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The abnormal accumulation of α-Synuclein (α-Syn) is a prominent pathological feature in a group of diseases called α-Synucleinopathies, such as Parkinson’s disease, dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). The formation of Lewy bodies (LBs) and glial cytoplasmic inclusions (GCIs) in neurons and oligodendrocytes, respectively, is highly investigated. However, the molecular mechanisms behind α-Syn improper folding and aggregation remain unclear. Histone deacetylase 6 (HDAC6) is a Class II deacetylase, containing two active catalytic domains and a ubiquitin-binding domain. The properties of HDAC6 and its exclusive cytoplasmic localization allow HDAC6 to modulate the microtubule dynamics, acting as a specific α-tubulin deacetylase. Also, HDAC6 can bind ubiquitinated proteins, facilitating the formation of the aggresome, a cellular defense mechanism to cope with higher levels of misfolded proteins. Several studies report that the aggresome shares similarities in size and composition with LBs and GCIs. HDAC6 is found to co-localize with α-Syn in neurons and in oligodendrocytes, together with other aggresome-related proteins. The involvement of HDAC6 in several neurodegenerative diseases is already under discussion, however, the results obtained by modulating HDAC6 activity are not entirely conclusive. The main goal of this review is to summarize and critically discuss previous in vitro and in vivo data regarding the specific role of HDAC6 in the context of α-Syn accumulation and protein aggregation in α-Synucleinopathies.
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INTRODUCTION

Protein misfolding and consequent accumulation is a biological process that has been intensively studied for many years. To perform their function within the cell, the newly synthesized proteins must achieve the proper conformation in a three-dimensional structure. However, due to disturbances in the folding process, such as environmental insults or genetic mutations, certain proteins may fail to achieve the native conformation (Balchin et al., 2016). Through a mechanism that is still not well understood, those proteins can undergo a process of misfolding and aggregation, leading to the formation of neurotoxic inclusions, a feature of age-related neurodegenerative diseases (Ross and Poirier, 2004; Sweeney et al., 2017; Soto and Pritzkow, 2018).

In this review article, we focus exclusively on the process of α-synuclein (α-Syn) accumulation and aggregation, the pathological hallmark of a group of diseases like Parkinson’s disease (PD), multiple system atrophy (MSA) and dementia with Lewy bodies (DLB), commonly known as α-Synucleinopathies (Duda et al., 2000; Goedert et al., 2017). To date, it is well-accepted that α-Syn is the major component of pathological aggregates, such as Lewy bodies (LBs), Lewy neurites (LNs), and glial cytoplasmic inclusions (GCIs; Spillantini and Goedert, 2000; Visanji et al., 2019). It is believed that these protein inclusions play a central role in the progression of the disease, contributing to neuronal dysfunction, neuroinflammation, and neurodegeneration (Vekrellis et al., 2011; Uchihara and Giasson, 2016). However, the molecular mechanisms involved in the formation of such inclusions are not fully understood.

To cope with higher amounts of pathological α-Syn aggregates, several protein quality control mechanisms are triggered to maintain the normal function and homeostasis of the neural cells (Ciechanover and Kwon, 2015). However, in a disease context, the exacerbated amount of pathological α-Syn leads to the dysfunction of the ubiquitin-proteasome system (UPS), resulting in a higher accumulation of toxic aggregates (Ciechanover and Kwon, 2015; Kaushik and Cuervo, 2015; da Fonseca et al., 2015; Zheng et al., 2016). As a consequence, the aggresome-autophagy pathway is stimulated, in which misfolded and aggregated proteins are transported to a perinuclear aggresome (Olzmann et al., 2008). Interestingly, LBs and aggresomes share several biochemical and morphological characteristics (Olanow et al., 2004; Miki et al., 2011).

One important regulator involved in the formation of the aggresome is the histone deacetylase 6 (HDAC6), by linking ubiquitinated proteins to the microtubule dynein motor complex (Boyault et al., 2007a,b; Ouyang et al., 2012). HDAC6 is a protein from the histone deacetylase superfamily, containing two active catalytic domains (Yang and Grégoire, 2005). It is mainly localized in the cytoplasm and mediates the deacetylation of non-histone proteins, more specifically α-tubulin, heat-shock protein 90 (HSP90) and cortactin, thus being involved in the regulation of the microtubule dynamics and in the transfer of misfolded proteins to the aggresome (Simões-Pires et al., 2013). In α-Synucleinopathies, HDAC6 co-localizes with α-Syn in LBs and GCIs from PD and MSA samples, respectively (Miki et al., 2011).

In this review article, we aim to highlight previous findings regarding α-Syn aggregation, together with in vivo and in vitro data focusing on the specific role of HDAC6 in the formation of such protein inclusions. These studies may open new avenues towards a promising therapeutic target in α-Synucleinopathies.



α-SYNUCLEIN: AN ENIGMATIC PROTEIN

α-Syn is a protein with 14 kDa (containing 140 amino acids residues), mostly found in the nucleus and in the presynaptic terminals of the central nervous system (CNS; Jakes et al., 1994). It is composed of three distinct regions: (1) an amino terminus containing lipid-binding motif, which allows membrane binding and facilitates the formation of α-helical structures; (2) a central hydrophobic region, also known as the non-Amyloid β component (NAC); and (3), an unstructured and negatively charged carboxyl terminus (Mochizuki et al., 2018). α-Syn, together with β- and γ-Synuclein compose the synuclein family, however, what makes α-Syn structurally unique is the presence of the NAC region, which in turn confers the β-sheet forming potential and facilitates its aggregation process (Wong and Krainc, 2017).

Under physiologic conditions, α-Syn is considered an intrinsically unstructured protein, lacking a defined conformation (Theillet et al., 2016). It has been described that α-Syn exists mostly as a monomer, however, due to its structural flexibility, α-Syn can transit between monomeric and oligomeric states, under a highly-balanced process (Lashuel et al., 2013). As a consequence of such conformational flexibility and its localization at the presynaptic terminals, it is believed that α-Syn has multifunctional properties in the CNS, consisting in the regulation of neurotransmitter release, synaptic function and synaptic plasticity (Lashuel et al., 2013; Ghiglieri et al., 2018).

The attention to this protein expanded upon the discovery of a mutation in the SNCA gene, associated with early-onset familial forms of PD (Polymeropoulos et al., 1997). Afterward, in 1997, α-Syn was identified as one of the major components of LBs and LNs, neuronal cytoplasmic inclusions considered to be the pathological hallmark of PD and DLB (Spillantini et al., 1997). A year later, α-Syn was confirmed as the main component of GCIs in MSA (Spillantini et al., 1998; Wakabayashi et al., 1998). To date, it is well-accepted that aggregated α-Syn represents a key feature in the pathogenesis of this group of diseases called α-Synucleinopathies (Stefanis, 2012; Visanji et al., 2019).

Mutations in the SNCA gene and the presence of stress-induced conditions within the cell can lead to increased levels of α-Syn and consequent disruption of the equilibrium between monomeric and oligomeric species (Auluck et al., 2010; Wales et al., 2013). Despite the presence of protein homeostasis mechanisms, α-Syn can undergo a process of uncontrolled oligomerization from soluble oligomeric species into large, insoluble fibrils, resulting in the formation of structures like LBs (Stefanis, 2012). The process of α-Syn aggregation can be potentiated in disease-induced stress conditions in the cells, such as changes in the pH, temperature, oxidative stress, mitochondria dysfunction, and post-translational modifications (Hasegawa et al., 2002; Anderson et al., 2006). In the healthy brain, α-Syn homeostasis is promoted by combined actions of molecular chaperones, the UPS, and finally, the lysosome autophagy system (Ghiglieri et al., 2018). On the other hand, the accumulation of α-Syn into proteinaceous inclusions creates a scenario in which those protein quality control mechanisms become impaired, resulting in a vicious cycle that aggravates the neurodegeneration process (Djajadikerta et al., 2020).

Under pathological conditions, the failure of intracellular mechanisms of α-Syn clearance might contribute to the pathological release of toxic α-Syn oligomeric species to neighboring cells (Lee et al., 2013; da Fonseca et al., 2015). Recent findings show that soluble and insoluble α-Syn aggregates can be secreted and propagate through connected neuronal regions, in a stereotypical pattern, such as the hypothesis developed by Braak and colleagues, commonly known as the Braak’s hypothesis for PD (Braak et al., 2003; McCann et al., 2016). This is evidenced by the presence of α-Syn aggregates in several areas of the CNS, and not only in brain regions where the level of neurodegeneration is more accentuated (Rey et al., 2019). Furthermore, these α-Syn aggregates can be transferred between different brain cells, triggering the oligomerization and aggregation of the native monomeric α-Syn species (Luk et al., 2012; Rey et al., 2019). Such pathological characteristic of α-Syn aggregates was observed upon the addition of recombinant α-Syn fibrils in cultured cells, resulting in the recruitment of the endogenous α-Syn and consequent formation of LBs (Luk et al., 2009).



α-SYNUCLEINOPATHIES

α-Synucleinopathies represent a group of neurodegenerative disorders characterized by the misfolding and aggregation of α-Syn forming LBs and LNs within neurons, or GCIs in oligodendrocytes (Jellinger, 2003; Peelaerts and Baekelandt, 2016). Primary α-Synucleinopathies include diseases such as PD, DLB, and MSA, distinguished by specific clinical and pathological manifestations (Galasko, 2017; Yang and Yu, 2017; Nussbaum, 2018).

PD is the most common motor neurodegenerative disorder, affecting mostly people over the age of 60 years. Clinical manifestations of PD include motor signs such as rigidity, bradykinesia, gait impairment, and resting tremor (Jankovic, 2008; Poewe et al., 2017; Del Rey et al., 2018). In addition to motor symptoms, patients suffering from PD also show several non-motor symptoms, including olfactory dysfunction, REM sleep abnormalities, cognitive impairment, and autonomic failure that may precede the onset of the motor symptoms (Fereshtehnejad et al., 2015; Kalia and Lang, 2015). Pathologically, PD is characterized by filamentous inclusions of α-Syn in neurons, named LBs or Lewy neurites. Also, selective neuronal loss is observed in multiple brain regions that define the clinical presentation of the disease. One of the most affected brain regions is the substantia nigra pars compacta (SNc; Jankovic, 2008; Stefanis, 2012).

In DLB, dementia is accompanied by motor symptoms similar to those in PD, however, the patients with DLB tend to have a poorer response to levodopa treatment (Burn et al., 2003). In most of the cases, autonomic features are also present, such as orthostatic hypotension (Yang and Yu, 2017). Opposed to PD, postmortem analysis of DLB brains reveals less neurodegeneration in the SNc, and an advanced Braak staging in the cerebral cortex and hippocampus, contributing to dementia and Alzheimer’s disease (AD)-related symptoms (Dodel et al., 2008).

MSA is a unique α-Synucleinopathy, different from PD and DLB in several ways. It is characterized by a highly variable combination of Parkinsonism, cerebellar ataxia, and autonomic failure, which makes the correct diagnosis sometimes difficult (Jellinger, 2014; Fanciulli and Wenning, 2015). According to the predominance of the parkinsonian or the cerebellar features, the clinical presentation is divided into two subtypes: the MSA-P, where the striatonigral degeneration is more predominant, and MSA-C, where the olivopontocerebellar projections are mostly affected (Valera and Masliah, 2018). In both cases, the patients also show non-motor symptoms, with the most common being an autonomic failure (Fanciulli and Wenning, 2015). The pathological hallmark of MSA is the presence of aggregated α-Syn in the cytoplasm of oligodendrocytes, forming the so-called GCIs (Jellinger and Lantos, 2010). The source of α-Syn in MSA oligodendrocytes remains debatable to date (Miller et al., 2005; Asi et al., 2014; Djelloul et al., 2015). It is suggested that primary oligodendrogliopathy, α-Syn expression in oligodendroglia, and/or α-Syn uptake from surrounding neurons may play a role in the pathogenesis of MSA (Wenning et al., 2008; Fellner et al., 2011; Stefanova and Wenning, 2016).



THE HISTONE DEACETYLASE SUPERFAMILY: WHY IS HDAC6 UNIQUE?

Histone deacetylases (HDACs) are a group of enzymes that promote the deacetylation of lysine residues of histones, as well as cytoplasmic, nuclear, or mitochondrial proteins (Ruijter et al., 2003). The process of lysine deacetylation in histones has been extensively studied over the past years for its role in the regulation of epigenetic modifications and concerning certain types of cancer (Seidel et al., 2015). However, a growing number of identified non-histone substrates has been demonstrating that such enzymes can also regulate important cellular mechanisms such as cell proliferation, intracellular trafficking, and protein stability (Glozak et al., 2005; Haberland et al., 2011). As a consequence, selective HDAC inhibitors have been developed and contributed for a better understanding of the different functions and properties of several members of the HDAC superfamily (Prince et al., 2009; Dietz and Casaccia, 2010; Thaler and Mercurio, 2014; Didonna and Opal, 2015).

To date, HDAC enzymes are divided into four different classes based on their sequence homology to yeast deacetylases, cellular localization, and specific substrates (Ruijter et al., 2003). Class I HDACs include HDAC 1, 2, 3, and 8, which are ubiquitously expressed in the nucleus thus regulating the transcription of genes. Class II HDACs can shuttle between the cytoplasm and the nucleus and are expressed in specific body tissues. Class II is subdivided into Class IIa (HDAC 4, 5, 7, and 9), and Class IIb (HDAC 6 and 10). Class III HDACs are called Sirtuins. They are NAD+-dependent enzymes and show different structural features. Finally, Class IV is composed only of HDAC11, showing similarities with some Class I and II HDACs. Classes I, II, and IV are referred to as “classical HDACs” due to their zinc-dependent catalytic activity (Ruijter et al., 2003).

The activity of HDAC enzymes is opposed to the functions of histone acetyltransferases (HATs; Saha and Pahan, 2006). In a disease context, an imbalance between HDACs and HATs has been described affecting histone deacetylation and the transcription of genes involved in neuroprotection and apoptosis (Saha and Pahan, 2006). The role of each HDAC enzyme depends on its specific cellular localization and molecular substrate. The involvement of several HDACs in brain disorders has already been described (Simões-Pires et al., 2013; Volmar and Wahlestedt, 2015).

Among all the HDAC enzymes, HDAC6 has emerged as a possible target for disease modification in neurodegenerative diseases over the past few years (Li et al., 2011; Simões-Pires et al., 2013; Van Helleputte et al., 2014). This particular interest in HDAC6 appears to be related to its structural and functional characteristics that make HDAC6 unique compared to other classical HDAC enzymes (Yang and Grégoire, 2005; Simões-Pires et al., 2013). For instance, HDAC6 is the only deacetylase with two functional N-terminal catalytic domains, a C-terminal zinc finger ubiquitin-binding domain, and a tetradecapeptide repeating domain, which together with two leucine-rich nuclear export sequences, contributes to the cytosolic expression of HDAC6 (Li et al., 2011). Such properties allow HDAC6 to interact mainly with cytoplasmic substrates, with particular functions in cellular signaling systems involving not only acetylation but also ubiquitination of proteins and consequent protein degradation (Zhang et al., 2003; Lee et al., 2010). This protein drew even more attention among the research community upon the discovery that it was identified as a component of several pathological inclusions associated with AD, PD, and MSA (Ding et al., 2008; Miki et al., 2011; Chiba et al., 2012). In post-mitotic cells, efficient protein degradation is a crucial step to maintain cellular homeostasis, however, the precise implications of HDAC6 as a therapeutic target in these neurodegenerative disorders remain undefined.



STRUCTURE AND FUNCTIONS OF HDAC6

HDAC6 was identified in 1999 as a protein composed of 1215 amino acids and the only HDAC enzyme containing a full duplication of Class I and II HDAC-homology domain (Grozinger et al., 1999; Verdel and Khochbin, 1999). It contains two active catalytic domains (DD1 and DD2), a ubiquitin zinc-dependent C-terminus domain and a conserved nuclear export signal (NES) at the N-terminus, responsible for the main expression of HDAC6 in the cytoplasm of different cell types (Bertos et al., 2004; Hai and Christianson, 2016; Figure 1). According to the literature, the implications of both catalytic domains in the deacetylase activity of HDAC6 are not well understood. Some studies report that both domains are needed for the deacetylation of α-tubulin, whereas others show that the inhibition of DD2 catalytic domain results in less α-tubulin deacetylation, suggesting that the second catalytic domain is responsible for the deacetylation of tubulin substrates (Haggarty et al., 2003; Zhang et al., 2006). Due to its unique structure and localization, HDAC6 is allowed to interact with a wide number of cytoplasmic substrates (Li et al., 2013). The most studied HDAC6 targets are α-tubulin, cortactin, and HSP90 (Hubbert et al., 2002; Zhang et al., 2003, 2007; Kovacs et al., 2005; Figure 2). The deacetylation of α-tubulin and cortactin makes HDAC6 an important regulator of the microtubule and actin cytoskeleton dynamics, respectively, contributing to the control of cell motility, adhesion and intracellular cargo trafficking (Zhang et al., 2007; Zilberman et al., 2009; Chen et al., 2010; Figures 2A,B). By promoting the deacetylation of HSP90, HDAC6 appears to have an important role in one of the main cellular mechanisms to cope with misfolded proteins (Boyault et al., 2007b; Figure 2C). Also, due to the ubiquitin zinc-dependent domain located at the C-terminal, HDAC6 can bind with high affinity to ubiquitinated proteins suggesting a pivotal role of HDAC6 in another cellular proteolysis mechanism (Boyault et al., 2006; Figure 3). Such features put HDAC6 on the list of therapeutic targets in neurodegenerative diseases, in which protein accumulation and aggregation leads to neurodegeneration in different regions of the brain.
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FIGURE 1. Histone deacetylase 6 (HDAC6) structure and domains. HDAC6 is a Class II histone deacetylase, composed of 1,215 amino acids. It is the only member from the Class II deacetylases containing two active catalytic domains (DD1 and DD2), which allow it to interact with different substrates (e.g., α-tubulin, HSP90, cortactin, et cetera). Due to the nuclear localization signal (NLS) and the nuclear export signal (NES), HDAC6 can shuttle between the nucleus and cytoplasm, however, the presence of a cytoplasm anchoring domain (SE14) ensures that HDAC6 is stably present in the cytoplasm. Between DD1 and DD2 exists a dynein motor binding domain, which allows HDAC6 to interact with the dynein motor complex and modulate cargo trafficking alongside the microtubules. In the C-terminal exists a ubiquitin-binding zinc finger domain (BUZ) with a high affinity to poly-ubiquitinated protein chains.
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FIGURE 2. HDAC6 substrates. (A) One of the most studied targets of HDAC6 deacetylation is α-tubulin, an important subunit from the microtubules network. By binding to α-tubulin and inducing its deacetylation, HDAC6 can modulate the microtubule dynamics and cell motility. HDAC6 is also able to bind specific protein motor complexes, thus interfering with protein and cargo trafficking. (B) Cortactin is also a target for HDAC6 deacetylation. The interaction between HDAC6 and cortactin can modulate actin polymerization. (C) HSP90 under basal conditions forms a complex with HDAC6 and heat-shock transcription factor 1 (HSF1), however, in the presence of ubiquitinated protein aggregates, HDAC6 dissociates from this complex, leading to HSF1 activation and translocation to the nucleus to trigger the expression of major cellular chaperones involved in chaperone-mediated autophagy (CMA).
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FIGURE 3. The ubiquitin-binding activity of HDAC6. The presence of a ubiquitin-binding domain in HDAC6 allows it to interact with higher affinity to poly-ubiquitinated protein chains. (A) Under physiological conditions, HDAC6 and the chaperone-like P97/VCP constitute a complex whereas an excess of P97/VCP over HDAC6 facilitates the release of ubiquitinated proteins for degradation in the proteasome. (B) In several neurodegenerative disorders, the formation of protein aggregates leads to a dysfunctional ubiquitin-proteasome system (UPS) and consequent accumulation of poly-ubiquitinated proteins. HDAC6 senses the increase in poly-ubiquitin chains and binds to them with higher affinity coordinating an alternative cellular protein degradation pathway.





HDAC6 INTERACTING PARTNERS AND SPECIFIC ROLE IN PROTEIN DEGRADATION

Newly synthesized proteins need the proper biological machinery to adopt the correct conformation. During this process, some proteins can incorrectly fold and form larger aggregates (Balchin et al., 2016). In turn, such aggregates are harmful and constitute one of the common features of neurodegenerative disorders (Ross and Poirier, 2004). Therefore, neuronal cells depend highly on proteolysis and other protein quality control mechanisms to maintain homeostasis in the CNS. As mentioned above, HDAC6 is an important player in several biological processes and it was observed that it is a key regulator of three cellular mechanisms triggered to cope with the accumulation of protein aggregates: (1) the formation of the aggresome and consequent autophagy; (2) the binding to poly-ubiquitinated chains of misfolded proteins; and (3) the deacetylation of HSP90. These mechanisms rely on HDAC6 either through its deacetylase activity, or ubiquitin-binding properties.

HDAC6 is involved in the regulation of the UPS, a cellular mechanism for the degradation of small, soluble, and non-aggregated proteins (Ciechanover and Brundin, 2003). Under physiological conditions, HDAC6 forms a complex with a chaperone-like 97 kDa p97/VCP protein, an adenosine triphosphatase with a pivotal role to transfer ubiquitinated proteins to the proteasome (Boyault et al., 2006; Figure 3A). In neurodegenerative disorders, the UPS is impaired, and consequently, poly-ubiquitin protein chains accumulate (Bence et al., 2001). HDAC6 binds the polyubiquitinated proteins to mediate the formation of the aggresome and enable alternative protein degradation through the autophagy-lysosome pathway (Pandey et al., 2007; Figure 3B).

Under stress conditions, the activation of a heat-shock gene response complex is triggered, leading to the expression of several chaperones. The activity of the chaperones prevents the aggregate formation by assisting the delivery of misfolded proteins to the UPS, or by mediating the chaperone-mediated autophagy (CMA; Waza et al., 2006). One of these chaperones is the HSP90, another deacetylase target of HDAC6 (Kovacs et al., 2005). HSP90 forms a complex with HDAC6 and the heat-shock transcription factor 1 (HSF1), which remains inactive in normal conditions (Boyault et al., 2007b; Figure 4A). Again, the increased levels of ubiquitination will favor the deacetylation of HSP90 by HDAC6, leading to the dissociation of the complex. As a consequence, HSF1 is activated, induces the transcription of heat-shock proteins and co-chaperones, and initiates a process of CMA (Boyault et al., 2007b).
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FIGURE 4. HDAC6 and its involvement in CMA and aggresome formation. (A) In the presence of higher amounts of ubiquitinated proteins, HDAC6 dissociates from the HSP90/HSF1 complex, leading to the activation of heat-shock response and degradation of aggregated proteins by the lysosome via LAMP-2A. (B) HDAC6 binds to ubiquitinated proteins through its ubiquitin-binding domain. Also, HDAC6 interacts with the motor protein dynein and retrogradely transports the aggregated proteins along the microtubules to the perinuclear region where the aggresome is formed. The aggresome is then transferred to the autophagosome, which is fused to the lysosome. The fusion of the autophagosome and the lysosome is further modulated by HDAC6 through the deacetylation of cortactin.



