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Autism spectrum disorder (ASD) comprises a wide range of neurodevelopment conditions primarily characterized by impaired social interaction and repetitive behavior, accompanied by a variable degree of neuropsychiatric characteristics. Synaptic dysfunction is undertaken as one of the key underlying mechanisms in understanding the pathophysiology of ASD. The excitatory/inhibitory (E/I) hypothesis is one of the most widely held theories for its pathogenesis. Shifts in E/I balance have been proven in several ASD models. In this study, we investigated three mouse lines recapitulating both idiopathic (the BTBR strain) and genetic (Fmr1 and Shank3 mutants) forms of ASD at late infancy and early adulthood. Using receptor autoradiography for ionotropic excitatory (AMPA and NMDA) and inhibitory (GABAA) receptors, we mapped the receptor binding densities in brain regions known to be associated with ASD such as prefrontal cortex, dorsal and ventral striatum, dorsal hippocampus, and cerebellum. The individual mouse lines investigated show specific alterations in excitatory ionotropic receptor density, which might be accounted as specific hallmark of each individual line. Across all the models investigated, we found an increased binding density to GABAA receptors at adulthood in the dorsal hippocampus. Interestingly, reduction in the GABAA receptor binding density was observed in the cerebellum. Altogether, our findings suggest that E/I disbalance individually affects several brain regions in ASD mouse models and that alterations in GABAergic transmission might be accounted as unifying factor.
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Introduction

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition involving altered social communication and presence of repetitive behaviour. Several other co-occurring conditions such as attention deficit hyperactivity disorder, depression, sleep disorder, epilepsy, anxiety, and intellectual disability are often associated with ASD (1). The prevalence of ASD has increased significantly in recent decades, with 1 in 100 children being affected across all socioeconomic, racial, and ethnic groups (2). Being a long-lasting condition, approximately 2% of the adult population is estimated to live with ASD (3). Although both genetic and environmental factors have been associated with ASD onset, its etiology still remains poorly understood. ASD is predominantly a heterogeneous disorder, majorly classified into syndromic and idiopathic forms. Syndromic cases are associated with clinically defined somatic and behavioral phenotypes. On the other hand, idiopathic forms have unknown etiology and account for the majority of ASD cases (4). However, synaptic dysfunctions remain a point of commonality among several disparate forms of autism (5).

Despite the neuroanatomical differences between humans and mice, some fundamental aspects of the neural mechanisms identified in animal models remain conserved across species and hence, translatable. Therefore, three well-renowned mouse strains characterized to study ASD features were chosen for this study. Black and tan brachyury (BTBR) mice are an inbred strain showing face validity for idiopathic ASD (6). Fragile X messenger ribonucleoprotein 1 (FMR1) is an mRNA binding protein mutated in fragile X syndrome, which is the most common cause of inherited intellectual disability and shares large degree of similarities in symptomatology with ASD. Fmr1 knockout (KO) mice are the best characterized model to study fragile X syndrome. This model also shows promising behavioural and physiological features to be used as a validated model for ASD (7). SH3 and multiple ankyrin repeat domain 3 (SHANK3) is a key post-synaptic scaffolding protein, whose disruption is associated with the development of Phelan-McDermid Syndrome. Shank3b KO mice display key behavioral abnormalities associated with ASD (8).

Tight balance between excitatory and inhibitory synaptic transmission at neural circuits is crucial for normal brain development and function. Accordingly, shifts in the excitation/inhibition (E/I) balance have been implicated in the development and maintenance of ASD. In recent years, the theory of E/I imbalance in ASD has gained a lot of attention. It has been postulated that the autistic brain may be overactive because of a ‘signaling imbalance’ with too much excitatory signaling or too little inhibition at synaptic or circuit levels. This may also in part provide an explanation to the high propensity of people with ASD to develop seizures or epilepsy (9). Cumulative evidence now emerges to support the notion of E/I imbalances in various neurodevelopmental disorders including ASD in humans (10–15). Multiple factors such as synapse development, synaptic plasticity, intrinsic neuronal excitability, and intracellular signaling pathways play crucial roles in modulating E/I balance at cellular and circuit levels. However, it is important here to consider that the notion of “E/I balance” determining whether brain circuits are in homeostasis or not is vastly over simplified, since (A) microcircuits in different brain regions are not a unidirectional entity. They can be affected by different mixtures of excitation and inhibition inputs, (B) within a single microcircuit, different sources of excitation and inhibition affect different aspects of neuronal functions, and (C) brain compensatory response for the imbalance should be also considered. A multitude of factors has a critical role in differentially contributing to regulate individual synapses, thereby contributing to the E/I imbalance (16). Novel modulators directed at restoring the E/I balance by mostly targeting synaptic ionotropic excitatory and inhibitory receptors, are proving a valuable tool and paving way to clinical trials (17).

