et al.
Duffney et al.
Salaetal. (2015),
Chang et al. (2016), Peixoto
etal. (2016),
Harony-Nicolas et al,

(2017), and Dunn et al
(2020)

Shankag~/~ (PDZ
domain deletion)

« Excessive and selfnjurious
self-grooming
o Anxiety-like behavior

Reduced levels of synaptic
scaffolding proteins SAPAPS,
Homer-1b/c, PSD28 and
glutamate receptor subunits.
GIUR2, NR2A, and NR2B at
PSD

Neuronal hypertrophy
Reduced dendritic spine

density
Increased caudate volume

Decreased C-S circuits
neurotransmission

Pega et al. (2011)

Sharf2+/~ o Increased jumping and o Abnormal denditic spine Wang S. etal. (2018)
rearing behavior development n the
o Increased marble burying hippocarmpus
and digging « Changes in the composition
o« Hyperactivity of glutamate receptor
subunits NR2A and GIUR2
o Altered AVMPA
receptor-mediated synaptic
transmission in
GAT hippocampus
Tsc2f/—iCre o Increase marble-burying o Cerebellar GABAergic Relth et al. (2013)

(Tsc2 deletion in
cerebellar Purkinje
cells)

Purkinje cel loss
Abnormlities in axonal
pathfinding

UbeAmp+ o Decrease marble buryingand ~ » Reduced MGIUR-LTD Weeber et al. (2003),
rearing o Altered mGIUR signaling Huang et al. (2013), and
« Reversal learning deficit « Changesin Pignateli et al. (2014)
(MWM) calcium-dependent CAMKII
« Impaired motor coordination activity in the hippocampus
VPA « Repetitive self-grooming o Increased glutamatergic « MGIURS receptor antagonist, Schneider and Przewocki
o Marble burying excitatory signaling MPEP (2005), Schneider et al.
o Decrease pre-puise inhibition ~ « Hyperexcitable local « Environmental enrichment (2008), Rinaldi et al. (2007),
o Reduced social behaviors connectivity « Betaine (methyl group donor Tsujino et al. (2007), Show
o Adecreasein in homocysteine metabolism, et al. (2008), Mehta et al
parvalbumin-positive prevents homocysteine (2011), Choi et al. (2016),
inhibitory interneurons accurmulation) Kim et al. (2017), Mahmood
o Elevated brain serotonin « NMDA receptor antagonist etal. (2018), and Huang
levels (agmatine) etal. (2019)
o Apical dendritic arborization
complexity
« Decreased PTEN expression
and increased p-AKT protein
levels in hippocampus and
cortex
16p11%/= « Repetitive circling and « Increased dopamine Horev et al. (2011) and

climbing
Hyperactivity
Increased locomotion

D2 receptor-expressing
striatal neurons.

Decreased doparmine

D2 receptor-expressing
cortical neurons

Synaptic function defects
Volumetric alterations in
striatum, hypothalamus, and
midbrain area

Portmann et al. (2014)

5Ko (deletion of
5 kainate receptor
subunits)

Elevated seff-grooming
Increased marble burying
and digging

Increased perseverative
behavior (Y-maze)

Motor problems

Impaired corticostriatal
synaptic transmission in the
dorsal striatum

Altered NMDA/AMPA ratio
Reduced MEPSC
frequencies

Reduced spine density of
spiny projections neurons in
the dorsal striatum

Xuetal. (2017)

Treatment strategies discussed are from preciinical studies in rodent models targeting behavioral abnormalities including stereotypic behaviors.
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CNVin Gene Phenotypes Observed References
CHL1 Autism spectrum disorder ~ Angeloni et al., 1999; Pohjola et al.,
Epilepsy 2010; Cuoco et al., 2011; Shoukier
Intellectual disability et al., 2013; Tassano et al., 2014;
L . Li et al., 2016; Bitar et al., 2019
Cognitive impairments and
learning disabilities
Speech delay and language
difficulties
CNTN6 Autism spectrum disorder ~ Kashevarova et al., 2014; Noor
Epilepsy etal., 2014; Hu et al., 2015; Li
Schizophrenia et al., 2016; Mercati et al., 2017,
Bitsolar disordar Juan-Perez et al., 2018; Tassano
i et al., 2018; Repnikova et al., 2020
Intellectual disability
CNTN4 Autism spectrum disorder Fernandez et al., 2004;