As already mentioned, one of the most studied deacetylase targets of HDAC6 is α-tubulin, an important subunit of microtubules. Acetylated α-tubulin plays an important role in axonal trafficking and cargo transfer, by promoting the interaction between the motor proteins dynein, kinesin-1, and the microtubule network, therefore interfering with both anterograde and retrograde trafficking of cargo (Reed et al., 2006; Figure 4B). For example, velocity and motility of the mitochondria and the transport of proteins have been shown to depend on both anterograde and retrograde axonal transports modulated by HDAC6 inhibition and tubulin acetylation (Bulinski, 2007; Dompierre et al., 2007; Chen et al., 2010; Kim et al., 2012). The formation of the aggresome and consequent autophagic clearance of protein aggregates also depends on the deacetylase activity of HDAC6 and the ability to bind poly-ubiquitinated protein chains (Figure 4B). Through the interaction with both ubiquitinated proteins and with the dynein motor complex, HDAC6 mediates the transfer of protein aggregates towards the microtubule organizing center (MTOC), the region where the aggresome formation takes place (Johnston et al., 1998; Kopito, 2000; Kawaguchi et al., 2003). Indeed, the knock-down of HDAC6 resulted in an impairment of the aggresome formation and increased apoptosis in cultured cells, suggesting an important role of the HDAC6-ubiquitin-dynein complex for the transportation of aggregated proteins and the formation of the aggresome (Kawaguchi et al., 2003; Figure 4B). Subsequently, lysosome-dependent macroautophagy is triggered to degrade the aggregated proteins of the aggresome (Fortun et al., 2003; Chin et al., 2010). It is believed that the autophagic machinery is recruited to the aggresome in the same way that substrates are accumulated at the MTOC (Iwata et al., 2005). Interestingly, by promoting the reorganization of the actin filaments through the deacetylation of cortactin, HDAC6 plays also an important role facilitating the fusion of lysosomes with autophagosomes, where the aggregates are degraded (Lee et al., 2010; Wang et al., 2018; Figure 4B). The depletion of HDAC6 prevents cortactin deacetylation, resulting in impaired lysosome-autophagosome fusion and consequent decrease of autophagic activity (Lee et al., 2010).

These observations suggest a decisive role of HDAC6 in the initiation of three main protein degradation mechanisms.



INVOLVEMENT OF HDAC6 IN NEURODEGENERATIVE DISORDERS

The involvement of HDAC6 in several neurodegenerative disorders has already been described, however, the functions of HDAC6 in the progression of neurodegeneration are not yet understood.

In AD, HDAC6 is significantly increased in the hippocampus and other relevant brain regions both in AD patients and in models of the disease (Zhang et al., 2013). However, the role of HDAC6 in the progression of AD pathology is still unclear. Some studies report that HDAC6 has a beneficial effect by rescuing neurodegeneration while others believe that HDAC6 contributes to AD-associated neurodegeneration. One example of the detrimental role of HDAC6 associated with AD is the direct interaction with the microtubule-associated protein tau (Ding et al., 2008). In vivo and in vitro experiments show that HDAC6 can bind to tau and modulate its phosphorylation leading to the formation of neurofibrillary tau tangles (Ding et al., 2008; Cook et al., 2012, 2014). In contrast, HDAC6 can also rescue neurodegeneration by participating in the formation of tau-containing aggresomes. Proteasome inhibition in vitro resulted in the tau aggresome formation mediated by the ubiquitin-binding activity of HDAC6 (Guthrie and Kraemer, 2011). Therefore, HDAC6 in AD pathology may play a dual role: on one hand, it mediates the hyperphosphorylation of tau and formation of neurofibrillary tangles; on the other hand, it enables the formation of the aggresome and triggers alternative protein degradation by the autophagy-lysosomal pathway.

Huntington’s disease (HD) is characterized by the accumulation of the huntingtin protein (htt) and disturbances in axonal transport, resulting in cognitive decline, dementia, and impairment in motor coordination (Walker, 2007). Also, microtubule-dependent transport and tubulin acetylation are decreased in HD, leading to impaired transport of neurotrophic factors and cell death (Gunawardena et al., 2003). The use of HDAC6 inhibitors in a cellular model of HD increased acetylated tubulin and enhanced the recruitment of the dynein motor complex to the microtubules, stimulating the transfer of brain-derived neurotrophic factor (BDNF), in the cells (Dompierre et al., 2007). Furthermore, HDAC6 appeared to have an important role in the degradation of htt by recruiting the autophagic machinery to inclusion bodies containing htt in a neuronal cell model of HD (Iwata et al., 2005). However, in a mouse of HD, the inhibition of HDAC6 showed contradictory effects. Despite increased levels of tubulin acetylation, the authors observed no effects on BDNF transport, nor on the levels of soluble mutant htt (Bobrowska et al., 2011).

HDAC6 is associated with familial cases of amyotrophic lateral sclerosis (ALS), in which mutations in the DNA binding protein TDP-43 result in impaired microtubule-dependent axonal trafficking of mRNAs and the formation of TDP-43 aggregates. Interestingly, TDP-43 can bind to HDAC6 mRNA, regulating its expression (Fiesel et al., 2011). Also, mutations in the chaperone-like p97/VCP are found in ALS cases, resulting in the accumulation of ubiquitin-positive aggregates found in ALS patients (Johnson et al., 2010). The interaction between HDAC6 and p97/VCP is known to orchestrate the degradation of ubiquitinated proteins through the UPS, suggesting a possible role of HDAC6 in ALS pathogenesis (Van Helleputte et al., 2014). It was observed that blocking HDAC6 activity increased insoluble TDP-43 levels in vitro, suggesting that HDAC6 inhibition may exacerbate TDP-43 accumulation (Chen and Cohen, 2019).



THE ROLE OF HDAC6 IN α-SYNUCLEINOPATHIES

The association between HDAC6 and the pathogenesis of α-Synucleinopathies emerged when histopathological analysis in brain sections from PD patients revealed highly concentrated expression of HDAC6 within LBs, suggesting a possible role of HDAC6 in the formation of such inclusions (Kawaguchi et al., 2003; Miki et al., 2011). Besides, a recent study showed that not only HDAC6 but also its phosphorylated form was co-localized with α-Syn in inclusions derived from postmortem brains of PD and MSA patients (Mazzetti et al., 2020). Despite the small cohort of patients used in this study, the presence of phosphorylated HDAC6 seems to be a common feature of intracellular inclusions in α-Synucleinopathies, while it was absent in β-amyloid plaques derived from AD brains. The location of α-Syn inclusions in the brain of patients with PD and MSA is not only limited to the cytoplasm and can be found in the nucleus of neuronal and glial cells. Indeed, several studies have reported that epigenetic disturbances and dysregulation in histone deacetylation play a role in the pathogenesis of PD (Mazzocchi et al., 2020). The presence of α-Syn in the nucleus was shown to interfere with histone acetylation, resulting in gene expression alterations and neurotoxicity in vitro (Goers et al., 2003; Kontopoulos et al., 2006). Such neurotoxic effects were rescued upon the treatment with an HDAC inhibitor (Kontopoulos et al., 2006). Another study in a mouse model of MSA showed that histone deacetylation inhibition presented a neuroprotective role in the pathogenesis of MSA-like neurodegeneration (Sturm et al., 2016).

Although there are substantial findings regarding the potential neuroprotective effects in the modulation of HDACs activity in α-Synucleinopathies, the focus on HDAC6 increased with the demonstration that HDAC6 plays an important role in the regulation of different protein degradation mechanisms. As mentioned above, HDAC6 plays a pivotal role in the formation of the aggresome, a cellular defense mechanism to cope with higher amounts of misfolded proteins (Kawaguchi et al., 2003). Interestingly, LBs and aggresomes share important biochemical and morphological properties that led researchers to hypothesize that the formation of LBs is an aggresome-related process (Olanow et al., 2004; Tanaka et al., 2004). Indeed, proteins associated with the formation of the aggresome were found in LBs from PD and DLB patients (McNaught et al., 2002). Besides, LBs can sequester heat-shock proteins such as HSP70, together with proteins associated with the UPS system, also found in the aggresome to enhance protein degradation (Lee and Lee, 2002; McNaught et al., 2002).

Intriguingly, the involvement of HDAC6 in the pathogenesis of PD has been further supported in genetic cases. ATP13A2, a gene that is mutated in autosomal recessive juvenile PD, was experimentally shown to facilitate HDAC6 recruitment to the lysosome leading to disruption of autophagosome-lysosome fusion by increasing the cortactin acetylation (Wang et al., 2019).

In oligodendrocytes, the presence of aggresome-related proteins together with HDAC6 were found also co-localized with GCIs derived from brain samples of MSA patients, suggesting that oligodendrocytes may use the same aggresome machinery for the formation of such MSA-specific α-Syn inclusions (Chiba et al., 2012). However, GCIs and aggresomes present some differences. For instance, one important step for the aggresome formation is the redistribution of vimentin, an intermediate filament protein, forming a cage-like structure surrounding aggregated and ubiquitinated proteins in the perinuclear region (Johnston et al., 1998). According to the literature, mature oligodendrocytes are devoid of intermediate filament networks, suggesting that the presence of other cytoskeleton proteins may be involved in the formation of GCIs in oligodendrocytes (Chiba et al., 2012; Kaji et al., 2020). Taking this into consideration as well as the involvement of HDAC6 in different protein quality control mechanisms prompted researchers to investigate whether HDAC6 could be involved in the formation of α-Syn containing inclusions.

Therefore, further studies focused on the role of HDAC6 in α-Synucleinopathy models (Table 1). In general, the reported data have shown some controversies that may be related to the use of different models and different methods for HDAC6 modulation. Several studies suggested that HDAC6 deficit induced by either pharmacological inhibition (Tubastatin A, Tubacin, Trichostatin A) or genetic modification (knockout, siRNA, shRNA) leads to an increase of oligomeric α-Syn commonly associated with lower cell viability and reduction of the intracellular inclusion burden. These effects have been attributed to impaired aggresome formation and disruption of autophagy mechanisms (Du et al., 2010, 2014; Su et al., 2011; Ejlerskov et al., 2013). On the other hand, Francelle et al. (2020) reported that HDAC6 inhibition in an AAV-α-Syn overexpression model resulted in higher levels of HSP70 and LAMP-2A linked to lower α-syn phosphorylation suggesting a leading role of CMA in this setting, finally leading to the neuroprotection of dopaminergic neurons. Alternatively, HDAC6 overexpression was suggested to lower α-Syn oligomer levels but substantially increase the level of insoluble protein and inclusion formation, which the authors related to reduced cellular toxicity (Du et al., 2010, 2014). Importantly, the Class III HDAC, Sirtuin 2, expressed also in the cytoplasm, has been associated with the modulation of tubulin acetylation and its inhibition led to neuroprotection linked to enlargement of α-Syn aggregates in PD models (Outeiro et al., 2007). Whether HDAC6 and Sirtuin 2 may share common mechanisms of neuroprotection in α-Synucleinopathy is not completely clear. Recently, Mazzocchi and collaborators (Mazzocchi et al., 2020) proposed that the neuroprotective effects of HDAC6 may be due to the modulation of the proteinopathy, however, rescue effects may depend on the cellular context, e.g., linked to other processes dependent on the cytoskeletal dynamics like axonal transport of synaptic activity. Further studies will be needed to understand the interference of HDAC6 with α-Syn toxicity concerning its structure and interaction partners, which may tune the interaction outcome in the different experimental systems.

TABLE 1. Current evidence on the effects of HDAC6 modulation on α-Syn aggregation.
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It is currently unclear whether the interaction between α-Syn and HDAC6 may be bidirectional. It was previously proposed that α-Syn in the nucleus may interfere with histone acetylation and HDAC inhibition may rescue the pathology in cell culture and in flies (Kontopoulos et al., 2006). Similar effects of α-Syn in the cytoplasm on the acetylation of other proteins have not been reported yet.



CONCLUDING REMARKS

To summarize, it becomes clear that HDAC6 is involved in the pathology of α-Synucleinopathies by interfering with the accumulation of α-Syn oligomers and the formation of protein aggregates. Importantly, LBs in neurons and GCIs in oligodendrocytes differ in the structure supporting the idea of a different origin and/or trigger of α-Syn aggregation. However, LBs and GCIs share common components including HDAC6, ubiquitin, and heat shock proteins. This fact suggests that the same protein clearance mechanisms may act to rescue the cells from the accumulating misfolded α-Syn, however remaining inefficient.

HDAC6 may represent an attractive target for the therapy of α-Synucleinopathies, however, the effects of its enzymatic (deacetylation activity) or non-enzymatic activity (binding to ubiquitin) on α-Syn inclusion formation are still not conclusive. Models, selectively modulating each of these activities may help decipher their involvement and roles in the pathogenesis of α-Synucleinopathies. Understanding the role of possible interaction partners may be crucial for the interpretation of the outcomes of HDAC6 modulation in the variable experimental systems. Finally, understanding how the effects of HDAC6 on other basic cellular mechanisms may interfere with the vulnerability to α-Syn will be crucial in the future search for strategies to target HDAC6 for disease modification in α-Synucleinopathies.
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Since its discovery 30 years ago, α-synuclein (α-syn) has been one of the most studied proteins in the field of neuroscience. Dozens of groups worldwide have tried to reveal not only its role in the CNS but also in other organs. α-syn has been linked to several processes essential in brain homeostasis such as neurotransmitter release, synaptic function, and plasticity. However, despite the efforts made in this direction, the main function of α-syn is still unknown. Moreover, α-syn became a protein of interest for neurologists and neuroscientists when mutations in its gene were found associated with Parkinson’s disease (PD) and even more when α-syn protein deposits were observed in the brain of PD, dementia with Lewy bodies (DLB), and multiple system atrophy (MSA) patients. At present, the abnormal accumulation of α-syn constitutes one of the pathological hallmarks of these disorders, also referred to as α-synucleinopathies, and it is used for post-mortem diagnostic criteria. Whether α-syn aggregation is cause or consequence of the pathogenic events underlying α-synucleinopathies remains unclear and under discussion. Recently, different in vitro and in vivo studies have shown the ability of pathogenic α-syn to spread between cells, not only within the CNS but also from peripheral locations such as the gut, salivary glands, and through the olfactory network into the CNS, inducing abnormal misfolding of endogenous α-syn and leading to neurodegeneration and motor and cognitive impairment in animal models. Thus, it has been suggested that α-syn should be considered a prion protein. Here we present an update of what we know about α-syn function, aggregation and spreading, and its role in neurodegeneration. We also discuss the rationale and findings supporting the hypothetical prion nature of α-syn, its weaknesses, and future perspectives for research and the development of disease-modifying therapies.
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INTRODUCTION

α-synuclein (α-syn) is one of the most abundant proteins in the nervous system, encoded by the SNCA gene. With a molecular mass of approximately 15 kDa, α-syn is composed of 140 amino acid residues (Lee and Trojanowski, 2006; Bendor et al., 2013). α-syn presents three domains: the C-terminal domain, the central domain, or “non-amyloid component” (NAC), which permits its oligomerization due to its hydrophobic composition, and the N-terminal domain, that forms an alpha helix allowing α-syn-lipid interaction (Lashuel et al., 2013). However, despite the efforts made since its discovery, its precise native structure is still unclear and under discussion. It has been proposed that, in physiological conditions, α-syn is mainly found in its monomeric form, either as a soluble intrinsically disordered protein in the cytoplasm of neurons (Binolfi et al., 2012; Fauvet et al., 2012; Theillet et al., 2016), or in an alpha-helical conformation (Bartels et al., 2011; Wang et al., 2011), or a combination of the two (Burré et al., 2013). Moreover, α-syn can undergo a variety of post-translational modifications (PTM; i.e., phosphorylation, glycation, glycosylation, acetylation) that may affect protein structure and function (Giasson et al., 2000; Theillet et al., 2016; Burré et al., 2018; Meade et al., 2019).

At the cellular level, α-syn can be found in different cellular organelles, including synaptic terminals and the nucleus of neurons (Maroteaux et al., 1988), mitochondria (Li et al., 2007; Devi et al., 2008; Parihar et al., 2008), endoplasmic reticulum (Hoozemans et al., 2007; Guardia-Laguarta et al., 2014), Golgi apparatus (Gosavi et al., 2002; Mori et al., 2002), and in the endolysosomal system (Lee et al., 2004). In this regard, since its discovery, α-syn has been associated or involved in different cellular processes, such as neurotransmission, calcium homeostasis, vesicle transport, mitochondrial function, and gene regulation (Figure 1). However, the physiological function of α-syn in those subcellular compartments is not fully understood. It has been shown that α-syn is involved in the regulation of the membrane lipid content and curvature, therefore playing a role in vesicle budding and trafficking (Chandra et al., 2003; Varkey et al., 2010). Moreover, α-syn plays a role in SNARE complex assembly at presynaptic terminals (Burré et al., 2010). Studies based on in situ proximity ligation assay (PLA) in neurons have demonstrated proximity between α-syn and SNARE proteins in cell bodies and neurites, including VAMP-2, SNAP-25, and syntaxin-1 (Almandoz-Gil et al., 2018). α-syn is also involved in clathrin-mediated endocytosis (Ben Gedalya et al., 2009) and in dopamine content and metabolism (Sidhu et al., 2004; Yu et al., 2005; Al-Wandi et al., 2010). In association with its nuclear localization, α-syn functions as a regulator of gene expression through its direct interaction with DNA (Pinho et al., 2019), chromatin (Vasquez et al., 2017), and transcription factors involved in development, mitochondrial homeostasis and metabolism of energy (Zheng et al., 2010; Decressac et al., 2012; Eschbach et al., 2015; Davidi et al., 2020), as well as through epigenetic mechanism including DNA methylation or histone acetylation (Surguchev and Surguchov, 2017). Furthermore, α-syn directly controls mitochondrial activity and function by modulating membrane potential, calcium homeostasis, cytochrome release, ATP production, and mitochondrial fusion and fission (Vicario et al., 2018). Interestingly, α-syn is also present in blood cells including red blood cells, peripheral blood mononuclear cells, platelets, and in the plasma. However, the role of α-syn in those cells is unclear (Barbour et al., 2008).
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FIGURE 1. Physiological roles of α-synuclein (α-syn). Schematic overview including some of the cellular processes linked to α-syn in physiological conditions.



The functions and the structure of α-syn have being intensively investigated during the last decades, leading to a better knowledge of the protein and its association with crucial pathways on different cell types in the central nervous system (CNS), however α-syn research remains a priority not only for neuroscientist, but also for clinicians and pharmaceutical companies. The fact that α-syn aggregation and accumulation constitute the main pathological hallmark of a group of neurodegenerative disorders, referred to as α-synucleinopathies, and that mutations of its gene (SNCA) are associated with familiar forms of these disorders, has led α-syn to become one of the “most wanted” proteins in the biomedical field. Pre-clinical studies in vitro and in vivo have shown than α-syn oligomeric species and aggregates induce the impairment of different processes essential for cellular homeostasis, not only in neurons, but also in other cell types. Moreover, inoculation of α-syn oligomers, fibrils or aggregates in animal models, demonstrated the capability of pathogenic forms of α-syn to spread in a prion-like manner, inducing in some cases changes that replicated human pathology, including the clinical presentation. As a result of those observations, some authors have proposed that α-syn should be considered a prion protein. In this review, we discuss the role of α-syn in neurodegeneration, the different findings supporting the prion nature of α-syn, and its consequences for future therapeutic strategies.



α-SYN AND NEURODEGENERATION: α-SYNUCLEIONOPATHIES

The abnormal aggregation and accumulation of α-syn constitute the main pathological hallmark of Parkinson’s disease (PD), multiple system atrophy (MSA), and dementia with Lewy bodies (DLB; Spillantini et al., 1997, 1998; Goedert and Spillantini, 1998). These three disorders are also known as α-synucleinopathies. Recently, pure autonomic failure (PAF) and REM sleep behavior disorder (RBD) have been suggested to represent prodromal α-synucleinopathies commonly preceding PD or MSA and showing α-syn aggregation in the peripheral and autonomic nervous system (Arai et al., 2000; Kaufmann et al., 2001, 2004; Iranzo et al., 2013; Barber et al., 2017). Polymeropoulos et al. (1996, 1997) first described the association between α-syn and PD, when they found that individuals with familiar forms of this disorder presented mutations in the SNCA gene (Polymeropoulos et al., 1996, 1997). Soon afterwards Spillantini et al. (1997, 1998) showed that the abnormal protein aggregates observed in α-synucleinopathies were strongly immunoreactive for α-syn (Spillantini et al., 1997, 1998; Goedert and Spillantini, 1998). Moreover, some SNCA gene allelic variants (i.e., SNCA locus triplication) were sufficient to develop a severe early onset PD and DLB (Singleton et al., 2003; Orme et al., 2018; Zafar et al., 2018). Since then, multiple in vitro and in vivo studies have tried to decipher the mechanisms underlying α-syn misfolding and aggregation, the following cellular and physiological consequences, and their influence in the human pathology.

α-synucleinopathies present a preference for affecting motor, cognitive and autonomic areas, leading to motor dysfunction, cognitive impairment and/or autonomic failure (Marti et al., 2003). Phenotypic diversity, symptom severity and disease duration varies among these disorders based on the affectation of different neuroanatomical regions, selective vulnerability of different cell types and the extent of the pathology (Marti et al., 2003). Pathologically, PD and DLB are characterized by the abnormal accumulation of α-syn in the cytoplasm of neurons, in the so-called Lewy bodies (LBs; Spillantini et al., 1998). Associated with the presence of LBs in cortical and subcortical areas, post-mortem evaluation of PD and DLB brains show a preferential loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), neuronal loss in the locus coeruleus (LC) and cortical atrophy (Dickson et al., 2009; Cheng et al., 2010; Jellinger, 2018). In addition to that, other neuronal populations in the brainstem accumulate LBs and degenerate, probably leading to many of the secondary clinical features of PD and DLB, such as autonomic dysfunction or sleep disturbances (Coon et al., 2018; Outeiro et al., 2019). In PAF, typical LBs are present in sympathetic ganglia, distal sympathetic nerves, substantia nigra, and locus ceruleus. In correlation with the presence of LBs, PAF patients present a significant unmyelinated nerve fiber density compared to healthy controls and neuronal degeneration in preganglionic sympathetic intermediolateral column and paravertebral ganglia (Kaufmann et al., 2001; Thaisetthawatkul, 2016). In MSA, however, α-syn mainly (but not exclusively) accumulates throughout the neocortex, hippocampus, brainstem, spinal cord, and dorsal root ganglia in the cytoplasm of oligodendrocytes, in the so-called glial cytoplasmic inclusions (GCIs), associating with striatonigral degeneration (SND), olivopontocerebellar atrophy and cell loss in LC and brainstem nuclei, leading to parkinsonism, cerebellar symptoms and autonomic dysfunction (Fanciulli and Wenning, 2015).

Despite the different clinical features of α-synucleinopathies, these disorders share characteristics such as neurodegeneration, neuroinflammation and demyelination, among others. Based on in vitro and in vivo studies, α-syn seems to play a central role in the pathological changes through a direct interaction with components of cellular pathways essential for cell homeostasis (Figure 2). Thus, pathological α-syn is able to bind and inhibit lysosomal function (Mazzulli et al., 2016; Flavin et al., 2017), proteasomal activity (Stefanis et al., 2001; Tanaka et al., 2001; Petrucelli et al., 2002; Snyder et al., 2003; Lindersson et al., 2004; Emmanouilidou et al., 2010), to impair axonal transport (Volpicelli-Daley, 2017), and to induce Ca2+ dyshomeostasis (Danzer et al., 2007; Chen Y. et al., 2015; Angelova et al., 2016) and mitochondrial dysfunction (Di Maio et al., 2016; Ganjam et al., 2019; Wang et al., 2019; Park et al., 2020). Latter promotes the generation of reactive oxygen species (ROS), and therefore oxidative stress, which may lead to mitochondrial damage, the release of cytochrome c to the cytoplasm, and cell death (Hsu et al., 2000; Smith et al., 2005; Parihar et al., 2008; Reeve et al., 2015; Tapias et al., 2017; Ludtmann et al., 2018). Associated with its nuclear localization or its capacity to promote oxidative stress, recent studies suggested an involvement of α-syn in DNA damage (Paiva et al., 2017; Vasquez et al., 2017; Milanese et al., 2018; Schaser et al., 2019). Pathological α-syn also promotes pathogenic redistribution of membrane proteins (Shrivastava et al., 2015, 2020) and interferes with the normal function of cell membranes, facilitating diffusion of molecules and ions, specially Ca2+, and inducing cell damage (Tosatto et al., 2012; Tsigelny et al., 2012; Angelova et al., 2016; Fusco et al., 2017; Dong et al., 2018). The impairment of all these cellular processes may be especially significant in dopaminergic neurons, since dopamine promotes the formation of pathological α-syn species (Cappai et al., 2005; Lee et al., 2011; Mor et al., 2017). Thus, a multi-hit model has been proposed, in which the synergistic interaction between α-syn, dopamine and Ca2+ in neurons may underlie neuronal loss in SNpc and LC (Post et al., 2018). Neurodegeneration in the LC may induce a direct loss of norepinephrine (NE), however, α-syn is also able to translocate to the nucleus of NE-producing cells and interfere with transcription of dopamine ß-hydroxylase, the final enzyme in NE biosynthesis, disrupting NE production and leading to a reduction of neurotrophic factor signaling, indirectly altering innate and adaptive immune response and worsening central and peripheral inflammation (Butkovich et al., 2018).
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FIGURE 2. Pathological roles of α-syn. Schematic overview including some of the cellular processes (left) and histopathological events (right) associated with the presence of pathogenic α-syn species.