Ionotropic receptors are ligand-gated ion channels, made up of multiple subunits. GABAA (γ-aminobutyric acid, type A) is one of the main inhibitory receptors at synapses. There are in total 19 known subunits, which differentially combine in heteropentamers. Different subunits and their combinations contribute to the regional and functional diversity of the receptor, being most commonly composed of two alpha, two beta‚ and one gamma subunits (18). NMDA and AMPA receptors belong to the ionotropic glutamate receptors family. Functionally active NMDA receptors are heterotetramers composed of two obligatory GluN1 subunits along with two GluN2 or GluN3 subunits. Four different GluN2 and two different GluN3 subunits exist, adding up to the complex regional and developmental composition of the receptor (19). AMPA receptors are heterotetrameric combinations of the subunits GluA1, GluA2, GluA3, and GluA4 and are expressed throughout the brain. Being a highly dynamic receptor, trafficking, insertion, and removal of the GluA subunits at the synaptic membrane thus play major role in determining the efficacy of synaptic transmission (20). In this study, we investigated the binding profile to ionotropic excitatory glutamatergic and inhibitory GABAergic receptors in an age and region dependent fashion in three mouse models of ASD. Taken together, we show a convergent increase in the GABAA receptor binding density at adulthood in dorsal hippocampus (DH), whereas reduced GABAA receptor binding density was observed in the cerebellum (Cer) concomitantly. Quantitative evaluation of GABAA, AMPA, and NMDA ionotropic receptor distribution will thus contribute to develop a better understanding towards underpinning the selective role of these receptors in alterations of E/I balance.



Materials and methods


Animals

BTBR (BTBR T+ Itpr tf/J, stock #002282), C57BL6/J (stock #000664), Fmr1 (B6.129P2-Fmr1tm1Cgr/J, stock #003025), and Shank3b (B6.129-Shank3tm2Gfng/J, stock #017688) mice were purchased from Jackson laboratories and housed in a pathogen-free facility with 12 h light/dark cycle, food, and water available ad libitum. Fmr1−/y (Fmr1 KO) mice were generated by (21). Shank3b (B6.129-Shank3tm2Gfng/J) mice were generated by replacing exons 13–16 with a neomycin resistance cassette (8). BTBR, Fmr1−/y (Fmr1 KO), and Shank3b−/− (Shank3b KO) were used as test animals. C57BL6/J mice were used as controls for BTBR mice, wildtype littermates for Fmr1 KO and Shank3b KO. Breeding was approved by the local authorities. Since ASD shows a higher prevalence in male individuals, only male mice were used in the experiments (1). The number of animals tested in each experiment is reported in every figure legend and in the results section. All the experiments were performed according to guidelines of the central animal facility institution (TARC, Mainz University Medical Center) representing those of the German Animal Welfare Act and the European Directive 2010/63/EU for the protection of animals used for scientific purposes. Reporting was carried out according to the ARRIVE guidelines for reporting in vivo experiments.



Tissue collection and processing

Mice were decapitated and brains were rapidly frozen in isopentane. They were further stored at −80°C until cutting. Brain slices were serially cut (20 μm thickness) in the coronal plane with a cryostat microtome (Leica, Germany). Slices containing Cer were cut similarly in the sagittal plane. The following bregma points were chosen for the analysis: 1.93 mm for the PFC, between 1.53 mm and 0.97 mm for DS and VS, −1.55 mm for the DH. Sagittal sections cut 0.72 mm lateral to the midline were considered for the Cer. For the location of the regions of interest, we referred to Paxinos and Franklin (22).

Totally, for each region of interest, 5 slices were collected and stored at −80°C until further histological and autoradiographic experiments. The first two slices were used for histological staining, the successive two were incubated with the [H3]-labeled ligands for AMPA, NMDA and GABAA receptors. Slices containing Cer were incubated only with the [H3]-labeled ligands for GABAA receptor. Indeed, as already shown, [3H]MK-801 yields no signal in the Cer at the concentrations used in this study (23).



Histology

Hematoxylin–eosin staining was performed to help spatially localize the regions of interest on the autoradiograms. Briefly, the frozen brain slices were acclimatized at room temperature for 10 min. The slices were then incubated in acetone for 5 min, briefly air dried, and dipped in hematoxylin (Thermo Fisher) for 1 min. After washing in running water for 10 min, the slices were put for 10 s in Eosin Y (Thermo Fisher). Then, the slices were dehydrated in increasing ethanol concentrations (96 and 100%) each for 2 min. Finally, the slices were placed for 3 min in xylol, and cover slipped with Cytoseal XYL (Thermo Fisher). Pictures were scanned at 4× magnification with a Leica microscope (Leica, Germany), digitized and transferred to the MCID program.



In vitro receptor autoradiography

The receptor binding density for AMPA, NMDA, and GABAA receptors was adapted from the protocols described in (24). The tritiated ligands [3H]AMPA, [3H]MK-801, and [3H]Muscimol were purchased from PerkinElmer (Germany). AMPA is an agonist of the homonymous receptor, MK-801, also known as dizocilpine, is an uncompetitive antagonist of the NMDA receptor and Muscimol is an agonist of the GABAA receptor. In the first step, the pre-incubation, endogenous ligands were washed off. In the following main incubation, the tritiated ligands were incubated both in the presence of a competitor, in order to determine the unspecific binding, and without it, in order to assess the total binding. Finally, the slices were rinsed. The slices incubated with [3H]AMPA were additionally dried with a warm air stream for 2 s and afterwards with a cold air stream. Slices incubated with [3H]MK-801 and [3H]Muscimol were dried with a cold air stream. A detailed description of the protocols used is reported in Table 1.