Speech delay and language
difficulties
Seizures

Fernandez T. et al., 2008;
Fernandez T. V. et al., 2008;
Dijkhuizen et al., 2006; Glessner
et al., 2009; Roohi et al., 2009;
Pinto et al., 2010; Cottrell et al.,
2011; Poultney et al., 2013;
Zhang et al., 2020

Further details on the coordinates and size of these CNVs, their de novo or inherited
status and a more specific breakdown of behavior and developmental phenotypes
can be found in Supplementary Table 1.
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Mouse Model Cognitive Domain Task (If Applicable) Phenotype References
Chli~/~ mouse Aggressiveness Resident-intruder test Reduced Frints et al., 2003; Morellini
et al., 2007
Reduced social urine marking behavior orellini et al., 2007
Anxiety Open-field test Reduced ontag-Sallaz et al., 2002
Elevated-plus maze Reduced ontag-Sallaz et al., 2002
Light/dark avoidance test Unaffected ontag-Sallaz et al., 2002;
Pratte et al., 2003
Behavioral or cognitive Morris water maze Reduced ontag-Sallaz et al., 2002;
flexibility Frints et al., 2003
Exploratory behavior Open-field test Altered ontag-Sallaz et al., 2002;
Pratte et al., 2003; Pratte
and Jamon, 2009
Morris water maze Altered ontag-Sallaz et al., 2002;

Cntn6~/~ mouse

Cntn4—/— mouse

Learning and memory
Motor coordination
Novelty detection

Olfactory function

Social interaction

Stress response

Motor coordination
Learning and memory
Anxiety

Behavioral or cognitive
flexibility

Exploratory behavior

Learning and memory
Motor coordination
Olfactory function
Repetitive behavior
Responsiveness to stimuli
Social interaction

Radial-arm maze
Rotarod test
Open-field test

Elevated-plus maze
Novel object test

Social preference test

Rotarod test

Morris water maze
Open-field test
Elevated-plus maze

Barnes maze

Set-shifting task
Open-field test
Elevated-plus maze
Barnes maze
Rotarod test

Buried food test

Juvenile social interaction
test

Three-chamber social
interaction test

Social discrimination test

Deficits in integrating spatial and temporal information
mpaired
mpaired

mpaired
mpaired
Unaffected

Delayed reactivity to initiate social investigation and
preference for familiar animals

Reduced stress associated with transfer arousal,
ouch escape, and irritability

mpaired

mpaired spatial learning
Unaffected

Unaffected

Unaffected

Unaffected
Unaffected
Unaffected
Enhanced spatial learning
Unaffected

Unaffected
o effect on time spent grooming
nc

Q

eased startle response to auditory stimuli

o effect on social sniffing, anogenital sniffing, or
social grooming

o effect on social preference

o effect on social exploration or recognition

Frints et al., 2003
Buhusi et al., 2013
Pratte et al., 2003

Pratte et al., 2003; Morellini
et al., 2007; Pratte and
Jamon, 2009

orellini et al., 2007
orellini et al., 2007
orellini et al., 2007
orellini et al., 2007

Pratte et al., 2003

Takeda et al., 2003
uetal., 2018
olenhuis et al., 2016
olenhuis et al., 2016

olenhuis et al., 2016

olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016
olenhuis et al., 2016

olenhuis et al., 2016

olenhuis et al., 2016
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CHL1 < CNTN6 CNTN4
Correct angle of T Neurite Outgrowth
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Mouse model/Gene
name/Protein name
SFARI classification

Type of PV alteration(s)/age of
testing

Electrophysiological alteration(s) relevant to
Pvalb neuron function

(A) GENETIC MODELS LISTED IN THE SFARI GENE DATABASE (https://gene.sfari.org/) (S, SYNDROMIC)

Cntnap2~/~
Cntnap2

Contactin associated
protein-like 2
SFARI2 (8)

Ehmti+/~

Ehmt1

Euchromatic histone
Methyltransterase 1
SFAR| Gene Archive 3 ()

En2~/~
En2
Engrailed 2
SFARI3

Fmri=/=

Fmrt

Fragile X-mental
retardation protein (FMRP)
SFARI3 (8)