Different in vivo and in vitro studies have also shown the ability of pathological α-syn to induce synaptic dysfunction, both at the presynaptic and postsynaptic terminal (Ghiglieri et al., 2018). At presynaptic level, pathological α-syn seems to affect synaptic vesicle pool, trafficking and endocytosis by interfering with the exo-endocytotic cycling machinery, thus suggesting the possible association between α-syn pathology and impaired synaptic function even in the absence of cell death (Bridi and Hirth, 2018; Froula et al., 2018; Wu et al., 2019). At a postsynaptic level, in vivo studies have shown that pathological α-syn reduces striatal dopamine, NMDA receptor-mediated synaptic currents, impairs early memory and motor learning, and prevents long-term potentiation of cholinergic interneurons and spiny projection neurons in the striatum even at early stages of the disease (Tozzi et al., 2016; Phan et al., 2017; Giordano et al., 2018; Durante et al., 2019).

Pathological α-syn can also modulate neuroinflammation (Figure 2) directly through different mechanism including the activation of microglial cells (Austin et al., 2006; Su et al., 2008; Theodore et al., 2008; Fellner et al., 2013; Choi et al., 2020), which induces a robust pro-inflammatory response (Kim et al., 2013; Sarkar et al., 2020) leading to increased α-syn aggregation and potentiating neurodegeneration (Zhang et al., 2005; Stefanova et al., 2007). In this regard, microgliosis has been shown in post-mortem studies and in PET imaging analysis of patients diagnosed with α-synucleinopathies (McGeer et al., 1988a; Gerhard et al., 2003, 2006; Doorn et al., 2014; Stokholm et al., 2017; Surendranathan et al., 2018). In addition, microgliosis paralleled system degeneration in patients and was associated with α-syn inclusions (Imamura et al., 2003; Ishizawa et al., 2004, 2008; Croisier et al., 2005; Kubler et al., 2019). A recent study with PD patients engrafted with foetal embryonic dopaminergic neurons showed microglia activation in all grafts before α-syn aggregates were detected (Olanow et al., 2019). The authors speculated that microglial activation could have been initiated by the presence of endogenous pathological α-syn in patients, by an immune reaction due to the implantation of foreign tissue or by the surgical procedure itself (Olanow et al., 2019). Moreover, we recently showed that targeting α-syn oligomerization in an animal model for MSA led to a decrease of α-syn aggregates which significantly correlated with neuroprotection and a reduction in microglial activation (Heras-Garvin et al., 2019).

Similar to microglial cells, pathological α-syn also induces activation of astrocytes (Figure 2), aggravating neuroinflammation (Lee et al., 2010; Fellner et al., 2013; Radford et al., 2015). Astrogliosis has also been described in α-synucleinopathies paralleling the neurodegenerative process (Ozawa et al., 2004; Miklossy et al., 2006; Radford et al., 2015). Moreover, α-syn inclusions are often found in the cytoplasm of astrocytes and may lead to astrocyte dysfunction (Song et al., 2009; Halliday and Stevens, 2011; Sorrentino et al., 2019). Even a role of the adaptive immune system in PD has been proposed. Post-mortem evaluation showed higher numbers of T cells in the ventral midbrain of PD brains and mouse models than in healthy controls, suggesting a targeted extravasation, and supporting a role for T cells in disease pathogenesis (McGeer et al., 1988b; Theodore et al., 2008; Brochard et al., 2009; Sommer et al., 2018). Recent studies showed the presence of α-syn-specific T cells in PD patients, and therefore an autoimmune response to α-syn (Sulzer et al., 2017; Garretti et al., 2019). However, at present, α-syn-specific T cells have only been detected in the periphery of PD patients. Whether these cells are able to infiltrate into the CNS and cause dopaminergic neuron death remains to be determined.

Although most research on the pathogenic role of α-syn have been focused in neurons, microglia and astrocytes, there have also been studies that evaluated the deleterious effect of pathogenic α-syn in oligodendrocytes and oligodendroglial precursor cells (OPCs), which are essential to understand the cellular and molecular consequences of α-syn accumulation in MSA (Figure 2). Over-expression of α-syn or the addition of exogenous pathological α-syn severely impaired myelin formation in vitro and in vivo (Ettle et al., 2016; Mandel et al., 2017; Mavroeidi et al., 2019), corroborating the demyelination observed in MSA brains (Song et al., 2007; Don et al., 2014; Ettle et al., 2016). This effect seems to be mediated by the interference of α-syn with the expression of proteins associated with cholesterol and membrane biogenesis (Ettle et al., 2016; Kaji et al., 2018), and by the partial sequestration of the myelin basic protein (MBP) into GCIs in a process orchestrated by endogenous α-syn and the the oligodendroglial-specific phosphoprotein p25α (Mavroeidi et al., 2019). Moreover, α-syn impairs OPC maturation in vitro (Ettle et al., 2014) and in animal models of MSA, where an age-dependent increase of dividing OPCs within the striatum was observed (May et al., 2014). Latter was confirmed after postmortem analysis in MSA patients, revealing α-syn within OPCs and an increased number of striatal OPCs compared to healthy controls (May et al., 2014). α-syn also induces a distinct gene expression profile in oligodendrocytes, including upregulation of cytokines important for myeloid cell attraction and proliferation (Schafferer et al., 2016; Hoffmann et al., 2019), which constitutes an early crosstalk between neuroinflammation and α-syn-mediated oligodendrocyte dysfunction.

Overall, multiple cell populations and pathways can be affected by the abnormal misfolding, aggregation and accumulation of α-syn. Determining which events are primary or secondary in the pathogenesis of α-synucleinopathies will be essential in order to define potential strategies to prevent cell damage and, finally, neurodegeneration.



AGGREGATION AND SPREADING OF α-SYN

As stated before, the normal conformation of α-syn is either a disordered monomer, alpha-helical, or a combination of the two. But, under pathological conditions, monomers can convert to β-sheets by recruiting additional monomers, aggregating and giving rise to oligomers that, eventually, form protofilaments and amyloid fibrils (Figure 3), which can adopt different morphologies such as spherical, chain-like, annular (pore-like structure), and tubular (Cremades and Dobson, 2018). To define the process through which α-syn oligomers give rise to pathological inclusions is challenging due to their transient nature and their ability to rapidly recruit monomeric α-syn to form fibrils. Nevertheless, the recent description that α-syn oligomers can be kinetically trapped made possible to compare the contribution of oligomers and fibrils to different α-synucleinopathy phenotypes (Chen S. W. et al., 2015; Iljina et al., 2016; De Oliveira and Silva, 2019; Froula et al., 2019). It is believed that the formation of α-syn fibrils results from interactions between monomers and oligomers that are thermodynamically favorable and stabilizing (Alam et al., 2019). Despite several studies have associated the presence of α-syn oligomers and fibrillar species with cytotoxicity and neurodegeneration, thus supporting the idea that these α-syn forms are the responsible for the neurodegenerative process observed in α-synucleinoptahies (Alam et al., 2019), a recent publication by Mahul-Mellier et al. (2020) proposed that the process of LB formation, rather than simply fibril formation, is one of the major drivers of neurodegeneration through disruption of cellular functions, inducing mitochondria damage and deficits, and synaptic dysfunction. Therefore, which α-syn species or processes associated with α-syn aggregation and accumulation are the most toxic is still a matter of debate.
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FIGURE 3. α-synuclein aggregation process. Schematic overview of the hypothetical aggregation process of monomeric α-syn and the different events that can induce its misfolding and promote aggregation.



Mutations in the SNCA gene associated with familiar forms of α-synucleinopathies, such as A30P or A53T, are more prone to aggregate and form fibrillar α-syn oligomers (Lashuel et al., 2002; Bengoa-Vergniory et al., 2017). Different events promote α-syn aggregation (Figure 3), including low pH (Buell et al., 2014). Indeed, neutral pH inhibits the growth of α-syn fibrils, while acidic pH increases it (Grey et al., 2011). Other micro-environmental factors affecting α-syn aggregation include metal ions (Uversky et al., 2001), polyamines (Krasnoslobodtsev et al., 2012; Holmes et al., 2013), proteoglycans (Lashuel et al., 2013), nucleic acids (Hegde and Rao, 2007), poly-ADP ribose (Kam et al., 2018) and fatty acids (Fecchio et al., 2018). α-syn PTM play also a role in its aggregation process. Thus, glycation of α-syn potentiate toxicity and aggregation (Vicente Miranda et al., 2017). Phosphorylation at various sites contributes to α-syn aggregation (Zhang et al., 2019). In particular, phosphorylation at residue Ser129 constitutes one of the most studied α-syn PTM, however, there is contradictory data about its role in pathology, as it was shown to be both protective and toxic (Arawaka et al., 2017; Zhang et al., 2019). In physiological conditions, α-syn is constitutively acetylated in its N-terminal, which seems to make α-syn more resistant to oligomerization and aggregation (Gonzalez et al., 2019). C-terminal truncation of α-syn has been associated with an increase in self-assembly properties and constitutes 10–25% of the LBs (Li et al., 2005; Wang et al., 2016). As a result of oxidative stress, the generation of nitric oxide induces nitration of tyrosine residues of α-syn, promoting aggregation (Giasson et al., 2000). SUMOylation inhibits ubiquitin-mediated degradation of α-syn, which leads to an increase of α-syn concentration and aggregation (Rott et al., 2017). Lastly, the aggregation process of α-syn seems to be affected by the presence of other proteins. Although homotypic seeding is the preferred form of aggregation, α-syn can bind other natively unfolded proteins such as tau, PrPC or Aβ, in a process termed heterotypic cross-seeding, which accelerate aggregation and neuropathology (Clinton et al., 2010; Ono et al., 2012; Guo et al., 2013; Katorcha et al., 2017; Bassil et al., 2020). However, despite our knowledge about the different processes that may be involved in its abnormal aggregation, the initial event that triggers α-syn oligomer formation and accumulation remains unknown.

In 2003, after post-mortem evaluation of PD brains, Braak et al. (2003a) staged the pathology of this disorder. In that study, they defined the earliest phases of the disease, characterized by the presence of α-syn pathology in the anterior olfactory nucleus and in the dorsal motor nucleus of the vagal in the absence of motor symptoms. Based on those findings, Braak et al. (2003b) developed a theory in which PD might be initiated when a neurotropic agent enters the body by nasal route, through the olfactory epithelium to the olfactory bulb, or by gastric route, infiltrating the gut to the submucous plexus and traveling along preganglionic parasympathetic fibers to the dorsal motor nucleus of the vagus nerve. The presence of LBs in the enteric and peripheral nervous systems supported their claim (Braak et al., 2006, 2007; Shannon et al., 2012). The LB pathology would then travel through the CNS. The authors proposed that PD could be divided into six different stages, each one defined by abnormal pathology in particular neurological structures and specific symptom severity. Thus, early stages would be characterized by non-motor symptoms, including hyposmia and autonomic dysfunction, mid-stages would be characterized by the presence of motor symptoms and later stages by the presence of cognitive impairment (Braak et al., 2004). In their theory, the authors proposed as the possible neurotropic agent a virus or a pathogen composed of fragments of misfolded α-syn that could possess unconventional prion-like properties (Braak et al., 2003b). Over the last decade, different studies have shown that α-syn is in fact not only able to aggregate, but also to spread and propagate the synucleinopathy in a prion-like fashion. This new hypothesis and line of research was initially inspired by the observation that grafts of embryonic dopamine neurons into the brains of human PD patients developed α-syn pathology (Kordower et al., 2008; Li et al., 2008). The authors hypothesized that pathological α-syn from the host was transferred into the young grafted neurons in a prion-like manner (Brundin et al., 2008). Since then, different groups have proven that α-syn is able to be taken up by cells, including dopaminergic neurons (Luk et al., 2009; Volpicelli-Daley et al., 2011), be transmitted from neuron to neuron (Desplats et al., 2009; Freundt et al., 2012), from neurons to oligodendrocytes (Reyes et al., 2014), and to induce the formation of aggregates that share some of the LB features, i.e., a high degree of phosphorylation and polyubiquitination (Volpicelli-Daley et al., 2011). An early work demonstrated the presence of α-syn in plasma and cerebrospinal fluid of PD patients, thus supporting the hypothesis that α-syn may enter cells from the extracellular space (El-Agnaf et al., 2003). Moreover, the inoculation of recombinant α-syn preformed-fibrils (PFFs) or patient-derived pathological α-syn in wildtype and transgenic animals resulted in the development of widespread synucleinopathy throughout synaptically connected networks, neurodegeneration and behavioral deficits, following in some cases a similar pattern to the one define in Braak’s hypothesis (Luk et al., 2012a,b; Masuda-Suzukake et al., 2013; Ulusoy et al., 2013; Holmqvist et al., 2014; Recasens et al., 2014; Paumier et al., 2015; Abdelmotilib et al., 2017; Manfredsson et al., 2018; Rey et al., 2018; Chu et al., 2019; Kim S. et al., 2019; Challis et al., 2020). Additional studies demonstrated that the spreading of α-syn pathology depended on the misfolding and recruitment of endogenous α-syn (Volpicelli-Daley et al., 2011; Kaji et al., 2018; Kim S. et al., 2019; Wu et al., 2019). Furthermore, a recent publication suggested that the inoculation site may determine the synucleinopathy, since autonomic ganglionic injection of α-syn fibrils resulted in a model of PAF (Wang et al., 2020). However, the mechanism involved in α-syn internalization remains unclear. In the last years, several membrane protein receptors have been proposed to play an important role in α-syn uptake, including lymphocyte-activation gene 3 (Mao et al., 2016), Rab proteins (Masaracchia et al., 2018) and flotillin-1 and dopamine transporter (DAT; Kobayashi et al., 2019).

In addition, recent publications have demonstrated the existence of different strains of pathological α-syn which cause distinct synucleinopathies, targeting distinct brain regions and cell types (Bousset et al., 2013; Peelaerts et al., 2015; Rey et al., 2019; Lau et al., 2020). In particular, MSA and PD strains seem to have different structural and seed properties that may be used as differential diagnostic criteria and that could explain the more aggressive and rapid progression of MSA compared to other synucleinopathies (Peng et al., 2018b; Candelise et al., 2019; Yamasaki et al., 2019; Schweighauser et al., 2020; Shahnawaz et al., 2020; Van Der Perren et al., 2020). It is not yet clear how the different α-syn strains are generated, but the cellular micro-environment may play an important role (Candelise et al., 2020). Thus, a recent publication by the group of Virginia Lee showed that the α-syn extracted from GCIs presents a different proteolytic profile and more potent biological activity than the α-syn from LBs and that the specific cellular milieu of oligodendrocytes is responsible for the transformation of misfolded α-syn into the MSA strain (Peng et al., 2018a).

The identification of the mechanisms associated or responsible for α-syn uptake, processing, aggregation and release, and the contribution of different α-syn strains to inclusion formation and to the impairment of cellular pathways will be essential to completely understand the pathogenic process underlying α-synucleinopathies, to identify novel targets for disease modification, the development of new therapeutic strategies and to generate possible biomarkers which would allow the early diagnosis of these disorders.



α-SYN, A PRION PROTEIN?

The term prion was first described by Stanley Prusiner as a “small proteinaceous infectious particle which is resistant to inactivation by most procedures that modify nucleic acids” and resulted from the blend of “protein” and “infection” (Prusiner, 1982). Therefore, prions should constitute the underlying cause of an infectious disease that can be transmitted among individuals from the same or different species, and not a secondary consequence of the disease (Prusiner, 1998). In this regard, based on in vivo and in vitro studies, α-syn seems to exhibit some of the properties of prion proteins (Figure 4), such as the ability to undergo misfolding and to self-propagate, inducing aggregation of endogenous α-syn (Hijaz and Volpicelli-Daley, 2020), to exist as distinct strains (Bousset et al., 2013; Peelaerts et al., 2015; Candelise et al., 2019; Yamasaki et al., 2019; Lau et al., 2020; Schweighauser et al., 2020; Shahnawaz et al., 2020) and to be resistant to inactivation by formaldehyde (Schweighauser et al., 2015; Woerman et al., 2018). As discussed before, the fact that α-syn aggregates were found in human brain regions affected by the disease and that some studies, like the one conducted by Braak et al. (2004) showed the presence of inclusions in peripheral organs and described an association between disease stage and Lewy pathology, led the authors to propose that α-synucleinopathies could initiate in the gut or the olfactory bulb and slowly spread to the CNS (Beach et al., 2009). This evidence and the data demonstrating the ability of α-syn to propagate from the gut and other peripheral organs in animal models (Kim S. et al., 2019; Lohmann et al., 2019) as well as the finding of LBs in grafted dopaminergic neurons in PD patients (Kordower et al., 2008; Li et al., 2008) supported the prion nature of α-syn.
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FIGURE 4. Prion protein vs. α-synuclein: current knowledge. Both proteins can undergo misfolding (1) which leads to the formation of different pathogenic strains (2). The pathogenic forms of both proteins can be transferred cell-to-cell (3) and spread from the periphery into the CNS in vivo (4). However, based on post-mortem data from α-synucleinopathy patients and in contrast to the prion protein, it is not clear how and where does α-synuclein pathology start and if the spreading observed in in vivo studies really happens in humans (4). Finally, unlike prion protein, no evidence of intraspecies or interpecies transmission of α-syn has ever been reported (5).



However, there is evidence that challenges some of these observations and the prion hypothesis for α-syn (Figure 4). On one hand, subsequent post-mortem studies showed that only half of PD cases present a pattern of Lewy pathology consistent with Braak’s staging and that an important number do not even follow it (Kalaitzakis et al., 2008; Jellinger, 2009; Halliday et al., 2012). In many cases, the distribution of α-syn inclusions is sparse and discrete, even at late stages of the disease (Beach et al., 2009; Dijkstra et al., 2014), and some patients do not show aggregates at all (Berg et al., 2014). Moreover, no correlation has been observed between Braak’s staging of Lewy pathology and severity of clinical progression (Jellinger, 2009). In addition, cells within the same region are not equally affected by Lewy pathology, which is only observed in a small percentage of neurons, mainly affecting catecholaminergic and cholinergic but not GABAergic neurons. Furthermore, the strength of connectivity between brain areas does not correlate with Lewy pathology patterns (Surmeier et al., 2017) and, in MSA, the trans-synaptic propagation of α-syn pathology proposed for PD cannot explain the spatial distribution of GCIs (Armstrong et al., 2004; Dhillon et al., 2019; Kaji et al., 2020).

The ability of α-syn to propagate and generate aggregates in humans is also a matter of debate since additional transplantation studies did not show α-syn accumulation in the engrafted dopaminergic cells (Mendez et al., 2008; Hallett et al., 2014). Interestingly, the main difference between these studies and the ones showing Lewy pathology was the use of dissociated neurons instead of cellular aggregates or tissue pieces. Moreover, independently of the absence or presence of α-syn aggregates, transplanted neurons generally survive and remain healthy and functional for decades (Li et al., 2016). The appearance of pathology in the engrafted cells has been, however, associated with an extensive microglial activation when cellular aggregates or tissue pieces are used (Kordower et al., 2008; Li et al., 2008). This effect was not observed when dissociated neurons were transplanted (Mendez et al., 2008). Nevertheless, it is still unclear from where was the pathology observed in transplanted cells coming from, and why the number of neurons affected did not change with time (Kordower et al., 2008; Li et al., 2008, 2016). It has been proposed that the graft’s micro-environment together with the already stressed environment from the host may trigger the pathology in those cells (Surmeier et al., 2017). In fact, post-mortem studies have shown that brain regions presenting α-syn inclusions do not necessarily develop neuronal loss, in contrast, neurodegeneration sometimes occurs in areas with no α-syn pathology or before it appears (Leak et al., 2019). Furthermore, in vitro studies have shown that mutations in α-syn, such as A53E and G51D, which are associated with familiar forms of PD and MSA, attenuate aggregation and delay the pathology (Fares et al., 2014; Ghosh et al., 2014). Interestingly, different neuropathological reports have shown an absence of Lewy pathology in most patients with familiar forms of parkin-related PD and in a proportion of PD patients with mutations in the LRRK2 gene, which are respectively the most common cause of recessive and dominant forms of PD, and a small proportion of sporadic PD cases (Kalia and Lang, 2015; Tolosa et al., 2020).

Bonafide prions can spread from extraneural sites into the CNS and the molecular processes underlying their spreading have been evaluated in detail (Kara et al., 2018). Regarding α-syn, recent studies have demonstrated the presence of inclusions in peripheral sites, including cells of the enteric nervous system, nerve cells and fibers in the skin and submandibular salivary glands of α-synucleinopathies patients (Beach et al., 2010, 2016; Shannon et al., 2012; Kim J. Y. et al., 2019). Therefore, these data support the hypothesis that α-syn pathology may start in the periphery and ascend towards the CNS in a similar way to prions. In addition, it was reported that vagotomy reduces the risk of developing PD (Svensson et al., 2015), that may be explained by a disruption of α-syn spreading from the periphery to the brain. However, these observations were not replicated in a different study with the same cohort but extended follow-up (Tysnes et al., 2015). Therefore, the debate on the periphery as the possible initiation site of α-syn pathology remains unsolved, especially considering that: (i) α-syn is mainly expressed in the brain (Lashuel et al., 2013); (ii) some peripheral regions with α-syn pathology do not present a clear exposure route, such as the cardiac sympathetic nerve (Orimo et al., 2008); (iii) no cases have been found in post-mortem whole body studies with α-syn inclusions in the periphery without the brain being affected (Lionnet et al., 2018); and (iv) peripheral α-syn aggregates from PD patients show lack of pathogenic potential (Recasens et al., 2018; Figure 4).

Other exogenous and endogenous factors may trigger the pathological changes underlying α-synucleinopathies and α-syn aggregation (Figure 3). Thus, gut dysbiosis and microbiota have been associated with PD (Fitzgerald et al., 2019). Moreover, recent studies demonstrated that amyloid proteins produced by gut bacteria can induce α-syn aggregation and seeding (Sampson et al., 2016, 2020), and that viral infection disrupts cellular proteostasis and causes α-syn aggregation (Marreiros et al., 2020). Several authors have therefore suggested that neurodegeneration and the neurological deficits observed in α-synucleinopathies may be triggered by factors other than α-syn, like inflammation or local micro environmental conditions (Engelender and Isacson, 2017) and that selective vulnerability of neuronal subpopulations may better explain the generation of α-syn inclusions throughout disease progression, rather than prion-like transmission (Surmeier et al., 2017). In this regard, a protective role of α-syn aggregates has been suggested, where they may be a consequence of the disease process rather than the cause (Olanow et al., 2004; Sian-Hulsmann et al., 2015). Based on these observations, and the fact that severity of clinical symptoms correlates with neurodegeneration rather than with α-syn inclusions in humans (Beach et al., 2009), the role of α-syn in these pathologies remains unclear.

It has to be mention that, to date, despite longitudinal studies with α-synucleinopathies patients have demonstrated clinical and biological changes throughout disease progression, they have not been able to show meaningful concordance between them, making difficult to properly define disease stages and, therefore, to evaluate the association between α-syn pathology and disease progression (Espay et al., 2020). In addition to that, the absence of significant correlation between α-syn pathology and cell loss in brain areas affected in these disorders could be due to a lack of sensitivity of current immunohistochemical methods. Further studies evaluating the presence of α-syn oligomers or early aggregation stages by novel techniques such as AS-PLA, RT-QuIC or PMCA may lead to a better understanding of the role of α-syn in α-synucleinopathies and clarify the possible pathological routes of α-syn propagation (Bengoa-Vergniory et al., 2017; Shahnawaz et al., 2020).