TABLE 1 Receptor binding protocols for the [3H] ligands with competitors (noted with *) and incubation conditions.
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Image acquisition and analysis

Image acquisition and analysis were performed as described in (25). [3H] plastic standards (Microscales®; Amersham, Freiburg, Germany) were exposed together with the tritium-labeled sections to a [3H]-sensitive film (Bio Max MR-1 Autoradiography Film, KODAKTM) for 12 ([3H]AMPA and [3H]Muscimol) and 15 ([3H]MK-801) weeks. The autoradiograms and the standards were scanned in equal lighting conditions with the digital CoolSNAP camera (Roper Scientific, Photometrics CoolSNAPTM cf., Ottobrunn/Munich Germany) and digitized with the MCID image analysis system (Imaging Research Inc., St. Catharines, Ontario, Canada). The standards were used to calculate the relationship between the gray values of the autoradiograms and the concentration of radioactivity. Total binding was calculated on the autoradiograms on both hemispheres in the regions of interest after tracing their boundary on the hematoxylin–eosin staining (Figure 1). The unspecific binding was consistently slightly above background signal or completely lacking. The value was then subtracted from the total binding. The binding values obtained from each ligand were used to calculate in the DH the E/I ratio as follows: (MK-801 + AMPA)/Muscimol (26).

[image: Figure 1]

FIGURE 1
 Exemplary overview of the autoradiograms and HE-stained sections. Slices stained with HE were used to trace the regions of interest (PFC, DS, VS, DH, and Cer), which were later overlayed on the respective autoradiograms for AMPA, NMDA and GABAA receptors.




Statistical analysis

Statistical analysis was carried out with Prism (GraphPad, Version 9) and Microsoft Excel. Normal distribution of the data was assessed through the D’Agostino-Pearson test. Outliers were screened with the Rout test. Student’s multiple t-test was then performed. Raw p-values were then adjusted for multiple comparisons using the FDR correction method as described in (27). p < 0.05 was taken as threshold for statistical significance and results are shown as the mean ± SEM. The experiments were performed in a blinded manner and data are expressed as percentage of controls.




Results

This dataset describes alterations in receptor binding densities to AMPA, NMDA, and GABAA receptors in PFC, DH, DS, VS, and Cer. It was obtained by means of quantitative in vitro receptor autoradiography of 4- and 12 week-old BTBR, Fmr1 KO and Shank3b KO mice. Representative HE-stained sections were used to trace the boundaries of the above-mentioned regions of interest, which were then overlapped on the autoradiograms for AMPA, NMDA, and GABAA receptors prior to analysis (Figure 1).