STRIATUM, CORTEX
(Penagarikano et al., 2011:Vogt
etal., 2018)

Reduction in the number of PV+
cells (P14 and P30)

STRIATUM (Lauber et al., 2018)
Reduction in the number of PV+
cells and Pvalb mRNA, no
change in the number of WA*
(Pvalb) neurons (P25)

AUDITORY CORTEX (AC) L2/3
and 4, SSC L2/3 and 4, VISUAL
‘CORTEX (VC) L2/3 and 4
(Negwer et al., 2020)

Delay of PV* neuron maturation in
early (P14) sensory development,
with layer- and region-specific
variability later (P28, P56)

AC: Decrease in PV* neurons in
L2/3 and 4 at P14 only

SSC: reduced number of
PV+/AWVA* neurons at all ages in
Laonly

VC: no differences in L2/3 at all
ages; reduced number of PV*
and PVF/WAY in L4 at P14

HIPPOCAMPUS, SSC (Tripathi
etal, 2009)

Reduction in the number of PV+
cells (3-5 months)

TRN (Provenzano et al., 2020)
Reduction of Pvalb mRNA (P30)
Reduction in the number of PV+
cells (6 weeks)

VISUAL CORTEX (L2/3 and
L5/6) (Pirone et al., 2020)
Increase in the number of PV+
cells (P30 and adult)

SSC (Selby et al., 2007)
Reduction in the number of Pv+
cells (12 months)
DEVELOPING AUDITORY
CORTEX (VWen et al., 2019)
Reduction in the number of PV+
cells (P14, P21, P30)

HIPPOCAMPUS (Jurgensen and Castillo, 2015)

Altered inhibition onto CA1 pyramidal

neurons

* Reduced amplitude of putative
perisomatic-evoked IPSCs

« Increase in the frequency of spontaneous
AP-driven IPSCs

SSC (Antoine et al., 2019)

Reduced inhibition and (feebly) decreased

excitation in L2/L3 pyramidal cells

« Impairment in Pvalb neuron-mediated
feedforward elPSCs

« Reduced spontaneous spiking frequency of
MEPSCs and mIPSCs

HIPPOCAMPAL ACUTE SLICES (Frega ot al.,

2020)

Impairment in inhibitory transmission

* Strong reduction of MIPSC amplitude and
frequency in A1 pyramidal cells at P21

« Increased inhibitory PPR responses specifically

at 50ms ISI in GA1 pyramidal cells following

stimulation in stratum radiatum (P21)

Hyperexcitability in CA1 hippocampal

excitatory neurons

Results indicate that Enmt! plays a role in

controling E/l balance by regulating inhibitory

inputs onto CA1 pyramidal cells

AUDITORY CORTEX ACUTE SLICES (Negwer

etal., 2020)

« Reduced mIPSC frequency, NOT amplitude in
auditory cortex L2/3 pyramidal cells at P14-16

* Increased inhibitory PR responses at IS of
50, 100, and 200ms

* Decreased release probabilty of GABA
determined from a 10-Hz stimulus train

No electrophysiology at celular level reported

SSC (barrel cortex layer 4) (Gibson et ., 2008)

Reduced feedback inhibition mediated by

FS (Pvalb) neurons

« Decreased EPSG frequency on FS (Pvalb)
neurons

« Normal feec-forward inhibition > no change in
inhibitory dive

« Excitatory neurons intrinsically more excitable
> increased evoked AP firing rate during
600-ms current injection

(A) GENETIC MODELS LISTED IN THE SFARI GENE DATABASE (https://gene.sfari.org/) (S, SYNDROMIC)

Mecp2-/-

Mecp2
Methyl-CpG-binding
Protein-2

SFARI2 (S)

Nign3-/=
Nign3
Neuroligin 3
SFARI2

Nign3 R451C
Knock-in substitution of
AgS' 1o Oys

Nign3

Neuroligin 3

SFARI2

VISUAL CORTEX (V1) (<rishnan
etal., 2015;Patrizi ot al,, 2019)
Accelerated maturation of PV
network (P14 and P30)
HIPPOCAMPUS CA3 (Calfa
etal., 2016) Density of PV*
interneurons not altered in