Finally, no evidences of α-syn transmission between humans has ever been reported, including iatrogenic (Irwin et al., 2013; Beekes et al., 2014), and there is no epidemiological data supporting this possibility for any α-synucleinopathy (Rajput et al., 2016; Figure 4). No evidences of transmission from animal to human have been found either (Wenning et al., 2018). Historically, prion infections have been a rarity whereas α-synucleinopathies present an important incidence that remains relatively stable over time in various ethnical populations (Pringsheim et al., 2014; Leak et al., 2019), however, in vivo studies show that the level of infectivity of α-syn aggregates per amount of protein might be orders of magnitude lower than that of prions (Watts, 2019).

Overall, despite α-syn shares several characteristics with prions, the absence of infectivity, the lack of human studies supporting the hypothesis and the existence of contradictory data must be taken in consideration. Thus, the term “prionoid” has been proposed to designate proteins that share propagative mechanisms with prions but may not be transmissible between individuals (Kara et al., 2018). At present, the most probable explanation regarding the start and progression of α-synucleionopathies would be that they are the consequence of a multifactorial process. This process would include the occurrence of exogenous and cellular micro-environmental changes in the affected regions that may trigger and modulate the pathology, and the presence of different α-syn strains that are able to spread through the organism in a cell type/susceptibility-dependent manner leading to different neuroanatomical spreading patterns.



FUTURES PERSPECTIVES IN α-SYN RESEARCH AND THERAPY

Although our knowledge about α-syn, its physiological functions, structure, properties and its pathological role in α-synucleinopathies have been extensively studied, there are still gaps that must be filled to completely understand the nature and the importance of this protein.

The characterization of α-syn interactions in the different subcellular compartments, not only in the CNS, but also in peripheral organs may be essential to fully understand its functions, the cellular and systemic changes that underlie α-synucleinopathies, and the possible deleterious consequences of therapeutic strategies targeting α-syn. The combination of novel super-resolution imaging, proteomics and computational techniques constitute a powerful approach to define α-syn interactome (Brás et al., 2020). A complete and detailed identification of all α-syn PTM, the different pathways involved in its clearance and the role of glial cells in this process represent other important targets for further studies (Lopes Da Fonseca et al., 2015; Gonzalez et al., 2019; Tremblay et al., 2019). Regarding the pathological role of α-syn, the absence of specific biomarkers and PET tracers constitute, at present, one of the most important disadvantages to identify its spatial and temporal contribution to disease progression in α-synucleinopathy patients. In addition, the biochemical composition and the molecular architecture of α-syn strains and inclusions and the cellular and environmental factors modulating their formation in the different disorders have not yet been completely revealed, mainly due to the lack of proper and highly sensitive protocols and tools. Elucidating the native conformation of α-syn and the different pathogenic strains by cryo-electron microscopy (Chen S. W. et al., 2015; Li et al., 2018; Guerrero-Ferreira et al., 2019), nuclear magnetic resonance (Galvagnion et al., 2019) or super-resolution imaging techniques (Nugent et al., 2017; Shahmoradian et al., 2019) will be essential to develop alternative drug-based disease modifying therapies. The establishment of brain banks of high-quality post-mortem brain tissue, CSF, plasma and fibroblast from clinically and pathologically well-defined patients and healthy controls will improve the potential of future studies. Moreover, the incorporation of induced-pluripotent stem cells (iPSCs) to those banks, to develop human patient-specific in vitro models of the disease, should be considered. Finally, further genetic and epigenetic studies will also provide important insights into the mechanism underlying α-synucleinopathies, the differences between them, as well as novel therapeutic targets.

Though the exact role of α-syn in the pathology has not yet been fully elucidated, an important number of preclinical studies and clinical trials have been focused on targeting directly α-syn and α-syn aggregation, or indirectly through the modulation of processes associated with its accumulation. The use of small molecules to target α-syn aggregation have shown positive results in preclinical models of α-synucleionopathies by reducing aggregation and accumulation of α-syn inclusions, neurodegeneration and motor symptoms (Finkelstein et al., 2017; Price et al., 2018; Heras-Garvin et al., 2019; Wegrzynowicz et al., 2019). Antibiotics such as rifampicin also reduces α-syn aggregation and fibrillization (Li et al., 2004) and showed positive results in animal models (Ubhi et al., 2008). Different preclinical studies have demonstrated that α-syn immunotherapy enhances α-syn clearance, prevents spreading and neuronal loss and demyelination and improves motor function in animal models (Masliah et al., 2011; Mandler et al., 2014, 2015). Enhancing α-syn degradation by modulating cellular pathways and the activation of glial cell types associated with α-syn clearance constitute another promising strategy (Malagelada et al., 2010; Gao et al., 2019; Perrino et al., 2019). Stimulation of microglial-dependent clearance of α-syn reduces the number of inclusions, ameliorates motor symptoms and shows a neuroprotective effect in in vivo models of MSA and PD (Park et al., 2016; Venezia et al., 2017; Choi et al., 2020). Intriguingly, microglial activation and neuroinflammation can also promote α-syn aggregation and induce neurodegeneration, accelerating disease progression (Lema Tome et al., 2013), therefore, reduction of microglial activation have also been used for disease modification (Liu et al., 2019). Recently, the use of antisense nucleotides (ASO) to selectively inhibit proteins associated with α-syn pathology in specific brain regions or cell types has been proposed as an alternative approach to reduce α-syn accumulation in PD models (Zhao et al., 2017; Alarcón-Arís et al., 2018). This is particularly important since altering or removing α-syn gene expression in previous studies has shown profound and deleterious intracellular and developmental effects that in some cases could induce neuronal loss (Perez and Hastings, 2004; Benskey et al., 2016).

Most of these therapeutic strategies are currently under evaluation in human clinical trials (Heras-Garvin and Stefanova, 2020). Unfortunately, some of them have not shown ability to slow or halt disease progression (Heras-Garvin and Stefanova, 2020). The distinct efficacies observed between preclinical studies, based on in vitro and in vivo models, and the data from human studies could be explained by the neurobiological differences among species, but may be a consequence of current limitations to recruit patients at early stages of the disease, when significant neurodegeneration and motor symptoms are not yet present, to misdiagnosis and to the absence of specific biomarkers for α-syn.



CONCLUSIONS

It has been a long journey since α-syn was discovered 30 years ago. Many in vitro and in vivo studies have contributed to a better understanding of this versatile and multifaceted protein, its functions and its potential role in neurodegeneration. Moreover, the analysis of human material has indeed supported the idea that α-syn may contribute in some extent to the pathogenic events underlying the α-synucleionopathies. However, whether α-syn is the cause or main force driving these disorders or a mere secondary event is still a matter of debate. The use of novel highly sensitive tools and techniques in future studies, combined with the recruitment and collection of human material from well-characterized and documented cohorts, will definitely help us to finally define the pathogenic role of α-syn and to improve the development of proper therapeutic strategies.
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GABAA receptors are pentameric GABA-gated chloride channels. The existence of 19 different subunits (six α, three β, three γ, δ, ε, θ, π, and three ρ) in mammalian systems gives rise to an enormous theoretical diversity of GABAA receptor subtypes with distinct subunit composition and unique pharmacological properties. These receptors are already now the drug targets of several clinically used compounds, such as benzodiazepines, anesthetics, and many more. There is a constant quest to identify novel molecules and possible future drug targets: Currently, α6-containing GABAA receptors are being discussed in the context of treating sensorimotor gating deficits in neuropsychiatric disorders, such as tic disorders and schizophrenia. Therefore, we aim to learn more about α6-containing GABAA receptors. They are mostly expressed in the cerebellar granule cell layer, where they form the following subtypes: α6βxγ2, α1α6βxγ2, α6βxδ, and α1α6βxδ. In former studies, α1α6βxγ2-containing GABAA receptors were considered a single receptor population. In the current study, we investigate the possibility, that this population can consist of two subgroups with alternative arrangements depending if α1 neighbors γ2 (forming a “diazepam-sensitive” receptor), or if α6 neighbors γ2 (forming a “diazepam-insensitive” receptor) and aimed to prove the existence of both subtypes in native tissue. We performed immunoprecipitation experiments on rat cerebellar lysates using α1- or α6 subunit-specific antibodies followed by radioligand binding assays with either 3H-flunitrazepam or 3H-Ro 15-4513. Indeed, we were able to prove the existence of two distinct populations of α1α6-containing GABAA-receptors and could quantify the different receptor populations: α1βxγ2 receptors constitute approximately 60% of all γ2-containing receptors in the rat cerebellum, α6βxγ2 about 20%, and both isoforms of α1α6βxγ2 9–15% each. The simple classification of GABAA-receptors into αx-containing subtypes seems not to reflect the complexity of nature; those receptors are more diverse than previously thought.

Keywords: cerebellum, GABAA-receptor, receptor composition, radioligand binding, immunoprecipitation


INTRODUCTION

GABAA receptors are ligand-gated chloride ion channels assembled as pentamers of subunits coded by one out of 19 different mammalian genes, grouped into eight classes (α1-α6, β1-β3, γ1–3, δ, ε, θ, π, and ρ1–3; Sieghart, 2015). The existence of receptor pentamers with different subunit composition and arrangement, so-called subtypes, has produced great efforts towards the development of subtype-selective ligands (Sieghart and Savić, 2018). GABAA receptors containing α6-subunits are predominantly expressed in cerebellar granular cells and in the embryologically related granule cells of the cochlear nucleus (Laurie et al., 1992; Wisden et al., 1992; Pirker et al., 2000; Hortnagl et al., 2013). Those α6-containing receptors represent an interesting and diverse population of tonically active extrasynaptic δ- and phasic active synaptic γ2-containing groups. It was suggested that α6 subunits are recruited for the strengthening of synapses and added to α1 subunit containing postsynaptic densities (Accardi et al., 2015). Recent research has identified a number of putative pathophysiological roles which involve α6-containing receptors, and targeting these is considered an interesting strategy for disorders with sensorimotor gating deficits (Chiou et al., 2018), essential tremor (Handforth et al., 2018), and by way of receptors thought to be localized in the trigeminal ganglia, trigeminal neuropathic pain states (Puri et al., 2012; Vasović et al., 2019) and migraine (Fan et al., 2018).

Unlike in the rest of the brain, GABAA receptors in cerebellar granular cells are much less diverse, since only selected subunits are being expressed. In terms of mRNA-abundance, the most significant transcripts are α1, α6, β2, β3, γ2, and δ, with additional weak traces of α4, β1, and γ3 (Laurie et al., 1992; Wisden et al., 1992). These findings are supported by immunohistochemical analysis, indicating protein expression of these subunits in mice (Hortnagl et al., 2013) as well as in rats (Pirker et al., 2000). According to previous results, those subunits assemble to form α1βxγ2, α6βxγ2, α1α6βxγ2, α6βxδ, and α1α6βxδ as major GABAA receptors (Jechlinger et al., 1998; Tretter et al., 2001; Pöltl et al., 2003). The co-existence of the two different α-subunits α1 and α6 in one pentamer has been appreciated previously (Khan et al., 1996), as well as the fact that the benzodiazepine binding pharmacology is defined by the α-subunit, which contacts γ2 and forms the α/γ-interface (Sieghart, 1995). In former studies, α1α6βxγ2-containing GABAA receptors were considered a single receptor population (Jechlinger et al., 1998; Pöltl et al., 2003). However, soon it was appreciated that concatenated α1α6βxγ2 GABAA receptors of two different arrangements can be expressed in Xenopus laevis oocytes, either with α1 neighboring γ2 or with α6 neighboring γ2 (Minier and Sigel, 2004). Receptors with such alternative subunit arrangements carry unique drug binding sites. The development of ligands specific for such unique binding sites is facilitated by structural models of the pocket- ligand interactions and has seen a recent surge of experimental models from moderate resolution cryo-EM and crystal structures of heteromeric GABAA receptors (Zhu et al., 2018; Masiulis et al., 2019).

In the current study, we investigated the possibility, that not only in heterologous expression systems but also in the native rat cerebellum, α1α6βxγ2-containing GABAA receptors can consist of two subgroups with alternative arrangements and therefore unique pharmacological properties. Also, we compile current insights gained from ligand-bound α1βγ2 receptors and extrapolate to the α6 containing subtypes described in this study to examine the options for selective targeting of individual receptor species.



MATERIALS AND METHODS


Materials

Rabbit antibodies against GABAA receptor subunits came from a local collection, were all generated as described (Mossier et al., 1994) and characterized in detail and used in several previous studies (Jechlinger et al., 1998; Pöltl et al., 2003; Ogris et al., 2006). Pansorbin® cells were purchased from Merck (Darmstadt, Germany) and Pierce™ BCA protein assay kit from ThermoFisher Scientific (Waltham, MA, USA). 3H-flunitrazepam (specific activity 76.0 Ci/mmol) and 3H-Ro 15-4513 (specific activity 49.5 Ci/mmol) were purchased from Perkin Elmer NEN (New England Nuclear, Waltham, MA, USA). Diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4,benzodiazepine-2-one) was bought from Nycomed (Opfikon, Switzerland) and Ro15–1788 [Flumazenil, ethyl 8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo(1,5-a;1,4)benzodiazepine-3-carboxylate] from Tocris (Bio-techne Ltd., Abingdon, United Kingdom). Standard chemicals were from Sigma-Aldrich (St. Louis, MO, USA).



Culturing and Transfection of Human Embryonic Kidney 293 (HEK 293) Cells

Human embryonic kidney (HEK) 293 cells (American Type Culture Collection ATCC® CRL-1574TM) were maintained in Dulbecco’s modified Eagle medium (DMEM, high glucose, GlutaMAX™ supplement, Gibco 61965-059, ThermoFisher, Waltham, MA, USA) supplemented with 10% fetal calf serum (Sigma-Aldrich F7524, St. Louis, MO, USA), 100 U/ml Penicillin-Streptomycin (Gibco 15140-122, ThermoFisher, Waltham, MA, USA) and MEM (Non-Essential Amino Acids Gibco 11140-035, ThermoFisher, Waltham, MA, USA) on 10 cm cell culture dishes (Cell+, Sarstedt, Nürnbrecht, Germany) at 37°C and 5% CO2.

HEK 293 cells were transfected with cDNAs encoding rat GABAA receptor subunits subcloned into pCI expression vectors. The ratio of plasmids used for transfection with the calcium phosphate precipitation method (Chen and Okayama, 1987) were 3 μg α (1, 2, 3 or 5) : 3 μg β3: 15 μg γ2 per 10 cm dish. The medium was changed 4–6 h after transfection. Cells were harvested 72 h after transfection by scraping into phosphate-buffered saline and pelleted by centrifugation (10 min, 12,000 g, 4°C). For membrane binding experiments, cells were resuspended in TC50 (50 mM Tris-Citrate pH = 7.1), homogenized with an ULTRA-TURRAX® (IKA, Staufen, Germany), and centrifuged (20 min, 50,000 g). Membranes were washed three times in TC50 as described above and frozen at −20°C until use. For immunoprecipitation assays, cells were lysed in sodium deoxycholate (DOC) buffer (10 mM Tris pH = 8.5, 150 mM NaCl, 0.5% DOC, 0.05% phosphatidylcholine, 0.08% protease inhibitor) at 4°C for 2 h, cleared by centrifugation and used immediately.



Preparation of Rat Cerebellar Membranes and Extracts

Four to six-week-old female rats were sacrificed by decapitation, the cerebella removed quickly, flash-frozen in liquid nitrogen, and stored at −80°C until needed. For immunoprecipitation experiments, a single cerebellum was thawed at room temperature, homogenized in sodium deoxycholate (DOC) buffer in a brain to buffer ratio of 1 g/10 ml using an Ultra-Turrax rotor-stator homogenizer (IKA, Staufen, Germany) for 10 s followed by syringe and needle homogenization. After incubation (4°C for 2 h) the lysate was cleared by centrifugation and used immediately. For membrane binding experiments rat cerebellum was homogenized with an Ultra-Turrax rotor-stator homogenizer for 30 s in an ice-cold homogenization buffer (10 mM Hepes, 1 mM EDTA, 300 mM Sucrose, protease inhibitor) and centrifuged at 45,000 g at 4°C for 30 min. The pellet was resuspended in wash buffer (10 mM Hepes, 1 mM EDTA, protease inhibitor), incubated on ice for 30 min and centrifuged at 45,000 g at 4°C for 30 min. The pellet was stored at −80°C o/n and the next day was washed five times by suspension in 50 mM Tris-citrate buffer, pH = 7.1, and subsequent centrifugation as described above. Membrane pellets were stored at −80°C until final use.



Radioligand Membrane Binding Assays

Frozen membranes were thawed, resuspended, and incubated for 90 min at 4°C in a total of 500 μl of TC50/NaCl (50 mM Tris-Citrate pH = 7.1; 150 mM NaCl), various concentrations of the drug to be studied, 2 nM 3H-flunitrazepam or 5 nM 3H-Ro 15-4513 in the absence or presence of either 5 μM diazepam or 50 μM Ro 15-1788 (to determine unspecific binding; final DMSO-concentration 0.5%). To study the pharmacology of the α1/γ2-interface membranes were incubated with 3H-flunitrazepam; to study the α6/γ2-interface membranes were incubated with 5 nM 3H-Ro 15-4513 in the presence of 5 μM diazepam (to saturate α1-containing receptors and target α6-containing receptors only). Membranes were filtered through Whatman GF/B filters and the filters were rinsed twice with 4 ml of ice-cold 50 mM Tris/citrate buffer. Filters were transferred to scintillation vials and subjected to scintillation counting after the addition of 3 ml Rotiszint Eco plus liquid scintillation cocktail.



Immunoprecipitation Assays

Transfected HEK 293 cells or rat cerebella were lysed in sodium deoxycholate (DOC) buffer (10 mM Tris pH = 8.5, 150 mM NaCl, 0.5% DOC, 0.05% phosphatidylcholine, 0.08% protease inhibitor) at 4°C for 2 h, cleared by centrifugation and used immediately. One hundred and fifty micro litre clear supernatant and 5 μg antibody in 20 μl phosphate-buffered saline (PBS: 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 140 mM NaCl, pH = 7.4) were incubated on a shaking platform at 4°C overnight. Heat-killed, formalin-fixed Staphylococcus aureus cells carrying protein A (Standardized Pansorbin-cells, Calbiochem) were centrifuged at 2,300 g for 5 min at 4°C. The pellets were washed twice with IP-High (50 mM Tris-HCl pH = 8.3, 600 mM NaCl, 1 mM EDTA, 0.5% Triton X-100), once in IP-Low (50 mM Tris-HCl pH = 8.0, 150 mM NaCl, 1 mM EDTA, 0.2% Triton X-100), and re-suspended with IP-Low. Twenty microlitre of this suspension of Pansorbin cells were added to the above-mentioned cocktail containing the antibody and the solubilized receptors, for 2 h at 4°C on a shaking platform. Samples were centrifuged at 2,300 g for 5 min at 4°C and washed twice with IP-High and once with IP-Low at 2,300 g for 1 min at 4°C. Pellets were resuspended in 500 μl TC50/NaCl (50 mM Tris-Citrate pH = 7.1; 150 mM NaCl), radioligand was added and the radioligand binding assays performed as described above.



Data Calculation

Radioligand displacement experiments were analyzed using GraphPad Prism version 8.3.0 for Mac OS X, GraphPad Software1, La Jolla, CA, USA. Nonlinear regression analysis of the displacement curves used the equation: Y = Bottom + (Top-Bottom)/(1 + 10∧((LogIC50-X)*Hill-slope). IC50 values were converted into Ki values using the Cheng-Prusoff relationship (Cheng and Prusoff, 1973) Ki = IC50/(1 + (S/KD)) with S being the concentration of the radioligand (2 nM for 3H-flunitrazepam or 5 nM for 3H-Ro 15-4513) and the KD values as described previously [4.8 nM for 3H-flunitrazepam (Simeone et al., 2017) and 1.4 nM for 3H-Ro 15-4513 in the presence of diazepam (Treven et al., 2018)].



Structure Rendering and Homology Modeling

PDB files 6HUP and 6D6U were analyzed and rendered with MOE [Molecular Operating Environment (MOE), 2019.01; Chemical Computing Group ULC, 1010 Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2019]. A representative model of an α6+/γ2− the interface is based on 6D6U.




RESULTS

All ligands used in this study require the presence of the γ2-subunit, and thus, the total pool of γ2-containing GABAA receptors in the cerebellar membrane preparations was subjected to a workflow of differential identification and quantification. The number of γ2-containing GABAA receptors precipitated from rat cerebellar extracts using different α-subunit-specific antibodies was quantified using 3H-Ro 15-4513 binding studies and related to the total number of benzodiazepine-sensitive receptors as estimated by precipitation with anti-γ2 antibodies (see Figure 1). Receptors precipitated with α3, α4, and α5 were statistically not significantly different from zero (as determined by a one-sample t and Wilcoxon test). Since the precipitation efficiencies of our antibodies have been characterized on transfected HEK 293 cells (see Figure 2), we can conclude that we missed subunits due to poor antibody-quality. Only anti-α1, anti-α6, and anti-α2-antibodies precipitated significant amounts, the latter however only <5% of all receptors. This is in agreement with previous immunocytochemical studies, which found particularly high expression levels of α1 and notable levels of α6 in the cerebellar granule layer, and only weak or absent expression of the other α subunits (Pirker et al., 2000). Those other weakly expressed subunits such as α2 and α5 seem to be predominantly expressed in the molecular or the Purkinje layer of the cerebellum (Pirker et al., 2000; Hortnagl et al., 2013) and the Bergman glia (Wisden et al., 1992), but not in the granule cell layers, where α6 is being expressed. Therefore, when characterizing assembling partners for α6, only α1 will have to be accounted for.
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FIGURE 1. α-subunits found in γ2-containing receptors in rat cerebellum. GABAA receptors were extracted from rat cerebellum, precipitated with subunit specific antibodies, and quantified using 3H-Ro 15-4513 binding. Nonspecific binding was analyzed by the addition of 50 μM Ro 15-1788. Results are expressed concerning values obtained with parallel precipitation with specific anti-γ2 antibody. Shown are the mean ± SD of three independent experiments performed in duplicates each. Data were analyzed statistically, if they are significantly different from 0, following a one-sample t and Wilcoxon test (*p < 0.05; ns: p > 0.05; α1: p = 0.0181; α2: p = 0.0260; α6: p = 0.0129; α3, α4 and α5: p > 0.05).
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FIGURE 2. Confirmation of the precipitation efficiency of subunit-specific antibodies used in this study. HEK 293 cells were transfected with the subunit combinations α1βγ2, α2βγ2, α3βγ2, α4βγ2, α5βγ2, and α6βγ2, lysed in deoxycholate (DOC) buffer and precipitated with 5 μg antibody in 20 μl phosphate-buffered saline as described in the “Materials and Methods” section. Precipitated pellets were subjected to radioligand binding assay with 2 nM 3H-flunitrazepam (α1βγ2, α2βγ2, α3βγ2, and, α5βγ2) or 5 nM 3H-Ro 15-4513 (α4βγ2 and α6βγ2). Nonspecific binding was analyzed by the addition of 5 μM diazepam or 50 μM Ro 15-1788. Results are expressed concerning values obtained with parallel precipitation with specific anti- γ2 antibody. Shown are the mean ± SD of three independent experiments performed in duplicates each. None of the results shown differ statistically from 100% (as determined by a one-sample t and Wilcoxon test), indicating that all antibodies precipitate their target receptor with high efficiency.



So indeed, γ2-containing receptors in rat cerebellar granule cells contain α1, α6, and α1α6-subunit combinations. In former studies, α1α6βxγ2-containing GABAA receptors have been considered a single receptor population (Jechlinger et al., 1998; Pöltl et al., 2003). In the current study, we hypothesize that this population consists of two subgroups with alternative arrangements depending if α1 neighbors γ2 (forming a “diazepam-sensitive” receptor, short DS), or if α6 neighbors γ2 (forming a “diazepam-insensitive” receptor, short DI). In the rat cerebellum, we can therefore expect the four different receptor populations depicted in Figure 3.
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FIGURE 3. Representation of the possible subtype combinations of γ2-containing GABAA-receptors found in rat cerebellar granule cells and their pharmacological profile. The first named α-subunit is the γ2-neighbor, and thus determines the drug sensitivity profile (diazepam-sensitive “DS” or diazepam-insensitive “DI”).