In BTBR mice, receptor binding density to AMPA receptors was significantly increased at DS and VS at 4 weeks (DS, p = 0.003; VS, p = 0.025) and a similar tendency was observed at 12 weeks (DS, p = 0.087; VS, p = 0.087) of age. However, no significant alterations were observed in PFC (4 weeks, p = 0.980; 12 weeks, p = 0.612) and DH (4 weeks, p = 0.485; 12 weeks, p = 0.650) at both time points (Figures 2A,B). Interestingly, binding density to NMDA receptors also showed a significant increase in DS at 4 weeks (p = 0.025), but neither in VS (p = 0.102) nor in both striatal subregions at adulthood (DS, p = 0.383; VS, p = 0.299). There was no change in AMPA or NMDA receptor binding in PFC (4 weeks, p = 0.316; 12 weeks, p = 0.299) and DH (4 weeks, p = 0.980; 12 weeks, p = 0.979) at both time points (Figures 2C,D). Furthermore, receptor binding density to GABAA receptors was not changed in PFC at both 4 weeks (p = 0.092) and 12 weeks (p = 0.158). In DS and Cer a tendency to reduced receptor binding density was found at 4 weeks (DS, p = 0.081; Cer, p = 0.081) but was not observed at adulthood (DS, p = 0.802; Cer, p = 0.299). GABAA receptor binding density in VS showed no change at both time points (4 weeks, p = 0.980, 12 weeks, p = 0.979). Notably, a strong propensity to increased GABAA receptor binding density was found at 4 weeks (p = 0.069), and it became significantly increased at 12 weeks (p = 0.003) of age in DH (Figures 2E,F). Taken together, both glutamatergic and GABAergic receptors demonstrate discrete changes in receptor binding densities. Still, we found the most prominent differences persisting during development in the binding to AMPA receptors in DS and VS (increased) and to GABAA receptors in DH (increased).
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FIGURE 2
 Bar charts representing mean and SEM of the receptor binding density in the BTBR line. Binding density to AMPA receptors at 4 weeks (A) PFC: C57BL6/J (n = 7), BTBR (n = 6), DS: C57BL6/J (n = 6), BTBR (n = 6), VS: C57BL6/J (n = 7), BTBR (n = 7), DH: C57BL6/J (n = 9), BTBR (n = 10). Binding density to AMPA receptors at 12 weeks (B) PFC: C57BL6/J (n = 9), BTBR (n = 9), DS: C57BL6/J (n = 10), BTBR (n = 10), VS: C57BL6/J (n = 10), BTBR (n = 10), DH: C57BL6/J (n = 9), BTBR (n = 10). Binding density to NMDA receptors at 4 weeks (C) PFC: C57BL6/J (n = 8), BTBR (n = 8), DS: C57BL6/J (n = 7), BTBR (n = 8), VS: C57BL6/J (n = 7), BTBR (n = 7), DH: C57BL6/J (n = 8), BTBR (n = 9). Binding density to NMDA receptors at 12 weeks (D) PFC: C57BL6/J (n = 8), BTBR (n = 10), DS: C57BL6/J (n = 10), BTBR (n = 10), VS: C57BL6/J (n = 10), BTBR (n = 10), DH: C57BL6/J (n = 10), BTBR (n = 10). Binding density to GABAA receptors at 4 weeks (E) PFC: C57BL6/J (n = 8), BTBR (n = 9), DS: C57BL6/J (n = 8), BTBR (n = 9), VS: C57BL6/J (n = 7), BTBR (n = 8), DH: C57BL6/J (n = 9), BTBR (n = 9), Cer: C57BL6/J (n = 7), BTBR (n = 7). Binding density to GABAA receptors at 12 weeks (F) PFC: C57BL6/J (n = 9), BTBR (n = 9), DS: C57BL6/J (n = 10), BTBR (n = 10), VS: C57BL6/J (n = 10), BTBR (n = 10), DH: C57BL6/J (n = 9), BTBR (n = 10), Cer: C57BL6/J (n = 9), BTBR (n = 9). Significant differences are indicated with asterisks (*p < 0.05 and **p < 0.01). Changes are represented as percentage of the mean of C57BL6/J mice.


Fmr1 KO mice showed a propensity to increased binding density to AMPA receptors in PFC at 12 (p = 0.063) but not 4 weeks (p = 0.156). In DH we found the opposite, with a tendency to reduced receptor binding density at 12 (p = 0.059) but not at 4 weeks (p = 0.156). DS and VS showed no significant alterations at either time point (DS 4 weeks, p = 0.473; VS 4 weeks, p = 0.641; DS 12 weeks, p = 0.493; VS 12 weeks, p = 0.632) (Figures 3A,B). Binding density to NMDA receptors in PFC remained unchanged at both time points (4 weeks p = 0.373; 12 weeks, p = 0.729). In DS and VS, age dependent alterations are highlighted, with no change in receptor binding profile at 4 weeks (DS, p = 0.804; VS, p = 0.533) but reduced receptor binding densities at adulthood (DS, p = 0.058; VS, p = 0.049). DH showed reduced binding densities to NMDA receptors at both time points (4 weeks, p = 0.002; 12 weeks, p = 0.058) (Figures 3C,D). Regarding GABAA receptors, binding density remained unaltered in PFC at 4 weeks (p = 0.473) but showed significant reduction at 12 weeks (p = 0.049). Similarly, no change was observed in DH at 4 weeks (p = 0.373), whereas it was strongly increased at adulthood (p = 0.025). Binding profile of DS and VS remained unchanged at both time points (DS 4 weeks, p = 0.984; VS 4 weeks, p = 0.473; DS 12 weeks, p = 0.632; VS 12 weeks, p = 0.729). Strikingly, binding density to GABAA receptor was significantly reduced in Cer at both 4 (p = 0.0009) and 12 weeks (p = 0.049) (Figures 3E,F). Collectively, Fmr1 KO mice showed several alterations, which remained consistent with development, such as NMDA binding in DH (decreased) and GABAA binding in Cer (decreased).
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FIGURE 3
 Bar charts representing mean and SEM of the receptor binding density in the Fmr1 line. Binding density to AMPA receptors at 4  weeks (A) PFC: Fmr1 WT (n = 8), Fmr1 KO (n = 7), DS: Fmr1 WT (n = 8), Fmr1 KO (n = 8), VS: Fmr1 WT (n = 9), Fmr1 KO (n = 8), DH: Fmr1 WT (n = 10), Fmr1 KO (n = 9). Binding density to AMPA receptors at 12 weeks (B) PFC: Fmr1 WT (n = 7), Fmr1 KO (n = 6), DS: Fmr1 WT (n = 7), Fmr1 KO (n = 7), VS: Fmr1 WT (n = 7), Fmr1 KO (n = 6), DH: Fmr1 WT (n = 10), Fmr1 KO (n = 8). Binding density to NMDA receptors at 4 weeks (C) PFC: Fmr1 WT (n = 7), Fmr1 KO (n = 8), DS: Fmr1 WT (n = 8), Fmr1 KO (n = 8), VS: Fmr1 WT (n = 8), Fmr1 KO (n = 7), DH: Fmr1 WT (n = 8), Fmr1 KO (n = 6). Binding density to NMDA receptors at 12 weeks (D) PFC: Fmr1 WT (n = 8), Fmr1 KO (n = 8), DS: Fmr1 WT (n = 6), Fmr1 KO (n = 6), VS: Fmr1 WT (n = 7), Fmr1 KO (n = 6), DH: Fmr1 WT (n = 10), Fmr1 KO (n = 7). Binding density to GABAA receptors at 4 weeks (E) PFC: Fmr1 WT (n = 9), Fmr1 KO (n = 8), DS: Fmr1 WT (n = 9), Fmr1 KO (n = 7), VS: Fmr1 WT (n = 8), Fmr1 KO (n = 6), DH: Fmr1 WT (n = 10), Fmr1 KO (n = 7), Cer: Fmr1 WT (n = 9), Fmr1 KO (n = 8). Binding density to GABAA receptors at 12 weeks (F) PFC: Fmr1 WT (n = 7), Fmr1 KO (n = 8), DS: Fmr1 WT (n = 6), Fmr1 KO (n = 8), VS: Fmr1 WT (n = 6), Fmr1 KO (n = 8), DH: Fmr1 WT (n = 10), Fmr1 KO (n = 9), Cer: Fmr1 WT (n = 6), Fmr1 KO (n = 7). Significant differences are indicated with asterisks (*p < 0.05, **p < 0.01, and ***p < 0.001). Changes are represented as percentage of the mean of Fmr1 WT mice.