CA3 (P40-P6O)

VISUAL CORTEX (Durand et al.,
2012) Increased Pralb

MRNA levels
PV-hyperconnectivity > increased
PV immunofiucrescence intensity
as consequence of increased
neurite complexity (from P15 on;
persistent also in aduthood)

$SC (Gogolla et al., 2009)
*Patchy” PV cells (2-8 months)

SSC (Speed et al., 2015) PV* cell
number unchanged (P13-17)

HIPPOCAMPUS CA3 (Calfa et al., 2015)
Weaker synaptic inhibition onto CA3
pyramidal neurons resulting in larger E/I
ratio in CA3 pyramidal neurons
« Smaller amplitude, but higher mIPSCs
frequency in pyramidal neurons; larger
amplitude, but lower frequency of mEPSCs
« Smaller slope of input/output (VO) relationship
« Lower frequency of spontaneous APs from FS
(Pvalb) neurons > smaller and less frequent
MEPSCs onto CA3 fast-spiking basket cells
VISUAL CORTEX (Durand et al., 2012)
Reduction of pyramidal neuron and network
activity
Stronger inhibition of pyramidal neurons
caused by a hyperinnervation by
PV-expressing interneurons > low
spontaneous and evoked neuronal activity and
ageneral silencing of cortical circiry

HIPPOCAMPUS CA2 (Vodi et al., 2019)

Increased neuronal excitability and reduced

inhibition

« Increased frequency of spontaneous EPSCs
and decrease in frequency of spontaneous
IPSCs in CA2 pyramidal cells

« strong reduction of perisomatic inhibition
mediated by CCK neurons

HIPPOCAMPUS CA1 (Polepali et al., 2017)

Decrease in Pvalb interneuron inhibition

« Significant reduction in faciltation of EPSCs
and spiking in Pvalb neurons lacking Nign3

SSC (barrel cortex) (Tabuchi et al., 2007;Speed
etal, 2015)
Increase

inhibitory synaptic transmi
* Increase in spontaneous MIPSC frequency in
L2/3 pyramidal neurons
* Increased ampitude of evoked IPSCs in L2/3
pyramidal neurons
Pvalb neuron-pyramidal cell synaptic
connections NOT altered
 Unitary IPSCs/IPSC; ratio unchanged; paired
whole-cllrecordings between Pvalb neurons
and pyramidal neurons
HIPPOCAMPUS CAT (Etherton et 4l., 2011)
Increase in AMPA and NMDA
receptor-mediated excitatory synaptic
transmission
o Increased fEPSP slope and spontaneous.
MEPSCs frequency
Increased evoked synaptic strength at
inhibitory synapses
o Larger elPSC ampiitude in L2/3
pyramidal neurons
mPFC (in vivo recordings) (Cao et al., 2018)
Decreased excitability of FS interneurons
and dysfunction of gamma oscillation
« Reduced fiing frequency recorded from
FS interneurons

(A) GENETIC MODELS LISTED IN THE SFARI GENE DATABASE (https://gene.sfari.org/) (S, SYNDROMIC)

Shank3~/~

Shank3

SH3 and multiple ankyrin
repeat domains 3
SFARI1 (8)

STRIATUM (Filce et al., 2016)
Reduction in the number of PV+
cells and Pvalb mRNA, no
«change in the number of WA+
(Pvalb) neurons (P25)
INSULAR CORTEX (Gogolia
et al., 2014) Diminished PV+
puncta on pyramidal

cells (P70-100)

(B) ‘ENVIRONMENTAL’ AND IDIOPATHIC MODELS

VPA
Environmental model of
ASD (in utero exposure to
valproic acid

BTBR T+ Itpra''/J
(BTBR T+ tf/J) strain
Idiopathic model of ASD
This strain carries the
mutations “a”
{non-agouti; black and
tan)

“Ipr3"™" (inositol
1,4,6-triphosphate
receptor 3; tufted), and
“T" (brachyury)

SSC (Gogolla et al., 2014)
“Patchy” distribution of PV* cells
(2-3 months)

SSC, STRIATUM (Lauber ot al.,
2016) Reduction in the number of
PV* cells and Pvalb mRNA, no
change in WA* (Pvalb)

neurons (P25)