To experimentally characterize the different distinct receptor populations found in the native rat cerebellum, radioligand displacement assays were performed. These experiments take advantage of the different subunit selectivity of the two radioligands 3H-flunitrazepam, and 3H-Ro 15-4513. Although both ligands bind to the benzodiazepine binding site at the α+/γ− -interface (Sieghart, 1995), 3H-flunitrazepam, as well as diazepam act via the classical “diazepam-sensitive” DS-binding sites at α1βγ2, α2βγ2, α3βγ2, and α5βγ2, while 3H-Ro 15-4513 as well as Ro 15-1788 (flumazenil) also bind to the “diazepam-insensitive” DI-binding sites at α4βγ2 and α6βγ2-receptors (Sieghart, 2015), see Figure 3. We performed radioligand displacement assays on rat cerebellar membranes using different radioligands, displacing ligands, and diazepam as DS-specific blocking ligand. First, 3H-flunitrazepam was used to selectively label receptors containing an α1/γ-interface (circles in Figures 4A,B). Both compounds diazepam and Ro 15-1788 completely inhibited 3H-flunitrazepam binding in a dose-dependent high-affinity one-site binding, as indicated by the Hill-slope of approximately −1. In a second experiment, the radioligand 3H-Ro 15-4513 was used to label receptors with any α/γ-interface. Since diazepam only competes for binding at receptors, where α1 neighbors γ2, only partial displacement can be observed (open squares in Figure 4A). Ro 15-1788 on the other hand, can bind to any α/γ-interface, the affinities are however different, depending on if this α is an α1 or an α6. This leads to mixed pharmacology and a dose-response curve with a Hill-slope of −0.7 (closed squares in Figure 4B). To pharmacologically access receptors with an α6/γ-interface, membranes were incubated with 3H-Ro 15-4513 in the presence of 5 μM diazepam. Diazepam does not bind to α6βxγ2-receptors under these conditions (data not shown), while Ro 15-1788 concentration-dependently displaced the radioligand in a low-affinity one-site binding with a Hill-slope of −1 (open triangles in Figure 4B).
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FIGURE 4. Inhibition of radioligand binding to rat cerebellar membranes. Rat cerebellar membranes were incubated with 2 nM 3H-flunitrazepam (circles), 5 nM 3H-Ro 15-4513 (squares), or 5 nM 3H-Ro 15-4513 + 5 μM diazepam (triangles) in the presence of various concentrations of the displacing ligand [diazepam in panel (A) and Ro 15-1788 (flumazenil) in panel (B)]. The data shown are the mean ± SD of three independent experiments performed in duplicates each.



Radioligand binding experiments as described in Figure 4 can only give information about the α-subunit which contacts γ2. To gain information on the nature of the other second α-subunit in the pentamer, immunoprecipitation experiments with subtype-specific antibodies were performed, followed by a radioligand binding of the precipitate. Immunoprecipitation of cerebellar lysates with an anti-γ2 antibody followed by an unspecific 3H-Ro 15-4513 binding will capture all γ2-containing receptors (“100%”). A similar immunoprecipitation with an anti-γ2 antibody followed by a 3H-Ro 15-4513 binding in the presence of 5 μM diazepam will discriminate between diazepam-sensitive receptors with α1 neighboring γ2 (α1α1-DS and α1α6-DS) and the remaining diazepam-insensitive receptors with α6 neighboring γ2 (α6α1-DI and α6α6-DI). The latter proved to be 33.7 ± 1.7% (MW ± SEM, n = 6) of all γ2-containing receptors (see Figure 5A). The remaining 66% of receptors will therefore be diazepam-sensitive receptors with α1 neighboring γ2 (the receptors termed α1α1-DS and α1α6-DS). Immunoprecipitation with anti-α1 antibodies followed by an α6/γ2-interface-specific 3H-Ro 15-4513 + 5 μM diazepam binding directly measures a receptor population with α6 neighboring γ2 and α1 as second α-subunit in the same pentamer (α6α1-DI and marked in yellow in Figure 3). Those receptors amount to 15.3 ± 1.1% (MW ± SEM, n = 7) of all γ2-containing receptors and are depicted as a yellow bar in Figure 5A.
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FIGURE 5. Analysis of γ2-containing receptors in rat cerebellum. GABAA receptors were extracted from rat cerebellum, precipitated with subunit specific antibodies, and quantified using 5 nM 3H-Ro 15-4513 with or without diazepam panel (A) or 2 nM 3H-flunitrazepam panel (B). The data shown are mean ± SD of 4–7 independent experiments performed in duplicates each. Panel (C): the diagram illustrates the proposed subunit composition of γ2-containing GABAA receptors in the rat cerebellum. The pie chart is constructed from the data obtained from experiments depicted in panels (A,B).



To further analyze the population of diazepam sensitive receptors, with α1 next to γ2, we used immunoprecipitation experiments with subunit specific antibodies, followed by a radioligand binding with 3H-flunitrazepam. As determined from the experiments shown in Figure 5A, diazepam-sensitive receptors with α1 neighboring γ2 (α1α1-DS and α1α6-DS) amount to 66% of all γ2-containing receptors. Those receptors will also be measured when immunoprecipitation with an anti-γ2 antibody followed by an α1/γ2-interface specific 3H-flunitrazepam binding. The very same receptor population can also be captured when precipitating with anti- α1 antibodies followed by an α1/γ2-interface specific 3H-flunitrazepam binding. Immunoprecipitation with anti-α6 antibodies followed by an α1/γ2-interface specific 3H-flunitrazepam binding directly measures a receptor population with α1 neighboring γ2 and α6 as second α-subunit in the same pentamer (α1α6-DS, marked in green in Figure 3). Those receptors are depicted as a green bar in Figure 5B and amount to 13.5 ± 1.1% (MW ± SEM, n = 6) of all diazepam-sensitive receptors and, since diazepam-sensitive receptors amount to 66% of the total, they account for 9% of total γ2-containing receptors.

With those experiments, we can now define the composition of the bulk of γ2-containing receptors in rat cerebellum (see Figure 5C): 57% α1γ2βxα1βx (=α1α1-DS, red), 9% α1γ2βxα6βx (=α1α6-DS, green), 15% α6γ2βxα1βx (α6α1-DI, yellow), and 19% α6γ2βxα6βx (α6α6-DI, purple).

Those receptor subpopulations differ by their pharmacological properties: if ideally selective benzodiazepine-site ligands were available, receptors of the DS-arrangements could be targeted together, as well as those of the DI-arrangements. At this time, substances that interact selectively with DS sites are broadly available and include diazepam and flunitrazepam—and are also used in the current study. In contrast, ligands selective for the α6+/γ2− pocket so far are lacking. Existing experimental structures can provide some guidance towards the design of such ligands, see Figures 6, 7.
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FIGURE 6. Differences in the principal faces of α1 and α6 subunits. (A) Ribbon depiction of the α1+/γ2− ECD binding site from 6HUP. Segments colored in yellow represent amino acids, which differ between α1 and α6. Numbers indicate the number of the amino acid according to the numbering in 6HUP. The molecular surface of diazepam in the pocket is rendered in cyan to indicate the position of the variable amino acids concerning the space occupied by the ligand. (B) Partial alignment of sequences containing the different amino acids, depicted in (A). All α isoforms are displayed with the positions of the amino acids, which differ between α1 and α6 colored in yellow. Amino acid numbering corresponds to 6HUP and represents the mature human α1 peptide.
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FIGURE 7. Experimental structures and a homology model of the α6 subunit. (A,B) Comparison of experimental structures of diazepam and flumazenil at the α1+/γ2− ECD binding site. 6HUP (A) contains diazepam, 6D6U (B) contains flumazenil. The two ligands do not share a common binding mode. (C) 6HUP and (D) α6 homology model, both with amino acids, which differ between the two α isoforms in stick representation. Amino acids that could facilitate DI selective or even α6 selective targeting are highlighted with a yellow flag.



A single amino acid on loop A causes the separation between DS and DI subunits, namely His in α1, α2, α3 and α5, and Arg in α4 and α6. A single amino acid in loop B causes zolpidem sensitivity in α1, α2, and α3, and renders α4, α5, and α6 zolpidem insensitive. Loop C displays unique variable amino acids for each α isoform, in theory enabling targeting of each subunit individually. Of all variable amino acids, which differ between α1 and α6, only some contribute directly to the pocket surface, see Figure 7.



DISCUSSION

Benzodiazepine type compounds have been used clinically as anesthetics, anticonvulsants, anxiolytics, hypnotics, and many more (Sieghart, 2015). They act by allosterically modulating GABAA receptors at the α/γ-interface. Existing experimental structures provide us with information about the molecular binding site of currently used ligands as well as some guidance towards the design of novel, more selective ligands. Computational modeling of potential drug binding sites found on a defined receptor species is however challenging since we lack the required knowledge of the receptor species existing in native tissue. Several receptor isoforms have been described to “exist,” exist with “high probability,” “tentatively” or “most likely” (Olsen and Sieghart, 2008; Mortensen et al., 2012), and this list is constantly being modified. In all of those studies, the nature of the α and γ-subunits is described precisely, there is however a complete lack of knowledge concerning the different β isoforms, which are mostly only listed as βx. Also, it is not fully known, whether all subunits can contribute to all interfaces or if there are assembly rules. It is therefore of uttermost importance to further identify subunit arrangements found in a given native tissue.

In the current study, we mostly focused on receptors containing the α6-subunit, which have gained recent attention as potential novel future drug targets. α6-containing GABAA receptors have been reported to contribute to the alleviation of sensorimotor gating deficits (Chiou et al., 2018) and orofacial pain and migraine (Fan et al., 2018) in animal and cell models. Moreover, models of essential tremor and trigeminal neuropathic pain also have been demonstrated to benefit from drugs that act on α6-containing GABAA receptors (Handforth et al., 2018; Vasović et al., 2019). α6βγ2-containing receptors can be discriminated from α1βγ2, α2βγ2, α3βγ2, and α5βγ2 since they are not sensitive to diazepam. This separation between diazepam-sensitive and diazepam-insensitive subunits is caused by a single amino acid on loop A, namely His in α1, α2, α3 and α5, and Arg in α4 and α6. Interestingly, the experimental structures of diazepam and Ro 15–1788 (flumazenil) in the α1+/γ2− ECD binding site do not indicate a common binding mode of these ligands. Diazepam as a prototypical ligand with selectivity for the DS subunits is close to the loop A residue His102 (see Figure 6A). In the homology model, the unselective flumazenil molecule leaves ample space for the bigger Arg100 sidechain in loop A, based on the unique orientation that was seen in the α1+/γ2− ECD binding site (Zhu et al., 2018). Ligands, which prefer α6 over α1 can theoretically exploit sequence differences not only in loop A, but also take advantage of the loop B difference that renders α6 zolpidem insensitive, and of amino acids unique to the C-loop of α6, see Figures 6B and 7D. Seven amino acids on loop C differ, but two of these do not face the binding site at all. Of the remaining differences, only N204 near the loop tip is unique for the α6 subunit.

The receptors identified in this study could also be discriminated via their β-subunits, which may potentially differ in those receptor subtypes. Little is known about the alternative modulatory site which is present at the extracellular α+/β- interface (Ramerstorfer et al., 2011; Varagic et al., 2013a,b; Simeone et al., 2019). We have previously demonstrated that β-isoform-selective ligands can in principle be developed for this site (Simeone et al., 2017). We also have demonstrated that ligands which modulate via the α+/β− ECD interfaces can differentiate between α6+/β3− and α1+/β3− (Simeone et al., 2019). To take advantage of these alternative interfaces for selective targeting it would thus be of interest to identify the β-isoforms, which are between the two α subunits in the receptors described here. If they differ among the four receptors we have described here, there is a possibility that selective targeting of individual receptor species is possible. On the other hand, if all these receptors contain the same β isoform in the position between the α subunits, receptors α1α1-DS and α6α1-DI can be targeted together with α6+/β− selective ligands, while receptors α1α6-DS and α6α6-DI can be targeted with α1+/β− selective agents. In order to identify even further possible drug binding sites, we would need experimental structures with more subunits, as well as experimental structures with ligands bound to the α+/β− interfaces.

As mentioned above, for future drug development, it is necessary to precisely identify GABAA receptor subtypes found in a given native tissue. In the current study, we aimed to discriminate the different αβγ2-containing receptors found in rat cerebellum. First, we identified the α-subunits, which exist in the rat brain: α1, α6, and α2, with the latter, only found in <5% of all receptors. This finding is consistent with previous studies: Pöltl et al also find α1 and α6 and also only α2 being significantly different from zero to 7% of total muscimol-binding receptors in the rat (Pöltl et al., 2003). α2-containing receptors, however, seem to be predominantly expressed in the molecular layer (Hortnagl et al., 2013) and the Bergman glia (Wisden et al., 1992), but not in the granule cell layers. Therefore, α2 and α6 although both present in the cerebellum, will not co-assemble. Other studies also describe the (weak) expression of α5 in several different cerebellar cell layers (Pirker et al., 2000). It seems, however, that this subunit does not co-assemble with γ2, which would explain why we were not able to detect significant levels of α5γ2-containing receptors using our experimental conditions. Taking all those findings together, we can therefore expect the following αβγ2-containing receptors in the cerebellar granule cell layer: α1βxγ2, α6βxγ2, α1α6βxγ2. Although most articles only consider αx-containing receptors, the fact that two different α-subunits can co-assemble in one pentamer has been appreciated before: significant, however minor populations of α1α2, α1α3, and α2α3 have been described in the bovine cerebral cortex (Duggan et al., 1991) and α1α6 receptors even in rat brain (Khan et al., 1996). But even those studies do not consider the fact, that the arrangement of the different subunits will crucially influence the inter-subunit binding sites being formed, and therefore heavily influence the pharmacological properties of the receptor isoforms.

In the current study, we, therefore, aimed to further characterize α1α6βxγ2-containing GABAA receptors and hypothesize, that this population consists of two subgroups with alternative arrangements. We identified the γ2-containing GABAA receptors in the rat cerebellum as being composed of 57% α1γ2βxα1βx (=α1α1-DS, red), 9% α1γ2βxα6βx (=α1α6-DS, green), 15% α6γ2βxα1βx (α6α1-DI, yellow), and 19% α6γ2βxα6βx (α6α6-DI, purple; see Figure 5C). These findings are consistent with Ogris et al. (2006), who find that the majority (75%) of all GABAA receptors in the cerebellum contain α1. Among all α6 containing receptors, 30% have been described to contain δ (Jechlinger et al., 1998) but will not be detected using the radioligand binding experiments described in our current study. Jechlinger et al. (1998) describe the remaining non-δ-containing receptors to be distributed to about equal amounts to α6βxγ2 and α1α6βxγ2 (32% related to all α6 containing receptors). This is consistent with our finding, where we find α6α6-DI-receptors (purple segment in Figure 5C) being approximately equal to the sum of α1α6-DS and α6α1-DI (green and yellow segments in Figure 5C). We, however, in addition to these previous studies, can now specify the exact subunit arrangement and can show that indeed both α-positions are occupied by either α1 or α6.

Summarizing, the simple classification of GABAA-receptors into αx-containing subtypes seems not to reflect the complexity of nature; those receptors are more diverse than previously thought.
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Creatine provides cells with high-energy phosphates for the rapid reconstitution of hydrolyzed adenosine triphosphate. The eponymous creatine transporter (CRT1/SLC6A8) belongs to a family of solute carrier 6 (SLC6) proteins. The key role of CRT1 is to translocate creatine across tissue barriers and into target cells, such as neurons and myocytes. Individuals harboring mutations in the coding sequence of the human CRT1 gene develop creatine transporter deficiency (CTD), one of the pivotal underlying causes of cerebral creatine deficiency syndrome. CTD encompasses an array of clinical manifestations, including severe intellectual disability, epilepsy, autism, development delay, and motor dysfunction. CTD is characterized by the absence of cerebral creatine, which implies an indispensable role for CRT1 in supplying the brain cells with creatine. CTD-associated variants dramatically reduce or abolish creatine transport activity by CRT1. Many of these are point mutations that are known to trigger folding defects, leading to the retention of encoded CRT1 proteins in the endoplasmic reticulum and precluding their delivery to the cell surface. Misfolding of several related SLC6 transporters also gives rise to detrimental pathologic conditions in people; e.g., mutations in the dopamine transporter induce infantile parkinsonism/dystonia, while mutations in the GABA transporter 1 cause treatment-resistant epilepsy. In some cases, folding defects are amenable to rescue by small molecules, known as pharmacological and chemical chaperones, which restore the cell surface expression and transport activity of the previously non-functional proteins. Insights from the recent molecular, animal and human case studies of CTD add toward our understanding of this complex disorder and reveal the wide-ranging effects elicited upon CRT1 dysfunction. This grants novel therapeutic prospects for the treatment of patients afflicted with CTD, e.g., modifying the creatine molecule to facilitate CRT1-independent entry into brain cells, or correcting folding-deficient and loss-of-function CTD variants using pharmacochaperones and/or allosteric modulators. The latter justifies a search for additional compounds with a capacity to correct mutation-specific defects.

Keywords: creatine, intellectual disability, creatine transporter 1, creatine transporter deficiency, protein misfolding, pharmacochaperoning, SLC6A8


THE CREATINE TRANSPORTER DEFICIENCY (CTD) SYNDROME

Creatine transporter deficiency (CTD) is one of the known genetic causes of cerebral creatine deficiency syndromes (CCDS). In CTD, creatine is incapable of entering the brain cells via the designated creatine transporter 1 (CRT1). The remaining two CCDS disorders are caused by deficiencies in the enzymes arginine: glycine amidinotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT), which are required for creatine synthesis in the body. All three deficiencies result in the absence of creatine in the brain. Because creatine is fundamental to normal brain development and function, the most frequent and core phenotype of CTD, and CCDS overall, is marked intellectual disability. Apart from this predicament, the clinical picture of the disease manifests in a complex spectrum of additional clinical symptoms including epileptic seizures, development delay (language and walking), behavior problems (autism, attention deficit hyperactivity disorder (ADHD), motor dysfunction (lack of coordination and dystonia), failure to thrive, and gastrointestinal problems (neonatal feeding difficulties, vomiting, constipation and ulcers).

AGAT and GAMT deficiencies affect males and females comparably, as they are inherited in an autosomal recessive manner. CTD, on the other hand, is an X-linked disease and as such predominantly impacts the male population. CTD is caused by mutations in the SLC6A8 gene (mapped to Xq28), encoding the CRT1 protein. The mutations give rise to CRT1 variants, which dramatically reduce or abolish creatine uptake activity. To date, over 80 pathogenic variants have been identified in the human CRT1 gene. Detailed clinical indications have already been reported for specific point mutations (Table 1). The severity of CTD appears to correlate to residual CRT1 activity; e.g., A404P and P544L, both maintained 5–15% of wild type transporter creatine uptake levels in patient fibroblasts (Mancini et al., 2005; Alcaide et al., 2010) and HEK293 cells (El-Kasaby et al., 2019), and manifested in moderate intellectual disability. The fully inactive P382L variant, on the other hand, elicited a severe form of CTD in the afflicted patients (Mercimek-Mahmutoglu et al., 2009). According to van de Kamp and colleagues, the prevalence of CTD in males with intellectual disability lies between 0.4 and 1.4% (van de Kamp et al., 2014). The estimated carrier prevalence of CTD in females in the general population is a minimum of 0.024% (DesRoches et al., 2015). The true prevalence of CTD worldwide is probably underestimated, partly due to misdiagnosis (e.g., some patients diagnosed with autism, ADHD, or unexplained intellectual disability). Intellectual disability was estimated to have a prevalence of 1% in the general population (McKenzie et al., 2016), and although CTD is a rare disease, it is a significant and underappreciated cause of this condition.

TABLE 1. Point mutations in human creatine transporter 1 (CRT-1) with the consequent CTD phenotypes.
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About 20–30% of all CTD variants are thought to be caused by de novo mutations (DesRoches et al., 2015). The actual frequency of de novo mutations is unknown, but the emerging state-of-the-art genetic tests, such as trio (father, mother, child) based exome sequencing (Kreiman and Boles, 2020) ought to improve the diagnostic approaches for CTD. In the occurrence of CTD mutations, all males, and about 50% of the affected females, typically display intellectual and cognitive dysfunction (DesRoches et al., 2015). Despite CTD being an X-linked disease, females carrying heterozygous pathogenic mutations have been identified, albeit the extent of disease severity is comparatively mild, e.g., female relatives of CTD patients harboring the G381R and R514X mutations have only minor neuropsychological impairments. It is not entirely clear why some women are protected/asymptomatic carriers, while others are susceptible and develop CTD. The source of variability among female carriers can be rationalized by several factors. (i) Lyonisation or random X-inactivation (Davidson, 1964; Migeon, 2020), may clarify how a phenotypic consequence of the X chromosome can be manifested in mammalian females and males alike, despite females having two somatic X chromosomes and males only one. In females, one X chromosome undergoes inactivation during early embryonic development, such that the end quantities of X-linked gene products in females and males are similar. X-inactivation is random and incomplete, and some segments of the silenced X chromosome can escape inactivation. Females can thus be genetic mosaics, i.e., pathogenicity is ameliorated because the variant is not expressed in all their cells, in contrast to the hemizygous males, who express the pathogenic variant allele in every cell (Migeon, 2020). (ii) In some cases, females manifest the disease because the pathogenic variant interacts with the healthy allele in a dominant-negative manner. (iii) Clinical phenotypes can also be shaped by so-called modifier genes, which alter the expression of other genes, e.g., specific modifiers can differentially affect the incidence, severity as well as the time of onset of target gene diseases, as already reported for e.g., cystic fibrosis, epilepsy and sickle cell disorder (Riordan and Nadeau, 2017). Nonetheless, no such modifier genes have been identified in female carriers of pathogenic CRT1 mutations to date, and future studies may clarify the contribution of this mechanism to the clinical variability among female carriers of CTD.



UNRAVELING THE INTRICATE CLINICAL PHENOTYPE OF CTD


The Brain as a Core Source of the Most Severe Symptoms in CTD

All individuals afflicted with CTD suffer from mild to severe impairment of brain function, which is explicable considering the lack of creatine supply to brain cells. Apart from the robust expression in the brain, CRT1 is also present in other tissues, justifying some of the peripheral symptoms of CTD in the affected individuals (Figure 1). In the human brain, CRT1 shows the highest expression in the pyramidal neurons in the cerebral cortex, Purkinje cells of the cerebellar cortex, hippocampus, and motor neurons of the somatic motor and visceromotor cranial nerve nuclei and the ventral horn of the spinal cord (Lowe et al., 2015). CTD impinges on many cerebral tasks, apart from the vital functions supported by the brainstem, which are selectively spared. The brainstem is phylogenetically a very old part of the brain, implying that CRT1 expression peaked only recently in hominid phylogeny. Moreover, CRT1 expression is much higher in the human brain compared to other primates, leading to the hypothesis that the energetic demand of encephalization (i.e., the emergence of intellect) was met by increased meat (that is, creatine) consumption during evolution (Pfefferle et al., 2011). Intellectual disability epitomizes the unifying symptom in all CTD cases, while other neural and extraneural functions remain affected to variable degrees.
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FIGURE 1. The multi-layered physiological roles of creatine transporter 1 (CRT1). The primary function of creatine transporter 1 (CRT1) is to refill cellular creatine reserves, to compensate for its steady degradation (1.7% daily), in end-consumer cells incapable of self-synthesizing sufficient amounts of creatine (i.e., neurons, myocytes, and cardiomyocytes). CRT1 orchestrates creatine flux throughout the body by tuning the amount of creatine extracted from the blood by individual organs. CRT1 plays a key role in providing the brain with creatine, essential to higher cognitive functions. It shifts creatine across tissue barriers like the kidney tubules, the blood-brain barrier (BBB), and the inner blood-retinal barrier. It thus mediates reabsorption of creatine from the primary urine and facilitates the maintenance of cerebral and retinal tissue energetics, respectively. At the placenta, CRT1 takes up creatine, crucial for embryofetal development. It also supports the functioning and integrity of the intestinal barrier, and is an immunoregulator in leukocytes and stabilizes erythrocyte plasma membranes. Cr, creatine; BBB, blood-brain barrier; BCSFB, blood-cerebrospinal fluid barrier; iBRB, inner blood-retinal barrier; GAA, guanidinoacetate; RBC, red blood cell; WBC, white blood cell.