Interesting similarities regarding GABAA receptor binding density can be observed both in the BTBR and Fmr1 KO mice. At 4 weeks, it was decreased in Cer (strong tendency in BTBR and significant change in Fmr1 KO mice), whereas it was increased in DH at adulthood. This evidence highlights that the ionotropic neurotransmitter receptors analyzed might be discretely altered in different regions.

In Shank3b KO mice no change was found for AMPA receptor binding density for all regions analyzed, both at 4 (PFC, p = 0.852; DS, p = 0.583; VS, p = 0.772; DH, p = 0.442) and 12 weeks (PFC, p = 0.692; DS, p = 0.971; VS, p = 0.896; DH, p = 0.896), respectively (Figures 4A,B). Interestingly, binding density to NMDA receptors showed no change in DS and VS at 4 (DS, p = 0.146; VS, p = 0.146) but a significant reduction at 12 weeks (DS, p = 0.016; VS, p = 0.016). However, no significant alterations were observed at both time points in PFC (4 weeks, p = 0.442; 12 weeks, p = 0.971) and DH (4 weeks, p = 0.442; 12 weeks, p = 0.971) (Figures 4C,D). Concerning GABAA receptors, at both time points considered, no change was noticed in PFC (4 weeks, p = 0.583; 12 weeks, p = 0.971), DS (4 weeks, p = 0.442; 12 weeks, p = 0.692), and VS (4 weeks, p = 0.188; 12 weeks, p = 0.896). Finally, no change was observed at 4 weeks in DH (p = 0.852) and Cer (p = 0.852), whereas at 12 weeks the receptor binding density showed strong tendencies to increase in DH (p = 0.068) and decrease in Cer (p = 0.068), respectively (Figures 4E,F). As already known from previous studies (28), knockdown of SHANK3 is associated to NMDA receptor reduction and hypofunction.
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FIGURE 4
 Bar charts representing mean and SEM of the receptor binding density in the Shank3b line. Binding density to AMPA receptors at 4 weeks (A) PFC: Shank3b WT (n = 6), Shank3b KO (n = 6), DS: Shank3b WT (n = 6), Shank3b KO (n = 6), VS: Shank3b WT (n = 6), Shank3b KO (n = 6), DH: Shank3b WT (n = 5), Shank3b KO (n = 5). Binding density to AMPA receptors at 12 weeks (B) PFC: Shank3b WT (n = 14), Shank3b KO (n = 11), DS: Shank3b WT (n = 15), Shank3b KO (n = 10), VS: Shank3b WT (n = 14), Shank3b KO (n = 11), DH: Shank3b WT (n = 14), Shank3b KO (n = 12). Binding density to NMDA receptors at 4 weeks (C) PFC: Shank3b WT (n = 5), Shank3b KO (n = 5), DS: Shank3b WT (n = 6), Shank3b KO (n = 5), VS: Shank3b WT (n = 6), Shank3b KO (n = 5), DH: Shank3b WT (n = 6), Shank3b KO (n = 6). Binding density to NMDA receptors at 12 weeks (D) PFC: Shank3b WT (n = 14), Shank3b KO (n = 12), DS: Shank3b WT (n = 14), Shank3b KO (n = 12), VS: Shank3b WT (n = 13), Shank3b KO (n = 12), DH: Shank3b WT (n = 14), Shank3b KO (n = 11). Binding density to GABAA receptors at 4 weeks (E); PFC: Shank3b WT (n = 6), Shank3b KO (n = 6), DS: Shank3b WT (n = 5), Shank3b KO (n = 6), VS: Shank3b WT (n = 4), Shank3b KO (n = 6), DH: Shank3b WT (n = 6), Shank3b KO (n = 6), Cer: Shank3b WT (n = 4), Shank3b KO (n = 6). Binding density to GABAA receptors at 12 weeks (F) PFC: Shank3b WT (n = 15), Shank3b KO (n = 12), DS: Shank3b WT (n = 15), Shank3b KO (n = 12), VS: Shank3b WT (n = 15), Shank3b KO (n = 12), DH: Shank3b WT (n = 13), Shank3b KO (n = 12), Cer: Shank3b WT (n = 11), Shank3b KO (n = 11). Significant differences are indicated with asterisks (*p < 0.05). Changes are represented as percentage of the mean of Shank3b WT mice.