INSULAR CORTEX (Gogolla
etal., 2014) Diminished PV*
jpuncta on pyramidal

cells (P70-100)

ANTERIOR CINGULATE
CORTEX (Stephenson et al.,
2011) Reduction in PV* cells
(8-10 weeks)

CORTICOSTRIATAL ACUTE SLICES (Peca

etal, 2011)

Disruption of striatal glutamatergic signaling

« Decreased corticostriatal population spike
amplitude

« Reduced frequency and amplitude of
AMPA-mediated mEPSC in MSN

SSC (Chen et al, 2020)

Excitatory neuron hyperactivity and

inhibitory neuron hypoactivity

« in vivo population calcium imaging (basal
recordings and after stimulation: vibrissae
motion detection task

TEMPORAL CORTEX (Banerjee et al, 2013)

mIPSC impairment

* Reduced mIPSC frequency, but increased rise
time and decay time in L2/3 pyramidal cells

« Lower input/output response of evoked IPSCs

INSULAR CORTEX (Gogolla et al., 2014)

Impaired multisensory

integration—weakened inhibitory circuitry

« Decreased mIPSCs frequency recorded in
pyramidal cells

(C) GENETIC NDD MODELS WITH A FEEBLER LINK TO PV AND ASD

Ambrai*/= (female
mice)

Ambrat

Activating molecule in
Beclin{-regulated
autophagy

SFARI Gene Archive 5

Aspm'-?

Aspm

Abnormal spindle-like
microcephaly associated

PV-Lmod~/~

Lmo4 deletion in Pvalb
neurons

Lmod

LIM domain only

HIPPOCAMPUS (Nobil et al.,
2018) Reduction in the number of
PV+ cells and PV protein levels.
(2-3 months)

HIPPOCAMPUS, TRN (Garrett
etal., 2020)

Reduction in the number of PV
cells (23 weeks)

ANTERIOR CINGULATE
‘CORTEX (Zhang et al., 2020a)
No detectable loss of PV*
neurons (2-4 months)

HIPPOCAMPUS (Nobili et al., 2018)

Reduction of inhibitory drive on CA1

pyramidal neurons

« Reduced amplitude of dencitic elPSCs

* Reduced ampitude of Pvalb neuron-mediated
perisomatic elPSCs.

na

ANTERIOR CINGULATE CORTEX (ACC) L2/3

(Zhang et al., 20202)

Altered properties of Pvalb neurons

« Increased membrane excitabilty and
shortened latency to the first AP

« Increased amplitude of spontaneous inhibitory
inputs (mostly from Pvalb neurons) to the
somata of ACC L2/3 pyramidal cells

Increased Pvalb neuron-mediated

perisomatic feedforward inhibition

ASD-like behavioral impairments
(core and comorbidity)

Stereotypic motor movements and
communication and social
abnormalities. Hyperactivity to
thermal sensory stimuii (Penagarikano
etal, 2011)

Reduced social play in juvenile (P30)
male, but not in female mice
Prolonged social approach in the
social approach assay (3-chamber
assay) observed in adult (3 months)
male and female Ehmt1*/~ mice
Delayed (males) or absent (females)
preference for social novelty
Hypergrooming and reduced
exploration in the open field
(Balemans et al., 2010)

Deficits in reciprocal social
interactions as juvenies and adults
(Brielmaier et al., 2012)

ASD-like core symptoms of altered
social interaction and repetitive
behaviors, hyperactivity (Pietropaolo
etal,, 2011). Mental retardation,
anxiety, increased incidence of
epilepsy, auditory hypersensitivity
(Chen and Toth, 2001;Frankland
etal., 2004)

Ataxia, stereotyped behaviors,
seizures, motor, sensory, memory,
and social deficits (Chao et al,
2010;lto-shida et al., 2015)

Impaired social novelty and social
memory, hyperactivty, repetitive
behaviors (Tabuchi et al.,
2007;Rothwell et al., 2014)

Impaired social interaction behaviors
and enhanced spatial learning
(Tabuchi et al., 2007;Etherton et al.,
2011)

Hypergrooming, social deficts,
sensory hyperactivity (Peca et al.,
2011;Chen et al., 2020)