Many of the brain symptoms of CTD were probed using mouse models of the disease. The hippocampus is a crucial neuroanatomical component in cognitive deficits related to CTD. Hippocampi of CRT1-deficient mice had lipofuscin accumulation, reduced volume, and reduced adult neurogenesis (Baroncelli et al., 2016). CRT1-knockout mice mirrored the cognitive phenotypes of CTD in people. The mice displayed poor performance in Morris Water Maze, novel object recognition, radial arm- and Y-maze tests (Skelton et al., 2011; Kurosawa et al., 2012; Baroncelli et al., 2014, 2016; Udobi et al., 2018; Molinaro et al., 2019). Collectively, these studies ratified the link between dysfunctional CRT1 and learning disabilities and impairments in declarative long-term as well as working memory. Importantly, it may also be concluded that the employed animal models accurately imitate the predominant human CTD symptoms (van de Kamp et al., 2014). Cognitive deficiencies deteriorated with age in a murine model, alluding to the indispensable role of CRT1 in postnatal development of cognitive skills (Baroncelli et al., 2016; Molinaro et al., 2019). Conditional deletion of CRT1 in mice at postnatal day 5 led to cognitive deficits, whereas deletion at day 60 did not (Udobi et al., 2019). Therefore, cognitive symptoms in CTD may be preventable. Pre-symptomatic treatment with creatine in AGAT- and GAMT-deficiencies, in fact, did prevent further development of central nervous system symptoms in CCDS patients (Battini et al., 2006; Schulze et al., 2006).

Epileptic seizures are one of the most severe clinical symptoms of CTD, with many patients suffering from treatment-resistant epilepsies. The seizure phenotype has yet to be mimicked in the genetic mouse models of CTD. Likewise, autism is frequent among CTD patients (van de Kamp et al., 2014), but not entirely reflected in CRT1-deficient mice, possibly owing to the general difficulty of modeling autistic traits in rodents (Skelton et al., 2011; Baroncelli et al., 2016). ADHD is another common symptom of CTD (van de Kamp et al., 2014). CRT1-knockout mice exhibited hyperactive behavior (Kurosawa et al., 2012; Udobi et al., 2018, 2019; Molinaro et al., 2019). Hyperactivity was one of the few symptoms also observed in female mice (Hautman et al., 2014), closely reflecting the clinical portrait of CTD in people. The dopaminergic system was proposed to play a part in CTD-linked hyperactivity: CRT1-deletion from dopaminergic neurons was sufficient to trigger hyperactivity in mice (Abdulla et al., 2020a). However, this is difficult to reconcile with the low expression levels of CRT1 in dopaminergic neurons in people (Lowe et al., 2015). CTD may be linked to incoherent synaptic transmission, evident from patient fibroblasts having a discrepant expression pattern of synapse-linked genes (Nota et al., 2014). Studies of the monoaminergic system in the brains of CRT1 knockout mice revealed no major changes in dopamine, norepinephrine, or serotonin levels (Skelton et al., 2011; Abdulla et al., 2020b). The amount of γ-aminobutyric acid (GABA) and its metabolites was unfortunately not measured, although the GABAergic system is likely to be involved in CTD-related epilepsy. CRT1-deficient mice have less vesicular GABA transporters (Baroncelli et al., 2016). Also, succinate-semialdehyde dehydrogenase and GABA transaminase were upregulated, along with mitochondrial pyridoxal kinase in CRT1-deficient mouse brains (Giusti et al., 2019). Increased pyridoxal kinase activity in CRT1 knockout mice translates into higher levels of pyridoxal phosphate, a potent modulator of GABA synthesis, degradation, and uptake (Norris et al., 1983; Jung et al., 2019). Moreover, one clinical study reported drastically higher levels of guanidino acetic acid (GAA) in CTD patient brain tissues, with virtually no detectable creatine (Sijens et al., 2005). Increased GAA levels were also detected in CRT1-knockout mice (Baroncelli et al., 2016; Udobi et al., 2018). GAA is a biosynthetic precursor of creatine and may impose on the GABAergic signaling in CTD: it activates GABAA receptors (Neu et al., 2002) and decreases the expression of glutamate decarboxylase and GABAB receptors (Hanna-El-Daher et al., 2015). Wild type CRT1 transports GAA during cerebral creatine synthesis (Braissant et al., 2010) and out of the cerebrospinal fluid (Tachikawa et al., 2008). Accordingly, the lack of functional CRT1 in CTD could lead to cerebral accumulation of GAA which, being an endogenous convulsant, may trigger epileptic seizures in CTD patients.



Skeletal and Heart Muscles in CTD

CTD patients frequently display a slender physique and hypotonia (van de Kamp et al., 2014). In CRT1-deficient mice, muscles are reduced in size and are also entirely devoid of creatine (Russell et al., 2014; Stockebrand et al., 2018). Muscle fiber atrophy, or rather reduced myocyte numbers, explain the poorly developed muscle mass and low endurance experienced by many CTD patients. Creatine content in the skeletal muscles of two CTD patients was surprisingly not declined (De Grauw et al., 2003; Pyne-Geithman et al., 2004), possibly due to residual CRT1 function in these particular variants (e.g., delF107). This was also the case for some murine models of the disease and may originate from compensatory upregulation of AGAT in the skeletal muscle (Russell et al., 2014; Stockebrand et al., 2018). Moreover, CRT1-independent creatine uptake may occur in skeletal muscles due to the absence of a semipermeable endothelial barrier. In contrast, the brain is enveloped by the blood-brain-barrier, which does not permit the entry of hydrophilic creatine molecules, making the cerebral symptoms of CTD far more severe than muscular defects. Also, motor function is less affected in CTD mice harboring a brain-specific knockout, as opposed to a global CRT1 knockout (Kurosawa et al., 2012; Udobi et al., 2018; Molinaro et al., 2019).

Creatine promotes myoblast differentiation, although a direct role for CRT1 in embryofetal muscle development remains to be confirmed (Deldicque et al., 2007). Intact CRT1 activity allows for maternal creatine supply during the fetogenesis of AGAT-deficient mice, which is absent in CTD (Stockebrand et al., 2018). Relative to CTD, muscular pathologies in AGAT-deficient mice are less pronounced (Nabuurs et al., 2013). CRT1 is abundantly expressed in lower motor neurons (Mak et al., 2009; Lowe et al., 2015), and its deficiency in CTD may be responsible for the muscular atrophy symptoms in people. Furthermore, reduced CRT1 levels in the primary motor cortex might cause the central motor symptoms such as spastic paresis (Mak et al., 2009; Lowe et al., 2015). To date, only two CTD patients are known to suffer from spasticity (Ardon et al., 2016; Rostami et al., 2020). The motor system is also affected by CRT1-expressing cerebellar Purkinje cells, which rank among the highest CRT1-expressing brain regions (Mak et al., 2009; Lowe et al., 2015). CRT1-deficient mice lack cerebral creatine (Molinaro et al., 2019), and consequently display poor motor learning and coordination (Stockebrand et al., 2018). An outcome of compromised cerebellar function is its contribution to the delayed motor skill development, which occurs in most CTD patients (van de Kamp et al., 2014).

The effects on cardiac muscle have been identified in only a few CTD patients (van de Kamp et al., 2013). Under normal physiological conditions, the heart contains large amounts of creatine and expresses abundant amounts of CRT1. Yet, the heart seems to be one of the least affected organs in CTD (along with the retina, see below). Some CRT1-knockout mice have dramatically reduced heart tissue creatine levels, but do not display overt cardiac pathologies (Skelton et al., 2011; Baroncelli et al., 2014; Stockebrand et al., 2018). The discrepancies in human (and murine) cases of CTD may be down to the following: (i) underdiagnosis, i.e., CTD patients and animal models not undergoing appropriate medical examinations and experimental investigation, respectively; (ii) a later time of onset of the cardiac symptoms; (iii) heart tissues acquiring creatine in a CRT1-independent manner (as described above for skeletal muscles); and (iv) the cardiac phenotype may be contingent on the genetic background, which is consistent with the modifier gene concept. Such protective compensatory mechanisms on the heart add up because CRT1 is vital to cardiac function; i.e., the creatine-phosphocreatine circuit sustains cardiomyocytic bioenergetics (Guzun et al., 2011), and CRT1 plays a role in cardiomyogenesis, evident from enhanced myocardial expression of CRT1 upon cardiac maturation in rats (Fischer et al., 2010).



Effects on the Sensory Organs

High amounts of CRT1 are present in the retina (Acosta et al., 2005; Country, 2017), cochlea, and the auditory brainstem nuclei (Hiel et al., 1996; Wong et al., 2012). Still, this robust expression pattern does not inevitably provide a cue, as there is no evidence for impaired sight or hearing in CTD patients or in CRT1-deficient mouse models (Skelton et al., 2011). In CTD patients, the impaired hearing was proposed to contribute to the delay in speech development (van de Kamp et al., 2014). However, upon direct evaluation by brainstem auditory evoked potentials, the central auditory pathways appeared intact (Schiaffino et al., 2005; Rostami et al., 2020). Otoacoustic emission indicated hearing loss due to outer hair cell malfunction in one CTD patient (Hathaway et al., 2010). No major visual defects were reported in CTD patients, except for sporadic strabismus (Schiaffino et al., 2005; Yu et al., 2013), which can probably be ascribed to ocular myopathy. Visually evoked potentials were assessed in a single CTD patient with no evidence of pathological changes, while compromised ocular fundus was reported in one out of three cases examined (Schiaffino et al., 2005; Anselm et al., 2006). The lack of the anticipated defects in the retina of CTD cases may ensue from compensatory processes such as cell-autonomous creatine synthesis in retinal neurons and/or glia, which presumably sustain adequate amounts of creatine.



Further Aspects of CTD: Immunity and Cellular Metabolic Networks

CRT1 supports the balance between two types of macrophage activation (Ji et al., 2019). Furthermore, creatine uptake was recently found to modulate CD8 T-cell response to antigen exposure (Di Biase et al., 2019). CRT1 is expressed in leukocytes (Taii et al., 2020) and macrophages (Loike et al., 1986; Lowe et al., 2015; Heinbockel et al., 2018; Ji et al., 2019). Since CRT1-activity was detected in lymphoblastoid cells derived from a CTD patient, it is conceivable that CRT1 has an immunoregulatory role in the body (Leuzzi et al., 2008). CTD mouse models also exhibit a marked increase in activated microglia (Baroncelli et al., 2016). Moreover, the brains of CRT1-deficient animals show an upregulation in cyclophilin A (Giusti et al., 2019), an immune effector molecule whose secretion is enhanced in many inflammatory conditions (Nigro et al., 2013). Both findings constitute unspecific reactions to cellular damage in CTD. Early and late apoptosis was observed in skin fibroblasts cultured from CTD patients with marked increases in reactive oxygen species levels (Alcaide et al., 2011). This is consistent with creatine having antiapoptotic and antioxidant properties (Lawler et al., 2002; Rahimi et al., 2015). In fact, creatine has been in clinical use for its neuroprotective effects (Sullivan et al., 2000; Sakellaris et al., 2006). Also of interest is a report of a novel CRT1 inhibitor, shown to suppress cancer growth and metastatic progression (Kurth et al., 2018), which implicates CRT1 in cancer and prompts a closer survey of cancer incidence among CTD patients.

Creatine is immersed in the metabolic network of cells. This balance is vulnerable and cells have developed compensatory mechanisms to cope with reduced creatine concentrations, e.g., upregulation of AGAT in kidneys and, albeit to an insufficient extent, in muscles of CRT1-deficient rodents (Russell et al., 2014; Stockebrand et al., 2018). Also, decreases in cellular energy reserves cause a multitude of mitochondrial adaptions in models of CTD. The upregulation of oxidative enzymes was confirmed by proteomic analysis of brain mitochondria in CRT1-knockout mice (Giusti et al., 2019). The increase in mitochondrial density may compensate for the lack of spatial ATP buffering, by decreasing the distance of diffusion (Oudman et al., 2013). Furthermore, inhibition of CRT1 leads to the upregulation of mitochondrial creatine kinase (CK) in striated muscles (Oudman et al., 2013). A rise in mitochondrial respiration in the hippocampus and skeletal muscle fibers was also observed in CRT1-deficient mice, accompanied by increased O2 and CO2 consumption assessed by whole-body calorimetry (Perna et al., 2016). Lastly, CRT1-deficient cells down-regulate the mitochondrial uncoupling protein 3, which is likely to limit energy dissipation in the form of heat (Stockebrand et al., 2018). Moreover, the AMP-activated protein kinase (AMPK) is activated by low energy levels and drives ATP production via multiple pathways. AMPK is activated in CRT1-deficient and β-guanidino propionic acid (GPA, CRT1 inhibitor)-fed animals (Oudman et al., 2013; Stockebrand et al., 2018). This response to low ATP levels likely aggravates the decreased creatine reabsorption from urine, since AMPK negatively regulates CRT1 expression in kidney epithelia (Li et al., 2010). Conversely, AMPK activation increases creatine uptake in cardiomyocytes (Darrabie et al., 2011). AMPK signaling may underlie the upregulation of fatty acid transporter proteins and glucose uptake via GLUT4 observed in animal models of CTD (Oudman et al., 2013; Stockebrand et al., 2018). In addition to stimulating the AMPK pathway, reduced creatine uptake triggers the activation of the mitogen-activated protein kinase 1 (MAPK/ERK) pathway (Giusti et al., 2019), and disturbed ERK1/2 activity has already been linked to intellectual disability (Kalkman, 2012; Pucilowska et al., 2015, 2018; Borrie et al., 2017). Many signaling pathways become activated in nerve and other cells, as they cannot meet their energy demands during sustained activity. Thus, changes in AMPK, MAPK/ERK, and other pathways reflect the malfunctioning of the brain and the altered synaptic transmission in CTD. Exploring cellular compensatory mechanisms as opportunities for alternative CTD treatments, though arduous, may be worthwhile.




MOLECULAR FEATURES OF CTD


CTD Effects on Neuron Cells: CRT1 Out-of-Place

The neurologic phenotype of CTD is by far the direst of all clinical manifestations of the disease. It is presumed that brain cells depend on local creatine synthesis since the expression levels of CRT1 at the blood-brain barrier (BBB) are comparatively low and the permeability of creatine through the BBB is limited. Indeed, AGAT and GAMT are expressed in neurons, oligodendrocytes, and astrocytes (Braissant et al., 2001, 2010; Tachikawa et al., 2004; Braissant and Henry, 2008). The two enzymes are rarely co-expressed, necessitating the intercellular translocation of the creatine precursor GAA (Braissant et al., 2010). This is most likely achieved by CRT1, which is predominantly expressed in the soma and proximal dendrites of neurons and to a lesser degree in oligodendrocytes and microglia (Braissant et al., 2010; Lowe et al., 2015). Cells with high energetic demands, such as hippocampal pyramidal neurons and Purkinje cells, all express AGAT, GAMT, and CRT1. CRT1 translocates GAA with an affinity 10-fold lower than that of creatine (Tachikawa et al., 2008). Plasma GAA levels are well below creatine levels (Almeida et al., 2004), so extracerebral GAA is not likely to contribute to neuronal creatine synthesis. Hence, in the absence of functional CRTs, brain cells are deprived of their essential energy resource, creatine. However, from a different perspective, one may argue that the capacity of BBB to translocate creatine must not be very high and is capable of sufficiently replacing the lost creatine. Moreover, overexpression of CRT1 in the heart disrupts cardiac bioenergetics, implying that tight regulation of CRT1 expression prevents large increases in creatine concentrations (Wallis et al., 2005). Thus, although the hypothesis that the rodent brain can synthesize creatine is reasonably valid, further experimental evidence is required to grasp these mechanisms. One of the most highly CRT1-expressing cells in the brain are hippocampal neurons, whereby the transporter is delivered to both dendritic and axonal compartments (Dodd et al., 2010). We recently tracked fluorescently-tagged human CRT1 transiently transfected in primary rat hippocampal neurons: the transporter was targetted to the arborizations of neurite extensions and their distal tips. Quite an altered expression pattern was shown by the CTD variant P544L (Table 1), which was confined to the neuronal soma and reached only the proximal neurite segments (El-Kasaby et al., 2019). Thus, defective trafficking of variant CRT1 proteins poses one feasible trigger, at least for some CTD-linked variants. Disease mutations can elicit dysfunction either by interfering with cellular processing (e.g., P544L) or by disrupting protein function. A large number of CTD variants are known to cluster in the region encompassing transmembrane domains (TMDs) 7 and 8, a mutation hot spot (Freissmuth et al., 2018), which delineates the creatine translocation pathway in CRT1 (Figure 2). It is hence not surprising that mutations in this very region abolish transporter activity.
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FIGURE 2. Creatine transporter deficiency (CTD)-associated variants mapped onto a CRT1 topology. CRT1 adopts the common structural fold of SLC6 proteins with 12 transmembrane domains (TMs) and cytoplasmic N- and C-termini. Most of the reported sequence alterations in CTD cluster in the region encompassing TMDs 7 and 8. Only those variants with the ascertained clinical phenotypes are displayed on the topology. Sixteen mutations are known to be folding-deficient. Individual mutants vary in their response to the chemical chaperone 4-PBA.





CTD and Key Insights From SLC6 Transporters Folding and Trafficking

Many CTD variants have been associated with aberrant glycosylation, intracellular retention, and reduced surface expression (Uemura et al., 2017; El-Kasaby et al., 2019). Evidence for proteostatic deficiencies in several CTD mutants was also substantiated by data from the Schlabach group (Salazar et al., 2020). Nascent membrane proteins in the endoplasmic reticulum (ER) are core-glycosylated. After export from the ER, they acquire mature N-linked glycans in the Golgi apparatus. We recently took advantage of glycosidases with different glycan cleavage patterns to demonstrate that 16 CTD-linked variants exhibit an immature glycosylation pattern (El-Kasaby et al., 2019). The mutant proteins also co-localized with the ER-resident chaperone calnexin (El-Kasaby et al., 2019), suggestive of misfolding and ER-retention. Much of the understanding of SLC6 protein folding and trafficking is shaped by paradigmatic studies of the serotonin transporter (SERT) in our laboratory (El-Kasaby et al., 2010; Koban et al., 2015; Kasture et al., 2019). Nascent SLC6 proteins are engaged by various ER-resident chaperones, such as calnexin and a relay of cytosolic chaperones that interact with the transporters’ C-tail regions (Sucic et al., 2016), which serve as molecular folding sensors along the stringent ER quality control cascade. Hence, manipulating different components of the folding trajectory (detailed below) proved effective in the rescue of many misfolded SLC6 transporters, i.e., proper folding permits ER export and trafficking of the client proteins to their designated sites of action in cells.

The sequence of folding events taking place at the level of ER is meticulous. The ribosome is first recruited to the ER membrane via the signal recognition particle (SRP) and the SRP receptor, where the translation arrest is lifted and the transmembrane helices are co-translationally inserted into the translocon/SEC61 channel. In the translocon channel, hydrophobic residues of the nascent chain are shielded from the hydrophilic environment. After the lateral exit of transmembrane segments into the lipid bilayer and N-linked glycosylation, transporter proteins undergo the calnexin cycle on the lumenal side of the ER. On the cytosolic side, the C-terminus is engaged by a heat shock protein relay (e.g., HSP40, 70, and 90) to assist folding and impede premature engagement of the coat protein complex II (COPII)-coat. ER-resident, lumenal chaperones are recruited to the folding intermediates: calnexin recognizes the (re)glycosylated folding intermediates via its lectin domain. Upon reaching the minimum energy state (i.e., the stably folded conformation), the chaperones are released. The transporters subsequently form oligomeric complexes and recruit the cognate SEC23/SEC24-dimers (Sucic et al., 2011, 2013) to specific ER exit motifs located on their C-termini. The bow-tie shape of the COPII-component SEC23/SEC24 prompts membrane curvature of the budding COPII vesicles en route to the Golgi (Figure 3). Severely misfolded proteins remain bound to calnexin and HSPs and are at last destined for ER-associated degradation (ERAD).
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FIGURE 3. A molecular view of CTD and the putative therapeutic approaches. CTD mutations trigger folding deficits or impair CRT1 substrate uptake activity (both resulting in the lack of functional CRT1 proteins at the cell surface; top right). Three approaches can be used to restore creatine supply in the cells: (1) conjugating creatine with salts, taken up by other transporters; and (2) creating lipophilic creatine analogs, to establish transporter-independent delivery of cyclocreatine, creatine benzyl, and fatty acid esters (top left), or (3) pharmacochaperoning to correct folding defects in CRT1 variants (recovering surface expression and creatine uptake activity of CTD mutant protein, top middle) by treatment with small molecules, that act either directly on the CRT1 itself (i.e., transporter ligands) or manipulate the cellular folding machinery (e.g., heat shock protein inhibitors and chemical chaperones).



The inheritance pattern of many folding diseases in SLC6 transporters can be rationalized by oligomerization, which takes place at the final stage of folding immediately before the concentrative export of COPII vesicles from the ER compartment. Synthetic ER export-deficient mutations in the C-terminal region of GAT1 elicit a dominant-negative effect on the wild type transporter (Just et al., 2004; Farhan et al., 2007), which also pertains to disease variants: i.e., dominant-negative phenotypes evident for misfolded variants NET-A457P (Hahn et al., 2002) and GLYT2-S510R (Rees et al., 2006; Giménez et al., 2012; Arribas-González et al., 2015). In recessive transmission, misfolded proteins remain trapped by lumenal chaperones in the ER, precluding oligomerization with wild type alleles; e.g., many hyperekplexia variants in GLYT2 (Eulenburg et al., 2006; Rees et al., 2006) or parkinsonism variants in DAT (Kurian et al., 2009, 2011; Ng et al., 2014).

The majority of CTD mutations are located in the hydrophobic core of CRT1 (Figure 2). This is predictable since the interaction of TMDs and the lipid bilayer represents a critical factor in SLC6 transporter folding. In the lipid bilayer, transmembrane segments of nascent SLC6 transporters rearrange to adopt an annular topology, which requires lipid displacement from surfaces of 12 α-helical TMDs, facing one another or away from the translocation pathway (Sucic et al., 2016). The same problem was observed for folding-disease variants in other SLC6 transporters (Freissmuth et al., 2018): e.g., infantile parkinsonism/dystonia in the dopamine transporter (DAT; Kurian et al., 2009, 2011; Ng et al., 2014), epilepsy in the GABA transporter 1 (GAT1), orthostatic intolerance in the transporter for norepinephrine (NET; Hahn et al., 2002) and hyperekplexia in the glycine transporter 2 (GLYT2; Eulenburg et al., 2006; Rees et al., 2006; Arribas-González et al., 2015). Remarkably, certain mutations occur at equivalent residues and give rise to diseases conveyed by the affected transporter: e.g., the folding-deficient missense variant P554L reported both in CRT1 and DAT, triggers severe CTD and Parkinsonism, respectively. Then again, not all of the folding rules, founded on SERT and DAT, necessarily reconcile with CRT1. For example, most SLC6 relatives of CRT1 (DAT, SERT, NET, GAT1, and GLYTs), rely exclusively on their C-terminal domains for folding and trafficking (Farhan et al., 2007; El-Kasaby et al., 2010, 2014; Koban et al., 2015), with their N-termini being virtually dispensable (Sucic et al., 2010; Kern et al., 2017). CRT1 may be an exception to this rule, since the CTD variant P31L, located in the N-terminal region of the transporter, triggers severe functional deficits (Rostami et al., 2020).