Remarkably, increased GABAA receptor binding density at adulthood in the DH was discovered as point of commonality among all the ASD mouse models analyzed in this study. This also leads to a disbalance in the binding to ionotropic excitatory and inhibitory receptors estimated through the calculation of the corresponding binding density-related E/I ratio (Figure 5). Moreover, in a region-specific fashion, GABAA receptor binding density was reduced in Cer both in Shank3b (strong tendency) and Fmr1 KO mice at adulthood.
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FIGURE 5
 Bar charts representing mean and SEM of the receptor density-related E/I ratios from the DH of the three mouse lines analyzed in the study at 12 weeks of age. E/I ratio for at 12 weeks (A) DH: C57BL6/J (n = 8), BTBR (n = 10). E/I ratio for at 12 weeks (B) DH: Fmr1 WT (n = 10), Fmr1 KO (n = 6). E/I ratio for at 12 weeks (C) DH: Shank3b WT (n = 12), Shank3b KO (n = 11). Significant differences are indicated with asterisks (*p < 0.05, **p < 0.01).




Discussion

In this study, we report for the first time the analysis of the binding density to the main ionotropic excitatory (AMPA and NMDA) and inhibitory (GABAA) receptors at the synapse by the means of receptor autoradiography in three different ASD mouse models. For the analysis, we chose two developmental time points corresponding to late infancy (4 weeks) and early adulthood (12 weeks). It has indeed been shown that synaptic proteins go through dynamical regulation during postnatal development (29). This consideration holds true also for AMPA (30), NMDA (19, 31, 32), and GABAA (33–37) receptors. The study was limited to brain regions, in which the association to ASD is long known. Aware of the controversial definition of the murine PFC (38), we analyzed a region corresponding to the anterior cingulate, infralimbic and prelimbic cortex, as already previously shown (39). Frontal lobes in general, and PFC in particular, are known to play a role in complex social, cognitive, emotional and communicative skills (40). Str and NAcc are part of the basal ganglia and are functionally involved in the regulation of motor- and reward-motivated behavior (41). Although DH has been long associated to episodic memory and spatial orientations skills, recent acquisitions point at the involvement of this brain area in the development of the impaired social interaction phenotype typical of ASD (42). Finally, Cer is also embedded in the subcortical loops involved in the control of movement. Recent discoveries point out at the involvement of cerebellar projections to the emergence of social and cognitive impairment (43). Both macro- and microscopic alterations of the above-mentioned regions have been reported in ASD and have been hence selected for our screening (Figure 1) (44).