Reduced communication, social
deficits, repetitive behavior, stimuli
hypersensitivity (Schneider and
Przewlocki, 2005;Markram et al.,
2008;Gandal et al., 2010)

Socal deficits, impairments in vocal
communication, stereotypic, repetitive
behaviors, exaggerated auditory
responses at low-moderate tones
(McFarlane et al., 2008;Scattoni et al.,
2011;Gogolla et al., 2014)

Sociabity and communication
deficits (Nobil et al., 2018)

Impaired short- and long-term object
recognition memory (Garrett et al.,
2020)

Repetitive behaviors and deficits in
social interaction (Zhang et al., 2020a)





OPS/images/fncel-14-611379/cross.jpg
3,

i





OPS/images/fncel-14-611379/fncel-14-611379-g001.jpg
-
O
5

(S
kL.
o

S
o

Il I = == = = = =
D






OPS/images/fncel-14-585395/crossmark.jpg





OPS/images/fncel-14-585395/fncel-14-585395-g001.gif
Croissance du registre de patients au Venezuela |

2500
g 21,5M 25,5M £
£ m ;
H 1/68
5 1500
]
2 o0
3
i w
g

o

1094 1055 1o0e 1007 1008 1003 2000 20t 2000 1/88

Autism
Spectrum
Disorder

Ehemophiie A B hémophilie 8 £ mw [ autres troubles

Le egistie des paticnts dc Veneznelaaprs e xpnsion soudese deyns 1994,

1975 1985 1995 2005 2014






OPS/images/fncel-14-577858/fncel-14-577858-g007.gif
A

Control

ASD

150

100

Specific binding fmol/mg protein

°
%
3

Control 4
ASD
* . 3 . .

. Lo A 1 E . E
TERT O E R
AA. . 1 : .

ole : Poa
c . L 0 r T
e g o
caud? o™ oh® caf or® Ut
oh® [ o





OPS/images/fncel-14-577858/fncel-14-577858-g008.gif
o

[=]
0
<

Control






OPS/images/fncel-14-577858/fncel-14-577858-t001.jpg
Cases Diagnosis | Age [ PMI | Gender |Ethnicity Cause of Death

3228 Control 11 20 Male  Caucasian Internal bleeding

4337 Control 8 16 Male  African american Neck injury

4599 Control 23 18 Male  African american Cardiac arrthymia

4787 Control 12 15 Male  African american Asthma

5163 Control 14 12 Male  Caucasian Drowning

5170 Control 13 20 Male  African american Gunshot wound to chest
5334 Control 12 15 Male Hispanic Suicide

5387 Control 12 13 Male  Caucasian Drowning

5391 Control 8 12 Male  Caucasian Drowning

5408 Control 6 16 Male  African american Drowning

5813 Control 21 24 Male  African american Atherosclerotic cardiovascular disease
2004 Autism 10 23 Male  Asian Accident,

4231° Autism 8 12 Male African american Drowning
4434" Autism 11 27 Male  Hispanic Acute hemorrhagic tracheobronchitis
4721 Autism 8 16 Male  African american Drowning

4849 Autism 7 20 Male  African american Drowning

4899° Autism 14 9 Male Caucasian Drowning

5144 Autism 7 3 Male  Caucasian Cancer

5308 Autism 4 21 Male  Caucasian Skull fractures

5565 Autism 12 22 Male  African american  Seizure Disorder

5841° Autism n 15 Male Caucasian Hanging

5864 Autism 20 42 Male  Caucasian Seizure Disorder

*At least one documented seizureKnown medications: Zyprexa, Lexapro; ®Keppra, Lexapro; °Keppra; “Daytrana; © Trileptal, Zoloft, Clonidine, Melatonin; Tegretol, Clonidine, Ativan,
Risperdal,
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Receptor Ligand Specific Activity (Ci/mmol) | Concentration (nM) Displacer Exposure (weeks)
D, [3H] Spiperone 78.8 2 +/-butaclamol 14
D, [BH] SCH 23390 819 3 +/-butaclamol 10
GABA, [3H] Flunitrazepam 79.8 5 Clonazepam 12
GABAg [*H] CGP 54626 60 3 CGP-5585 14
5-HT, [*H] Ketanserin 473 3 Imipramine 23
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