THERAPEUTIC STRATEGIES FOR HANDLING CTD


The Explored Treatment Avenues: Modifying the Creatine Molecule

None of the treatment strategies explored to date have been effective in the long-term management of CTD. Oral supplementation with creatine or creatine precursors (i.e., arginine and glycine) improved the symptoms in some patients with mild CTD symptoms. This therapy appeared beneficial only in patients up to 9 years of age (Dunbar et al., 2014), possibly due to the remnant CRT1 activity in children (Taii et al., 2020) and some CTD variants exhibiting residual creatine uptake (Betsalel et al., 2012; El-Kasaby et al., 2019). Since creatine crosses the BBB very poorly (Ohtsuki et al., 2002; Perasso et al., 2003), some therapeutic approaches rely on boosting intracellular creatine pools using creatine analogs, capable of crossing the BBB and the neuronal plasma membrane (Adriano et al., 2017). Hence, salt-conjugated creatine formulations, which can cross BBB via transporters other than CRT1 [e.g., transporters for glucose (GLUTs) or ascorbic acid (SVCT2)], might prove beneficial in enhancing creatine concentrations in the brain. Creatine gluconate and creatine ascorbate increased the creatine content and delayed the population spike disappearance upon anoxia in mouse hippocampal slices, following the inhibition of CRT1 by GPA. But, both compounds failed to improve tissue levels of the energy reserve source, phosphocreatine (Adriano et al., 2017). An additional approach to facilitating creatine translocation into cells is by modifying its lipophilicity; e.g., a more lipophilic cyclocreatine may have therapeutic value, since it is also utilized by mitochondrial CK (Boehm et al., 2003). In CTD mouse models, a 9 week-treatment with a cGMP grade cyclocreatine led to its detection in the brain, hair and claws of the animals. Phosphocyclocreatine was also detected in the brain tissue of the treated mice, along with their spatial learning and memory also normalizing upon cyclocreatine treatment (Kurosawa et al., 2012). In studies carried out in human fibroblast cultures, the uptake of cyclocreatine, and the exchange rate of phosphocyclocreatine, was independent of CRT1, both in wild type and CTD patient cells (Gorshkov et al., 2019). On the other hand, high concentrations of cyclocreatine were associated with reduced ATP levels in both wild type and CTD patient fibroblasts, possibly owing to cyclocreatine dephosphorylation being slower than its phosphorylation (LoPresti and Cohn, 1989). Moreover, the clinical applicability of cyclocreatine is limited, since oral administration in rats set off seizures and showed histopathological changes in the thyroid, testes, and the brain (Kale et al., 2020). Creatine fatty esters were also tested for their ability to elevate cellular creatine levels. Incubating mouse hippocampal slices with creatine benzyl esters or with the phosphocreatine-magnesium acetate complex (at a ratio of 1:1), augmented the tissue creatine content in a CRT1-independent manner, albeit devoid of accompanying boosts in phosphocreatine levels (Lunardi et al., 2006). In CTD patient fibroblasts, dodecyl creatine ester accumulated in amounts comparable to healthy controls, and creatine content rose 20-fold relative to endogenous creatine amounts after a 1-hour treatment in CTD fibroblasts (Trotier-Faurion et al., 2013). Furthermore, lipid nanocapsules were used to overcome the action of plasma esterases, i.e., dodecyl creatine ester incorporated into lipid nanocapsules passed the BBB and increased creatine content in CTD fibroblasts (Trotier-Faurion et al., 2015). This approach may be beneficial in the therapeutic setting. Intracerebroventricular and intranasal administration of dodecyl creatine ester microemulsion to CTD mice, not only increased the creatine content in the brain but was also accompanied by enhanced learning and memory skills, evident from novel object recognition tests (Ullio-Gamboa et al., 2019). Significant efforts are ongoing in clinical programs conducted by Ultragenyx Pharmaceuticals, focusing on the development of new drug treatments for CTD.



Pharmacochaperoning: Rescue by Folding Correctors

Pharmacochaperoning is another putative treatment strategy for handling CTD, pertinent to the folding-deficient CRT1 variants. Pharmacological and chemical chaperones are small molecules that facilitate the folding and escape of misfolded proteins from the ER, consequently allowing their translocation to the appropriate cellular locations (Welch and Brown, 1996). Pharmacological chaperones are specific ligands (i.e., substrates or inhibitors) which bind to and stabilize the target proteins; e.g., noribogaine efficiently rescued several folding-deficient versions of SERT (El-Kasaby et al., 2014; Koban et al., 2015; Bhat et al., 2017) and parkinsonism variants of DAT (Kasture et al., 2019; Asjad et al., 2017). This is plausible since SLC6 protein folding proceeds via the inward-facing transporter conformation and noribogaine binds to the inward-facing conformation of monoamine transporters (Jacobs et al., 2007). Noribogane treatment lowers the energy barrier between folding intermediates and facilitates the progression of transporter proteins along the folding trajectory. Inopportunely, the pharmacology of CRT1 is very modest compared to the rich ligand repertoire of the monoamine transporters (Kasture et al., 2017). Therefore, searching for potential pharmacochaperone (lead) compounds poses a challenge. The identification of lead molecules provides a platform for developing even more efficient pharmacochaperone analogs, which can bind to different protein conformations and hence correct additional misfolded mutants. Apart from the specific ligand, the rescue of folding-deficient proteins can also be achieved by manipulating/relaxing the ER quality control machinery, or by treatment with chemical chaperones (Figure 3). Pifithrin-μ and 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) block HSP70 and HSP90β, respectively, which in turn permits the release of stalled transporter protein complexes (El-Kasaby et al., 2014). HSP blockers per se are not ideal chaperone compounds, because they do not act specifically on the misfolded transporters, and are predisposed to unwanted off target effects in a clinical setting.

Pharmacochaperoning has been proposed to work by one of the following four mechanisms: (i) binding to and stabilization of the native state; or (ii) of folding intermediate(s); (iii) suppression of aggregate formation; and (iv) dissolution of aggregates (Marinko et al., 2019). Most compounds, including noribogaine and bupropion (Beerepoot et al., 2016; Asjad et al., 2017), are thought to work via the first and/or second mechanism. Tafamidis, used in the treatment of transthyretin amyloidosis, is the only rationally designed drug known to work via mechanism (iv). The most effective molecule tested on folding-deficient CRT1 variants was the chemical chaperone 4-phenyl butyric acid (4-PBA) which, at least in part, falls into category (iii). Over a third of the 16 known misfolded CTD variants are amenable to the functional rescue by 4-PBA treatment (Figures 2, 3; El-Kasaby et al., 2019). The rescue effect was also visible in hippocampal neurons expressing the P544L CTD variant, where exposure to 4-PBA promoted its delivery to neurite extensions (El-Kasaby et al., 2019).

Beyond CRT1, the chaperone activity of 4-PBA was also demonstrated on several synthetic misfolded versions of SERT (Fujiwara et al., 2013) and the cystic fibrosis transmembrane conductance regulator (CFTR; Rubenstein and Zeitlin, 2000). In CFTR, 4-PBA exerts its action by stabilizing the misfolded ΔF508-CFTR variant in the ER, subsequently promoting its delivery to the cell surface. 4-PBA also increased the ER-resident core- and mature-glycosylated species of wild type and responsive mutants of CRT1 (El-Kasaby et al., 2019). Interestingly, 4-PBA also helped overcome the dominant-negative effect of a hyperekplexia GLYT2 variant S512R on the wild type transporter, by disturbing oligomer formation between the two versions of the GLYT2 protein (Arribas-González et al., 2015). Classified as a hydrophobic chaperone, 4-PBA interacts with hydrophobic domains of unfolded proteins, thus preventing aggregation [i.e., mechanism (iii) above]. But, this small molecule is incredibly versatile and appears to have many putative mechanisms of action. For instance, it is known to reduce ER stress by downregulating or modulating HSC70 expression (Rubenstein and Zeitlin, 2000), modifying HSP70 levels or blocking histone deacetylases (Cousens et al., 1979), leading to transcriptional regulation of genes in the unfolded protein response system. Interestingly, 4-PBA was approved for clinical use almost 25 years ago. It is used in the chronic management of urea cycle disorders, where it acts as a nitrogen-scavenger assisting kidneys to excrete excess ammonia, as well as in handling sickle cell disease since it activates β-globin transcription (Dover et al., 1994). Over the last decade, the effects of 4-PBA have been tested in many disease models, e.g., Alzheimer’s (Ricobaraza et al., 2009, 2012) and Parkinsons’s disease (Inden et al., 2007; Huang et al., 2017). In light of our recent in vitro data on CRT1 variants, translational testing of 4-PBA effects in animal models of CTD would be invaluable, particularly in knock-in animal models harboring folding-defective CRT1 mutations. Since CTD induces irreversible damage already in the early stages of development, it is vital to begin the treatment as early as possible, preferentially throughout the pregnancy.

At the current stage, it is impossible to predict which variants are amenable to rescue by pharmacochaperoning. However, the evolving state-of-the-art computer simulation models, which explore the structural effects of mutations at the atomic level, may convey new insights and serve as a guide for biochemical and pharmacological studies. Such models may hold the predictive power to categorize CTD mutations into (i) folding-deficient variants, which preclude the delivery of CRT1 proteins to the cell surface; and (ii) inactive variants, which are capable of trafficking to the cell surface, but elicit their functional defects as a consequence of conformational alterations in CRT1 (e.g., disruption of the creatine binding site/translocation pathway). In addition to the pharmacochaperone approach, applicable to the misfolded CTD variants, other treatment strategies, which are particularly apt for the second group of mutations, include gene therapy and the use of allosteric modulators. A prominent example of the latter is ivacaftor, which acts as a potentiator of the cystic fibrosis transmembrane conductance regulator (CFTR), by increasing CFTR channel open probability in mutants associated with cystic fibrosis (Van Goor et al., 2009). Allosteric modulators acting on monoamine neurotransmitter transporters also hold potential, in the treatment of various neuropsychiatric disorders (Li et al., 2017; Niello et al., 2020). It is conceivable that effective potentiator molecules can be designed to restore creatine transport in the loss-of-function CRT1 variants linked to CTD.




CONCLUSION

Establishing effective long-term treatment schemes for CTD patients poses a major challenge to clinicians and researchers in the field. Current insights into the role(s) of CRT1 in health and disease and the molecular mechanisms underlying CTD have uncovered additional therapeutic avenues that may be worthwhile exploring. Pharmacochaperoning, for instance, ought to be a promising new approach in the treatment of misfolded CRT1 variants associated with CTD. This concept was previously utilized to functionally rescue folding-deficient variants of the human dopamine transporter, which trigger infantile parkinsonism/dystonia, both in vitro (heterologous cells) and in vivo (Drosophila melanogaster). Ongoing endeavors in the rational design and development of novel small molecules with improved capacity for correcting folding deficiencies are of particular interest to those pathologic transporter variants shown to be irresponsive to the existing drugs.
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Ghrelin is a peptide hormone released by specialized X/A cells in the stomach and activated by acylation. Following its secretion, it binds to ghrelin receptors in the periphery to regulate energy balance, but it also acts on the central nervous system where it induces a potent orexigenic effect. Several types of stressors have been shown to stimulate ghrelin release in rodents, including nutritional stressors like food deprivation, but also physical and psychological stressors such as foot shocks, social defeat, forced immobilization or chronic unpredictable mild stress. The mechanism through which these stressors drive ghrelin release from the stomach lining remains unknown and, to date, the resulting consequences of ghrelin release for stress coping remain poorly understood. Indeed, ghrelin has been proposed to act as a stress hormone that reduces fear, anxiety- and depression-like behaviors in rodents but some studies suggest that ghrelin may - in contrast - promote such behaviors. In this review, we aim to provide a comprehensive overview of the literature on the role of the ghrelin system in stress coping. We discuss whether ghrelin release is more than a byproduct of disrupted energy homeostasis following stress exposure. Furthermore, we explore the notion that ghrelin receptor signaling in the brain may have effects independent of circulating ghrelin and in what way this might influence stress coping in rodents. Finally, we examine how the ghrelin system could be utilized as a therapeutic avenue in stress-related psychiatric disorders (with a focus on anxiety- and trauma-related disorders), for example to develop novel biomarkers for a better diagnosis or new interventions to tackle relapse or treatment resistance in patients.
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THE GHRELIN SYSTEM


Ghrelin

Ghrelin is a stomach-derived peptide hormone that is tonically released into the blood stream with peak concentrations in response to a negative energy balance (Kojima et al., 1999; Kojima and Kangawa, 2005). The 28-amino-acid hormone is primarily produced by X/A-like oxyntic gland cells in the gastric mucosa from its precursor pre-proghrelin (117 amino acids) (Kojima et al., 1999; Date et al., 2000). In addition, ghrelin expression has also been described in other organs such as the pancreas, kidneys, lungs, heart and placenta (Mori et al., 2000; Gualillo et al., 2001; Gnanapavan et al., 2002; Iglesias et al., 2004; Kageyama et al., 2005).

Ghrelin O-acyltransferase (GOAT) is the enzyme present in the endoplasmatic reticulum of ghrelin-producing cells that ensures the post-translational acylation of desacyl ghrelin (DAG) at the serine-3 residue, resulting in the formation of acyl ghrelin (AG) (Gutierrez et al., 2008). Both, DAG and AG, are released into the blood stream where AG is rapidly converted to DAG (De Vriese et al., 2004), resulting in an AG/DAG ratio of 0.1–0.4 in plasma compared to 2.5 in stomach tissue (Hassouna et al., 2014). While DAG has received less attention in literature, an increasing amount of evidence indicates that it is not only a byproduct of AG synthesis but may act as a separate hormone that modulates or even opposes the effects of AG (for review see Delhanty et al., 2014). For example, DAG was shown to impair the feeding response to peripherally injected AG (Fernandez et al., 2016) and its actions on anxiety and other stress-related behaviors may also be distinct from those of AG (Stark et al., 2016; Mahbod et al., 2018). In this review, we aim to analyze the effects of AG and DAG separately and use the term ‘ghrelin’ whenever it was not possible to make a clear distinction or acylation status was not specified by the authors.



Ghrelin Receptors (GHSR)

The N-terminus of AG binds with high affinity to the growth hormone secretagogue receptor (GHSR) (Willesen et al., 1999; Cowley et al., 2003), of which two different transcripts have been identified: GHSR-1a and GHSR-1b (McKee et al., 1997). The GHSR-1a, also known as ghrelin receptor (and hereafter simply referred to as ‘GHSR’), is a Gq-protein coupled receptor comprising seven transmembrane α-helical domains to which constitutive activity has been ascribed (Holst et al., 2003). The GHSR-1b form, a truncated splice variant, contains five transmembrane domains and while its physiological role remains poorly understood, it may negatively influence GHSR function by hindering conformational changes (Leung et al., 2007). AG is the main known high-affinity agonist for the GHSR, while (in physiological concentrations) DAG does not appear to act on the GHSR (Bednarek et al., 2000). A recent study indicates that the octanoyl chain is essential for the pharmacological action of AG and that DAG, while it might bind to the GHSR with very low affinity, is unlikely to stabilize an active GHSR conformation (Ferre et al., 2019). Several binding studies propose the existence of a separate receptor specific for DAG in different tissues and also the brain (e.g., Lear et al., 2010; Togliatto et al., 2010; Fernandez et al., 2016). However, such a receptor has not yet been identified (for review see Callaghan and Furness, 2014).

The GHSR is expressed in several organs such as the brain, the anterior pituitary, adrenal and thyroid glands, pancreas and the heart (Guan et al., 1997; Gnanapavan et al., 2002). Within the brain, GHSR expression has been described in several areas including the arcuate nucleus (ARC) and other subregions of the hypothalamus, the ventral tegmental area (VTA), the nucleus tractus solitarius (NTS), the hippocampus and the amygdala (Zigman et al., 2006; Mani et al., 2014). The function the GHSR has in those brain areas and whether they are accessible for circulating ghrelin is not yet fully understood (Perello et al., 2018). Thus, it is essential to note that the GHSR is constitutively active, signaling at 50% of its maximal activity in the absence of its ligand (Holst et al., 2003; Petersen et al., 2009). It is very likely that the function of the ghrelin/GHSR system is not solely dependent on the binding of AG to its receptor, but that also changes in GHSR expression levels might have pervasive biological effects. Furthermore, there is evidence that the GHSR can form heterodimers with various other receptors like for example those for dopamine, serotonin or oxytocin (Schellekens et al., 2013b; Kern et al., 2015; Wallace Fitzsimons et al., 2019), which affects downstream signaling and receptor trafficking (for review see Schellekens et al., 2013a; Abizaid and Hougland, 2020). Recent findings also suggest that the liver-expressed antimicrobial peptide 2 (LEAP2) acts as an endogenous antagonist/inverse agonist of the GHSR that modulates ghrelin function in response to the feeding status (Ge et al., 2018).



The Ghrelin System and Energy Homeostasis

Ghrelin is most widely known for its orexigenic effects. Following its release into the bloodstream, AG can diffuse passively through fenestrated capillaries of the median eminence into the ARC (Schaeffer et al., 2013) where it binds to GHSR that are expressed abundantly on neuropeptide Y/agouti-related peptide (NPY/AGRP) neurons (Figure 1) (Willesen et al., 1999; Cowley et al., 2003). Activation of these hypothalamic neurons by AG potently increases food intake and regulates homeostatic feeding behavior in order to maintain energy balance (Kamegai et al., 2000; Nakazato et al., 2001). Indeed, re-expression of GHSR in AGRP neurons of GHSR KO mice restores, albeit incompletely, the effect of systemic administration of AG on food intake (Wang et al., 2014). In addition, ghrelin also plays an important role in reward-based, hedonic eating behaviors (as reviewed in Perello and Zigman, 2012; Al Massadi et al., 2019), which are very likely mediated by GHSR on dopaminergic neurons of the VTA (Cornejo et al., 2020).
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FIGURE 1. The ghrelin system in stress coping. In periods of hunger and stress, AG is produced by acylation of DAG by GOAT in gastric X/A cells and released into the blood stream. Before it is degraded to DAG, it acts on GHSR in the arcuate nucleus of the hypothalamus (ARC) to regulate homeostatic feeding. Increased AG levels during stress also seem to amplify HPA axis activation and induce corticosterone (CORT) release. The exact mechanism is not clear and could involve indirect activation of CRF-producing neurons in the PVN by inhibition of the local GABAergic tone, modulation of ACTH production in the pituitary (PIT) or direct effects on the adrenal cortex (ADR). AG may also indirectly influence the HPA axis via GHSR in the nodose ganglion (NG) of the vagal nerve or in the nucleus tractus solitarius (NTS). Conversely, whether HPA axis activity during stress has an impact on ghrelin release remains a subject of debate. Elevated AG levels following stress may also be secondary to activation of the sympathetic nervous system and beta receptors on ghrelin-producing X/A cells. Whether AG can pass the blood-brain barrier to act on stress-relevant brain areas where GHSR are expressed is not clear. However, constitutive activity of central GHSR may be regulated via changes in GHSR expression levels or formation of heterodimers with other receptors (e.g., dopamine, serotonin) as co-regulators. Such mechanisms might play a role in stress-related changes in feeding and fear, anxiety- and depression like behaviors, possibly via GHSR in the ventral tegmental area (VTA), hippocampus (HPC) and amygdala (AMY). Also mesocorticolimbic dopaminergic projections (DA) of the VTA to nucleus accumbens (NAc), medial prefrontal cortex (mPFC), HPC and AMY may play a role here. Abbreviations: AG, acyl ghrelin; DAG, desacyl ghrelin; GOAT, ghrelin O-acyltransferase; BChE, butyryl cholinesterase; ARC, arcuate nucleus of the hypothalamus; PVN, paraventricular nucleus of the hypothalamus; CRF, corticotropin releasing factor; PIT, pituitary gland; ACTH, adrenocorticotropic hormone; CORT, corticosterone/cortisol; ADR, adrenal cortex; NTS, nucleus tractus solitarius; NG, nodose ganglion; VTA, ventral tegmental area; PBN, parabrachial nucleus; DA, dopamine; NAc, nucleus accumbens; mPFC, medial prefrontal cortex; HPC, hippocampus; AMY, amygdala.


In humans, plasma ghrelin levels are typically increased under low-calorie conditions before meals and fall back to baseline levels after food consumption (Cummings, 2006). Also in rodents, ghrelin plasma levels rise during fasting periods and follow a diurnal rhythm peaking shortly after onset of the dark period, which is the major feeding time for rodents (Murakami et al., 2002; Bodosi et al., 2004). Peripherally circulating ghrelin has various effects on the gastrointestinal tract: it modulates intestinal motility, gastric emptying and gastric acid secretion as well as insulin release from the pancreas (for review see Kojima and Kangawa, 2005).

Overall, the role of ghrelin in driving food intake and energy homeostasis seems well established: it communicates with the brain and the gastrointestinal tract to promote feeding and ensure efficient energy storage and metabolism, lowering the risk of hypoglycemia (reviewed comprehensively by Yanagi et al., 2018). Importantly, while ghrelin signaling stimulates food intake, the effects of a loss of ghrelin signaling on feeding behavior are more subtle if detectable at all (as reviewed in Uchida et al., 2013). Nevertheless, ghrelin appears critical in the regulation of systemic glucose homeostasis and ensures survival after prolonged starvation (Goldstein et al., 2011; McFarlane et al., 2014), potentially through GHSR signaling in the nodose ganglion (NG) of the vagal nerve and the NTS (Scott et al., 2012; Okada et al., 2018) (Figure 1). Projections of the NTS to the parabrachial nucleus (Roman et al., 2016) and to the ARC (Aklan et al., 2020) were shown to regulate food intake in anorectic or hypoglycemic conditions, but it remains poorly understood how the ghrelin system modulates activity in these neurochemically distinct pathways. The effect of ghrelin on glucose homeostasis also involves the release of growth hormone in response to low blood glucose if body fat stores are depleted, which in turn increases glucose release from the liver and contributes to stabilization of blood glucose levels (Goldstein et al., 2011). Moreover, ghrelin modulates pancreatic insulin secretion and regulates its peripheral actions, although the exact mechanisms involved are still a matter of debate (as reviewed by Gray et al., 2019). Interestingly, it has been proposed that a decline in ghrelin system activity may play a role in age-dependent impairment of energy homeostasis and associated disease patterns like reduced appetite, obesity, diabetes or hepatic steatosis, but also cardiovascular dysfunction and neurodegenerative diseases (for review see Stoyanova, 2014; Yin and Zhang, 2016; Amitani et al., 2017).



Ghrelin/GHSR Interactions With the HPA Axis

Beyond its well-established role as a mediator of feeding behavior, the ghrelin system has also been implicated in many other functions. Notably, it has been proposed as a regulator of stress responses, as its function seems to be closely entwined with that of the hypothalamic-pituitary-adrenal (HPA) axis (for review see Spencer et al., 2015), as illustrated in Figure 1.

Several studies have demonstrated that systemic or central administration of ghrelin increases the plasma concentration of corticosterone in rodents or cortisol in humans (Asakawa et al., 2001a; Stevanovic et al., 2007; Lambert et al., 2011; Cabral et al., 2012, 2016; Jensen et al., 2016). The effects of ghrelin on plasma adrenocorticotropic hormone (ACTH), however, appear inconsistent. One study reported elevated ACTH and an increased volume of ACTH-producing cells in the pituitary following central ghrelin administration (Stevanovic et al., 2007), but another study found no influence of ghrelin on plasma ACTH levels (Jensen et al., 2016). In line with the notion that the ghrelin system may increase activity of the HPA axis, a blunted release of ACTH and corticosterone after exposure to a brief period of immobilization stress was previously observed in ghrelin KO mice (Spencer et al., 2012). Similarly, one study showed lower corticosterone levels in GHSR KO compared to wild type mice in a chronic social defeat stress (CSDS) paradigm (Chuang et al., 2011). In contrast to the aforementioned studies, a more recent publication reported higher corticosterone release after acute restraint stress in non-handled ghrelin KO mice versus wild type controls (Mahbod et al., 2018). Moreover, more elevated plasma corticosterone levels have also been observed in GHSR KO mice following acute and chronic stress paradigms (Patterson et al., 2013a; Mahbod et al., 2018). Interestingly, administration of DAG increased plasma corticosterone levels in non-stressful conditions in ghrelin KO mice, but attenuated corticosterone release during acute stress exposure (Stark et al., 2016), suggesting that the effects of DAG on HPA axis activity may depend on prior stress exposure.