The E/I (excitation–inhibition) balance theory assumes that several psychiatric diseases, among which ASD, are due to a dysregulation of the excitatory and inhibitory factors existing at cellular, synaptic and circuit level, leading to a detrimental overall circuit activity (9, 16). Several factors contribute to the generation and maintenance of the E/I balance, such as glutamatergic and GABAergic ionotropic (AMPA, NMDA, GABAA) and metabotropic receptors, signaling pathways, intrinsic neuronal excitability, homeostatic synaptic plasticity, interneurons, and glial cells (45, 46). Notably, disrupting the E/I balance in mice has been associated to the onset of impairments in social interaction (47). Moreover, additional ASD mouse models not investigated in this study such as, for example, Nf1 KO (48), Cntnap4 KO (49), and Tsc1 KO mice (50) showed altered E/I balance. In the present study, attention was restricted to a singular factor contributing to the E/I balance, namely the analysis of the ionotropic receptors. Alterations of the ionotropic glutamatergic and GABAergic receptors in ASD models and patients are in part already known and will be hence here discussed. We need to point out though, that there has been little use so far of receptor autoradiography to evaluate the brain receptor distributions in ASD models, making the comparison with other studies, using different methodological approaches, difficult. Having the BTBR strain a very strong face validity for ASD, a great number of drugs was tested in this line. Knowledge about the mechanisms leading to the typical phenotypes of this line is still largely limited. Impairments in glutamatergic neurotransmission were demonstrated in cortical synaptoneurosomes obtained from aged BTBR stimulated with potassium chloride (51). The use of AMPAKINE, positive modulators for AMPA receptors, in adult male and female BTBR mice led to improvement in social interaction and in learning and memory but not in the repetitive behavior (52). This is interesting to note, since we reported a significant increase of the AMPA binding density at 4 weeks and a strong tendency in the same direction at 12 weeks in the basal ganglia (Figures 2A,B), a region typically associated to the repetitive behavior phenotype, but not in the other regions considered. Increased D-aspartate, agonist of NMDA receptors, in PFC, hippocampus, and serum of BTBR, implicates alterations in the NMDA-related neurotransmission (53). Administration of D-cycloserine, a partial agonist of the NMDA receptor, led to an improvement of the impaired social interaction phenotype (54). Furthermore memantine, an NMDA receptor antagonist, could reduce the repetitive behavior phenotype (55). For the first time, we provided a detailed neuroanatomical mapping of the NMDA receptor binding density in the BTBR line, highlighting increased binding at 4 weeks in the DS (Figure 2C). Moreover, increased levels of glutamate, glutamine and GABAA were found in the Str of BTBR mice by the means of proton magnetic resonance spectroscopy (12). Reduced GABAA mediated inhibitory transmission in the BTBR hippocampus at 3 weeks has been reported. Administration of L-838,417, a partial agonist specific for the GABAA receptor subunits α2 and α3, proved efficacious in reducing the social impairment, whereas zolpidem, an α1 selective positive allosteric modulator, aggravated it (56). We showed at 12 weeks increased GABAA receptor binding density in the DH (Figure 2F). A similar shift was observed also at 4 weeks (Figure 2E). These two observations should not be seen in contrast to each other since mutations in the scaffold protein gephyrin can lead to reduced GABAergic transmission in the presence of unchanged overall membrane expression (57, 58). Reduction of GABAergic transmission was moreover reported in the insular cortex of BTBR mice, resulting in defective multisensory integration. The deficit could be rescued with the application of diazepam, agonist at the benzodiazepine binding site of the GABAA receptor (59). Successful application of diazepine in ameliorating the BTBR phenotype had already been reported (60). Other studies also showed the effects of drugs acting on the GABAA-related system in male and female BTBR mice, such as gaboxadol, a potent GABAA agonist, (61) and ganaxolone, a positive GABAA allosteric modulator (62). In another study, a selective positive allosteric modulator of GABAA receptor proved effective on adult male BTBR mice (63). Fragile X syndrome is the most common form of genetic intellectual disability and autism (64). The huge amount of evidence pertaining the synaptic function in the Fmr1 KO model is therefore not surprising. In one report, reduced AMPA receptor subunit GluA1 was found in the cortex but not in the hippocampus and in the Cer of Fmr1 KO mice, whereas no changes in NMDA receptor subunits were detected (65). Further evidence showed reduced levels of GluA1 phosphorylated at the serine 831 in the hippocampal dentate gyrus and cornu ammonis (66, 67). The phosphorylation of this amino acid is crucial for displaying normal long-term potentiation and long-term depression (68). In our hands, we found brain region-specific modifications, i.e., AMPA receptor binding density tended to increase in the PFC and to decrease in DH at 12 weeks in the Fmr1 KO mice (Figure 3B). In another report, reduced GluN1, GluN2a, and GluN2b were detected in the PFC of Fmr1 KO mice (69). In the dentate gyrus, impaired neurotransmission mediated from NMDA receptor was registered in multiple studies (66, 70–72). In one of them, moreover, the NMDA receptor subunits GluN1, GluN2a, and GluN2b were also found reduced in the dentate gyrus (66). We also found a consistent decrease of NMDA binding density at 4 weeks and a similar pattern at 12 weeks in the DH of Fmr1 KO mice. Moreover, at 12 weeks significant reduction was also registered in DS and VS, whereas in the PFC no change was revealed. The differences found may be due to the dissimilarities among the experimental procedures performed in this and other studies (Figures 3C,D). Evidence about alterations of the GABAergic metabolism and neurotransmission is abundant (for a complete overview please refer to (73, 74)). mRNA levels of several GABAA receptor subunits were found reduced in the cortex, but not in the hippocampus of Fmr1 KO mice at 8–12 weeks (75). At 10 weeks of age, mRNA coding for several subunits of the GABAA receptor were found reduced both in cortex and Cer (76). Analysis of full brain homogenates from Fmr1 KO mice revealed, moreover, a tight temporal regulation, i.e., multiple GABAA receptor subunits dysregulated at postnatal days 5 and 12 but not at early adulthood (77). In a previous report, the β subunit of the GABAA receptor was found reduced in cortex, hippocampus, brainstem, and diencephalon but not in Cer of Fmr1 KO mice at 8 weeks (78). Both α2 and β1 GABAA subunits were found reduced at mRNA and protein level in the hippocampus of animals at postnatal day 22 (79). The striking convergence among the different studies, is the reduction of the δ subunit of the GABAA receptor (76, 77, 79, 80). GABAA receptors, which contain the δ subunit, are only 5% of the total, are located peri- or extrasynaptically and mediate tonic inhibition (18, 81). In this study, the ligand [3H]Muscimol was used. It binds to the GABA binding site of the GABAA receptor, which is to be found between the alpha and beta subunits. Hence, in the present study nothing can be inferred about the δ subunit. Moreover, at 4 weeks only GABAA binding density in the Cer was strongly reduced (confirming the trend observed in the literature) (Figure 3E), whereas at 12 weeks GABAA binding density showed region specific changes, being reduced in PFC and Cer and increased in DH (Figure 3F). Subsequently, drugs targeting GABAA receptors such as benzodiazepines, ganaxolone and gaboxadol have been employed successfully in mice models of fragile X syndrome (82, 83).

Mutations in SHANK3 account for up to 0.7% of cases of ASD and a multitude of mouse models have been generated so far (84, 85). Hence, evidence available in the literature does not always derive from the same mouse model we used. By the means of cell surface biotinylation assay, reduced AMPA and NMDA receptor subunits were detected in the Shank3αβ KO model at 3–6 months in thalamus, hippocampus and striatum (86). In male and female Shank3e4–9 KO mice, reduced GluA1 and GluN2a levels were registered (87). GluA2, GluN2a, and GluN2b were also found reduced in fractions obtained from the postsynaptic density of Shank3b KO mice (8). Interestingly, the use of an AMPAKINE and of D-cycloserine in Shank3b KO mice proved of limited efficacy (61). Although we found no changes regarding AMPA receptor binding density at both time points (Figures 4A,B), receptor binding to the NMDA receptor was reduced in DS and VS at adulthood (Figure 4D). Alterations of GABAergic markers were identified in pups and adult Shank3b KO mice (88). A recent study showed no significant changes regarding the binding availability to the benzodiazepine binding site of the GABAA receptor both in-vivo on ASD patients (via PET scan) and in-vitro on ASD mouse models, among them Shank3b KO mice (via receptor autoradiography) (89). Of relevance, regarding binding density to the GABAA receptor, we found a tendency to increase in the DH and decrease in the Cer at adulthood (Figure 4F). Discrepancies from the studies reported above might depend upon the different ligands utilized. Finally, we intend to highlight the convergent increase at adulthood in DH of the GABAA receptor binding densities in all the lines investigated (Figures 2F, 3F, 4F) and reduction in Cer in Fmr1 KO and Shank3b KO lines (Figures 3F, 4F). The increased binding density to GABAA also affects the receptor density-related balance between excitation and inhibition in the DH at adulthood (Figure 5).

Several lines of evidence deriving from human research point at a decisive involvement of the GABAergic system in ASD. Molecular studies revealed a downregulation of GABAA receptor subunits in parts of the PFC and Cer (90–92). We also showed reduced binding density to the GABAA receptor in the Cer (Figures 2E, 3E, 3F, 4F). Receptor autoradiography in parts of the PFC from ASD individuals, revealed reduced binding density to the GABA and benzodiazepine binding sites (93, 94), mirroring in part our results (Figure 3F). In the hippocampus of ASD patients, binding density to the benzodiazepine binding site was reduced (95). In another study, [3HMuscimol] binding was reduced in the pyramidal layer of CA1 but not changed in the remaining ones (96). Even if in this study the same ligand was used, values were measured on the whole DH as already performed by (97) and not on the individual layers. In-vivo PET studies also revealed reduced binding to the benzodiazepine binding site of the GABAA receptor in patients affected by fragile X syndrome in one portion of the PFC (98), exactly as observed in the Fmr1 KO mice at 12 weeks (Figure 3F). The generalized binding throughout the brain to receptors α1 and α5 of the GABAA receptor was found reduced in ASD patients (99). Finally, a SPECT study in individuals with ASD showed a reduced accumulation of a radioactive ligand binding to the benzodiazepine binding site of the GABAA receptor in the superior and medial frontal cortex (100). The abundant evidence available about disorders of the E/I balance in ASD is at the root of the numerous pharmacological attempts directed at its modulation (17, 101).

A limitation of the technical approach used in this study consists in the lack of cell specificity. Moreover, the results reported indicate the percentual change of receptors available, but nothing can be inferred about the functional state. In recent years, a growing body of evidence has put in relation altered inhibitory neurotransmission in ASD with parvalbumin (PV)-positive interneurons. Briefly, they are a class of GABAergic cortical and hippocampal interneurons expressing the calcium-binding protein parvalbumin and fine-tuning the E/I balance in the brain (102). Reports from human brains highlight region-specific changes in the number or density of PV-positive interneurons, being increased in the DH (103) and decreased in the PFC (104). Mice devoid of PV recapitulate all the typical hallmarks of ASD (105). Interestingly, all the ASD models investigated in this study show region-specific alterations of PV-positive interneurons (106–108).

Future studies should be directed at investigating the role of the E/I imbalance (109) or PV-positive cells (110). Taken together, our study highlights developmental and region-specific alterations of the ionotropic receptors landscape in ASD mouse models. We believe that in-vitro approaches such as patient-derived induced pluripotent stem cells, organoids and assembloids can further pave the way in both modelling neuropsychiatric conditions and testing potential drugs acting on these membrane receptors.
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