Taken together, the influence of the ghrelin system on HPA axis activity is not fully resolved yet and the underlying mechanisms remain poorly understood. Cabral and colleagues demonstrated that peripheral AG administration induces c-Fos expression not only in the ARC but also in corticotropin releasing factor (CRF)-producing cells in the paraventricular nucleus (PVN) of the hypothalamus (Cabral et al., 2012). These cells, however, do not express GHSR, so in a further study the authors suggested that AG may indirectly activate CRF neurons in the PVN via inhibition of the local GABAergic tone (Cabral et al., 2012, 2016), which was confirmed by a more recent electrophysiological study (Dos-Santos et al., 2018). Ghrelin may also influence the HPA axis through other mechanisms (Figure 1). Intravenous administration of ghrelin appears to inhibit vagal afferents (Asakawa et al., 2001b; Date et al., 2006) and stimulate vagal efferents (Fujitsuka et al., 2011). The influence of the ghrelin system on activity of the vagal nerve remains controversial (Arnold et al., 2006) and may involve activation of GHSR in the NG of the vagal nerve or central mechanisms with activation of GHSR in the NTS (Bansal et al., 2012; Swartz et al., 2014; Su et al., 2019). Further elucidation of the interaction of the ghrelin system with the vagus nerve may be relevant in this context, given that vagal nerve stimulation influences HPA axis activity in rodents (De Herdt et al., 2009) and humans (Warren et al., 2019). Moreover, ghrelin may also have an impact on glucocorticoid production through direct effects on the adrenal gland (Rucinski et al., 2009).

Conversely, how activity in the HPA axis may influence the ghrelin system also remains subject of debate (Figure 1). Administration of an ACTH analog was shown to increase plasma ghrelin levels in humans by increasing cortisol levels (Azzam et al., 2017). On the other hand, chronic immobilization stress increased plasma AG levels in adrenalectomized rats (Meyer et al., 2014), indicating that stress can drive AG release independently of glucocorticoid production. Interestingly, a recent study demonstrated that elevated AG levels following chronic stress exposure could be reversed by the beta receptor antagonist atenolol (Gupta et al., 2019). This hydrophilic beta receptor antagonist does not readily cross the blood-brain barrier, suggesting that stress-induced elevations in plasma AG may be secondary to activation of the sympathetic nervous system.

The notion that ghrelin is released upon stress exposure and mediates at least some behavioral adaptations to stress, which we review and discuss in the following two sections, supports the idea of ghrelin as a novel stress hormone, acting in concert with but also partially independent of the central HPA axis.



THE ROLE OF THE GHRELIN SYSTEM IN STRESS-RELATED BEHAVIORS IN RODENTS


Effects of Stress on Plasma Ghrelin Levels in Rodents

There is ample evidence showing that plasma ghrelin levels are affected by various acute and chronic stressors, as summarized in Table 1. Increased total ghrelin levels were reported following acute water avoidance stress in rats (Kristenssson et al., 2006, Kristenssson et al., 2007) or maternal separation in mice (Schmidt et al., 2006), while elevated DAG but not AG was observed in plasma of rats following a short immobilization stress episode (Nahata et al., 2014). A number of publications also showed no changes in AG or total ghrelin levels after a single exposure to foot shocks (Harmatz et al., 2016; Rostamkhani et al., 2016) or immobilization stress in rats (Gul et al., 2017). Importantly, nutritional status may also play a role, given that acute stressors such as novelty stress (Saegusa et al., 2011) or a single injection of lipopolysaccharide (LPS) (Stengel et al., 2010) led to a decrease in plasma AG alone or both, DAG and AG, when blood samples were collected in food-deprived conditions.


TABLE 1. Effect of stressors on ghrelin levels in rodents.
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In subchronic stress paradigms like exposure of rats to a flooded cage, elevated AG levels were found (Ochi et al., 2008). Also socially isolated male but not female mice showed increased plasma AG in fasted conditions (Yamada et al., 2015). However, no changes or even decreases in serum ghrelin levels were reported following subchronic social stress or social isolation in rats in a fasted state (Izadi et al., 2018). The effects of stress exposure on plasma ghrelin levels may be dependent on developmental stage and sex, given that subchronic stress induced by limited nesting material seemed to affect plasma ghrelin levels differently in male and female mice, with minor alterations in male pups versus pronounced changes in serum DAG in female pups (Yam et al., 2017).

Regarding chronic stressors, a number of studies reported increased plasma AG levels following CSDS in mice (Lutter et al., 2008; Chuang et al., 2011; Patterson et al., 2013a; Guo et al., 2019; Han et al., 2019). Only one study in mice found decreased total ghrelin levels following CSDS (Razzoli et al., 2015), however, the decrease in total plasma ghrelin was not observed when the food intake was restricted throughout the CSDS paradigm. Similarly, chronic mild unpredictable stress (CUMS) protocols were shown to induce elevated total serum ghrelin levels in rats (Lopez Lopez et al., 2018) and plasma AG levels in mice (Patterson et al., 2010; Huang et al., 2017). Also chronic immobilization stress increased ghrelin or AG levels in rats (Elbassuoni, 2014; Meyer et al., 2014). A recent study showed that elevated plasma AG levels following chronic immobilization stress in adolescent rats persisted up to four months after stress exposure (Yousufzai et al., 2018). Only one study reported decreased total ghrelin levels following repeated exposure to foot shocks (Rostamkhani et al., 2016). In summary, while literature on the effects of acute or subchronic stress exposure on plasma ghrelin levels is conflicting, chronic exposure to stress relatively consistently increases plasma AG levels.



Effects of Stress on Food Intake and Body Weight in Rodents and the Possible Role of Ghrelin and GHSR Signaling

Exposure to acute and chronic stressors impacts on food intake and body weight in rodents and the ghrelin system has been proposed a role in stress-related feeding behaviors, which, however, is not fully established yet. In Table 2 we give an extensive, although certainly not exhaustive, overview of the effects of different acute and chronic stress paradigms on food intake and body weight.


TABLE 2. Effect of stressors on food intake in rodents.
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Acute stressors such as a single session of social defeat (Meerlo et al., 1996), immobilization stress (Gul et al., 2017), novelty stress (Saegusa et al., 2011; Matsumoto et al., 2017) but also LPS injection (Stengel et al., 2010) were mostly found to reduce food intake. While only a few of these studies measured body weight, they reported a decrease following exposure to an acute stressor (Meerlo et al., 1996; Gul et al., 2017).

Also in subchronic and chronic stress paradigms food intake and body weight are typically negatively affected. For example, repeated immobilization stress decreased food intake (Jeong et al., 2013; Jiang and Eiden, 2016) and in parallel decreased (Li et al., 2015; Jiang and Eiden, 2016; Mograbi et al., 2020) or had no effect on body weight (Jeong et al., 2013). Also exposure to a flooded cage for five days decreased body weight (Ochi et al., 2008) and, similarly, social isolation for a week (Izadi et al., 2018) or chronic administration of foot shocks (Rostamkhani et al., 2016) reduced food intake and body weight. Early life stress induced by limited access to bedding and nesting material for a week led to attenuated weight gain during stress exposure in male and female pups, which was compensated by an increased weight gain after termination of the stress exposure (Yam et al., 2017). As an exception, only one study found increased food intake and body weight gain during immobilization stress over a period of three weeks, which was more pronounced in male than female rats (Elbassuoni, 2014).

Exposure to CUMS, which utilizes a battery of different stressors over a time course of several weeks, relatively consistently led to decreases in food intake (Patterson et al., 2010; Yao et al., 2016; He et al., 2018; Yan et al., 2018) and body weight in mice and rats (Forbes et al., 1996; Harris et al., 1997; Patterson et al., 2010; Lopez Lopez et al., 2018; Simas et al., 2018; Yan et al., 2018; Li et al., 2019; Yun et al., 2020). A few studies reported decreases in body weight or body weight gain, while food intake was not significantly altered (Harris et al., 1997; Lopez Lopez et al., 2018; Simas et al., 2018). Only one study found an increase in daily chow consumption and no differences in body weight between CUMS and non-CUMS mice after eight weeks of stress exposure (Huang et al., 2017). Interestingly, Simas et al. reported a decreased food intake in mice exposed to CUMS compared to non-stressed mice when only a high-fat diet (HFD) was provided, but not when fed a standard diet (Simas et al., 2018). This suggests that the rewarding properties of calorically dense food are abolished during CUMS. In line with this notion, several of the previously mentioned studies also evaluated sucrose or saccharine preference. Some found no differences (Forbes et al., 1996; Harris et al., 1997; Yun et al., 2020), but in several studies CUMS exposure led to reduced sucrose or saccharine intake (Yao et al., 2016; Huang et al., 2017; He et al., 2018; Yan et al., 2018), which may reflect stress-induced anhedonia.

On the other hand, CSDS in mice quite robustly led to increases in food intake (Lutter et al., 2008; Patterson et al., 2013a, b; Razzoli et al., 2015), associated with an increase in body weight in some studies (Patterson et al., 2013a; Razzoli et al., 2015) but not in others (Lutter et al., 2008; Patterson et al., 2013b). Chuang and colleagues showed that conditioned place preference (CPP) for HFD was significantly increased in CSDS-exposed mice, which was associated with a higher intake of HFD chow and a greater weight gain over the course of the CPP paradigm (Chuang et al., 2011). However, in contrast to these studies in mice, subchronic and chronic social defeat paradigms in rats resulted in decreases in daily food intake (Berton et al., 1998) and body weight (Berton et al., 1998; Fanous et al., 2011; Patki et al., 2013).

Some of the aforementioned studies also investigated the role of the GHSR in stress-related changes in feeding behavior and found that both increases (CSDS) or decreases (CUMS) in food intake and body weight gain were abolished in GHSR KO mice (Lutter et al., 2008; Patterson et al., 2010, 2013a). Moreover, increased CPP for and higher intake of HFD and an associated weight gain after CSDS exposure were not present in GHSR KO mice (Chuang et al., 2011), indicating a central role of ghrelin signaling in these stress-induced changes. The increased CPP, however, could be reinstated by selective re-expression of GHSR in tyrosine hydroxylase-positive neurons, which the authors concluded are very likely involved in mediating stress-induced food reward. Interestingly, a recent study used re-expression of GHSR in dopamine transporter (DAT)-positive neurons of GHSR KO mice to confirm that GHSR signaling in dopaminergic neurons controls appetitive and consummatory behaviors toward HFD in ad libitum fed mice (Cornejo et al., 2020). Indeed, it has been proposed previously that the ghrelin system may play an important role in stress-induced food reward behavior and act as a critical modulator at the interface of homeostatic control of appetite and food reward during stress, promoting hyperphagia and hedonic intake of calorically dense ‘comfort foods’ (Schellekens et al., 2012).

Even though stress paradigms typically increase AG levels and in some instances increase feeding, paradoxically, exposure to stress may also be associated with a decrease in food intake and body weight. During acute stress exposure, it is likely that the orexigenic effects of high plasma AG are overcome by other factors, such as stress-induced changes in CRF signaling in the brain (Jochman et al., 2005; Haque et al., 2013; Dunn et al., 2015; Mogami et al., 2016). Chronic stress, on the other hand, might induce central ghrelin resistance, associated with lower GHSR expression in particular brain areas (Harmatz et al., 2016), which then may further contribute to reduced food intake and anhedonia-like behaviors in a GHSR-dependent manner, but irrespective of high circulating AG concentrations. This may apply for physical stressors like foot shocks, immobilization stress or various stressors used during CUMS which are typically associated with reduced food intake and decreases in body weight. The same hypothesis, however, does not seem to hold true for CSDS in mice, where high plasma AG is mostly associated with increases in food intake and where GHSR signaling in dopaminergic neurons has been proposed to mediate stress-induced food reward as a coping mechanism (Chuang et al., 2011). The observation that CSDS increases food intake and/or body weight specifically in mice but not in rats could be attributed to species differences in social dominance behavior (Kondrakiewicz et al., 2019). The question remains what impact circulating ghrelin and central GHSR signaling may have on other stress-related behaviors in rodents.



Role of Circulating Ghrelin in Fear, Anxiety- and Depression-Like Behaviors

While some studies propose that ghrelin reduces fear, anxiety- and depression-like behaviors in rodents, others actually suggest an opposite role. One early study showed that central administration of ghrelin antisense DNA had anxiolytic and antidepressant-like effects and reduced the retrieval of conditioned fear in unstressed rats (Kanehisa et al., 2006). Similarly, Spencer and colleagues found reduced anxiety-like behaviors in ghrelin KO mice under baseline conditions, but increased anxiety scores following acute immobilization stress (Spencer et al., 2012). However, a more recent study also found higher anxiety-like behavior in ghrelin KO mice under non-stressed conditions (Mahbod et al., 2018). A genetic deletion of GOAT and thus attenuated AG levels (Zhao et al., 2010) reduced anxiety-like behavior prior to stress exposure (Mahbod et al., 2018) or was anxiogenic regardless of stress conditions (Stark et al., 2016).

Pharmacological studies investigating the effects of AG and other GHSR ligands have also delivered contradictory results. Systemic or central injection of a single dose of AG has been shown to induce anxiety- and depression-like behaviors in mice and rats that were not previously subjected to stress (Asakawa et al., 2001a; Carlini et al., 2002, 2004; Currie et al., 2012, 2014; Brockway et al., 2016; Jackson et al., 2019). Similarly, central infusion of ghrelin for one month increased anxiety- and depression-like behavior in rats (Hansson et al., 2011). In contrast, a few other studies reported anxiolytic and antidepressant-like effects of a single systemic dose of AG in non-stressed mice (Lutter et al., 2008; Jensen et al., 2016). In a recent publication, the administration of AG into the dorsal raphe nucleus was anxiolytic in an inhibitory avoidance test but facilitated learned escape behavior in rats (Cavalcante et al., 2019).

In studies where AG is administered systemically, it should generally be considered that it can be converted to DAG (De Vriese et al., 2004). This could be relevant, given that DAG was found to have anxiogenic effects in ghrelin KO mice which were not previously subjected to stress (Stark et al., 2016). Moreover, the effects of exogenous AG administration may also depend on feeding state. An injection of ghrelin into the amygdala had no significant effect in fed mice, but was anxiolytic when no food was available (Alvarez-Crespo et al., 2012), suggesting that AG may promote foraging and risk-taking in response to a negative energy balance.

When focusing on the effects of exogenously administered ghrelin following stress exposure, an anxiolytic effect appears more evident. Peripherally administered AG attenuated anxiety-like behavior and stress responses after exposure to air puffs or immobilization stress (Jensen et al., 2016). Interestingly, DAG also produced anxiolytic-like effects following stress exposure in ghrelin KO mice (Stark et al., 2016). Moreover, anxiety- and depression-like behaviors induced by CUMS were at least partly rescued by administration of ghrelin or the ghrelin agonist GHRP-6 (Huang et al., 2017, 2019). A recent study demonstrated that intra-hippocampal administration of ghrelin fully and intraperitoneal injection partly normalized stress-enhanced anxiety- and depression-like phenotypes in a CSDS paradigm (Han et al., 2019). However, another study found that reduced social interaction following CSDS exposure could not be rescued by subcutaneous administration of AG or ghrelin agonist GHRP-2 (Gupta et al., 2019).

A number of studies also investigated how GHSR ligands affect fear conditioning and extinction. Administration of the GHSR agonist MK0677, systemically or directly into the basolateral amygdala, around the time of fear conditioning reduced contextual and cued fear memory strength in unstressed rats, while the GHSR antagonist D-Lys3 increased it (Harmatz et al., 2016). An earlier study of the same group, however, showed that repeated systemic or intra-amygdalar injection of MK0677 led to an enhancement of cued fear memory strength (Meyer et al., 2014). In rats that were subjected to chronic immobilization stress, stress-induced increases in cued fear were abolished when the GHSR antagonist D-Lys3-GHRP-6 was administered daily before stress exposure (Meyer et al., 2014). In their 2016 study, this group reported that increased cued fear in chronically stress-exposed rats was associated with reduced binding of fluorescently labeled ghrelin in the basolateral amygdala, which they defined as central ghrelin resistance (Harmatz et al., 2016). Therefore, the authors hypothesized that a stress-induced elevation of AG levels and prolonged GHSR activation may lead to impaired GHSR signaling in the brain via downregulation of GHSR expression (Harmatz et al., 2016). Interestingly, infusion of MK0677 into the lateral amygdala was also shown to improve cued fear extinction in non-stressed mice (Huang et al., 2016). However, in our recently published study, we did not find significant effects of systemic or intra-VTA administration of MK0677 on cued fear expression or extinction in non-stressed mice (Pierre et al., 2020). Importantly, as the GHSR is constitutively active in the absence of ghrelin (Holst et al., 2003; Petersen et al., 2009), it is therefore important to consider the effects of central GHSR signaling independently of circulating AG or exogenous administration of an GHSR agonist.



Role of GHSR Signaling in Fear, Anxiety- and Depression-Like Behaviors

Under non-stressed conditions, no or only marginal effects on fear, anxiety- and depression like behaviors were observed in GHSR KO mice compared to wild type controls (Mahbod et al., 2018; Guo et al., 2019; Lu et al., 2019; Pierre et al., 2019). Nevertheless, one study found anxiolytic and antidepressant-like effects following overexpression of GHSR in the basolateral amygdala in non-stressed mice (Jensen et al., 2016). Another study reported reduced fear memory retention after contextual fear conditioning in unstressed GHSR KO mice (Albarran-Zeckler et al., 2012), but this observation was not confirmed in a more recent study (Hornsby et al., 2016).

Clearer evidence for behavioral effects in mice lacking the GHSR was obtained following stress exposure, where most studies reported impaired stress coping. For example, mild stressors like air puffs induced an exacerbated avoidance response in GHSR KO mice (Jensen et al., 2016). Similarly, CSDS resulted in more pronounced depression-like behavior in GHSR KO mice, as assessed by a social avoidance test (Lutter et al., 2008; Chuang et al., 2011). A local knockdown of the GHSR in the hippocampus also aggravated anxiety- and depression-like behaviors in mice following exposure to a CSDS or CUMS paradigm (Han et al., 2019; Huang et al., 2019), pointing to a protective role of the GHSR during chronic stress.



Effects of Caloric Restriction on Fear, Anxiety- and Depression-Like Behaviors

Caloric restriction and food deprivation paradigms typically increase plasma ghrelin levels and were also used in several studies to manipulate the endogenous ghrelin system and thus indirectly study its effects on fear, anxiety- and depression-related behaviors in rodents. An initial study demonstrated anxiolytic and antidepressant-like effects of caloric restriction that were abolished in GHSR KO mice (Lutter et al., 2008). In a later publication, the same group showed that the neuroprotective agent P7C3 restored the antidepressant-like effect of caloric restriction in GHSR KO mice, potentially by increasing hippocampal neurogenesis (Walker et al., 2015). This suggests that the effects of caloric restriction on depression-like behaviors may depend on GHSR signaling in the hippocampus and ensuing neurogenesis. Recently, a study reported that acute food deprivation for 24 h and chronic caloric restriction had anxiolytic- and antidepressant-like effects in wild type mice, which were abolished after re-feeding (Lu et al., 2019). In GHSR-KO mice, however, acute food deprivation enhanced, while only chronic caloric restriction reduced anxiety- and depression-like responses. This led the authors to conclude that the positive effect of acute but not chronic fasting was GHSR-dependent (Lu et al., 2019). The finding that the anxiolytic-like action of 24 h food deprivation in wild type mice was neutralized by administration of a GHSR antagonist further supported this conclusion (Lu et al., 2019).

In fear conditioning paradigms, caloric restriction and overnight fasting before extinction training were shown to enhance fear extinction and suppress return of fear in mice (Riddle et al., 2013; Huang et al., 2016; Verma et al., 2016), an effect that was abolished by administration of the GHSR antagonist D-Lys3 into the lateral amygdala (Huang et al., 2016). Interestingly, also in humans spontaneous recovery and reinstatement of fear were reduced after an overnight fast, which was correlated with ghrelin plasma levels (Shi et al., 2018). However, we could not confirm the extinction-promoting effect of overnight fasting using a weak extinction protocol and also found no difference between wild type and GHSR KO mice (Pierre et al., 2020). Thus, while manipulation of GHSR signaling may be an interesting avenue to curb fear expression or promote fear extinction, it appears that the experimental conditions under which such effects can be observed remain uncertain.



Summary, Shortcomings and Future Directions of Rodent Studies Investigating the Role of the Ghrelin System in Stress-Related Behaviors

The often mixed findings of rodent studies make it challenging to draw a general conclusion about the role of ghrelin and GHSR in stress-related behaviors. Possible reasons for these inconsistencies are diverse: the use of different mouse or rat strains, different age or sex of the animals, varying breeding, handling or habituation conditions, different time of day for testing and use of diverse behavioral and stress paradigms. The feeding status of the animals during testing may be of particular importance, as administration of exogenous ghrelin or GHSR agonists may confound the readout of behavioral assays by the instatement of hunger.

In summary, published literature suggests that the ghrelin system plays a different role in individuals depending on the amount and quality of previous stress exposure. This seems most obvious for GHSR signaling, which does not appear to affect fear, anxiety- and depression-like behaviors under non-stressed conditions but may exert mostly protective effects during chronic stress. A similar trend can be observed in pharmacological studies using GSHR ligands, where, without prior stress exposure, GHSR agonists predominantly promote anxiety- and depression-like behaviors, but seem to reduce chronic stress-related phenotypes. Also, caloric restriction may have beneficial effects on fear, anxiety- and depression-like behaviors in unstressed rodents through activation of GHSR. Nevertheless, the response of rodents to the potentially stressful nature of food deprivation might additionally challenge stress coping mechanisms and, together with differences in fasting procedures, contribute to inconsistencies in literature.

It has been proposed that prolonged elevation of plasma AG levels during chronic stress induces a central ghrelin resistance with reduced GHSR expression (Harmatz et al., 2016), which would impede ligand-dependent as well as ligand-independent GHSR signaling and thereby eliminate its protective role during stress. In the face of central ghrelin resistance, a rescue of stress-related phenotypes by AG or GHSR agonists as well as caloric restriction, which elevates endogenous ghrelin levels, seems unlikely. Nevertheless, many studies suggest beneficial effects of GHSR agonism and fasting on fear, anxiety-, and depression-like behaviors.

Only a few studies have considered the role of DAG in stress coping, although it constitutes the majority of total circulating plasma ghrelin and may have behavioral effects that are distinct from those of AG. This applies not only for feeding behaviors (Fernandez et al., 2016) but also for stress-related behaviors (Stark et al., 2016). This may be relevant during chronic stress and associated central ghrelin resistance, as AG can be rapidly converted to DAG (De Vriese et al., 2004), which appears to not act via the GHSR (Bednarek et al., 2000; Ferre et al., 2019). Thus, the reported beneficial effects of exogenous AG administration during chronic stress paradigms in rodents may be attributed to DAG rather than AG action. In this context, it also can be noted that the way of reporting plasma ghrelin levels has not been consistent in existing literature. Studies often report either only total or AG levels or do not specify acylation status at all, thereby hindering the overview of ghrelin alterations in baseline versus stressed conditions.

One more point to consider is that the GHSR may have functions independent from binding of AG, which is of particular importance since accessibility of many GHSR-expressing brain areas for the ghrelin peptide is not resolved yet (Perello et al., 2018). While the endogenous peptide LEAP2 has been shown to act as an antagonist/inverse agonist of the GHSR (Ge et al., 2018), it remains unknown to what extent it influences GHSR activity in different brain areas. Because of its high constitutive activity (Holst et al., 2003; Petersen et al., 2009) also changes in GHSR expression levels will accordingly alter activation of downstream signaling pathways as well as a possible formation of heterodimers with other receptors, such as receptors for dopamine and serotonin (Schellekens et al., 2013b; Kern et al., 2015). Given that heterodimer formation influences receptor signaling and trafficking (for review see Schellekens et al., 2013a; Abizaid and Hougland, 2020), this could serve to fine-tune GHSR signaling in response to certain neurotransmitters and, conversely, GHSR signaling would also affect these neurotransmitter systems. These complex (inter)actions of the GHSR could further result in individual differences, where an impairment of GHSR signaling occurs in stress-susceptible but not stress-resilient individuals, in which GHSR agonism still would have beneficial effects. Therefore, it might be useful to identify such individual differences in GHSR sensitivity and investigate which factors contribute to constitutive GHSR signaling.

Furthermore, this requires a clear distinction between findings from studies manipulating peptide hormone levels or using GHSR ligands (e.g., ghrelin KO mice, GOAT KO mice, pharmacological studies) versus studies conducted in GHSR KO mice. For a comprehensive dissection of the role of GHSR signaling in distinct neuronal populations, the development of new biomolecular tools like GHSR-Cre mice is indispensable in order to perform targeted pharmaco- and optogenetic manipulations and selectively employ new viral techniques. Such novel genetic and viral tools could also be used to create conditional knockouts of GHSR, GOAT or ghrelin. It cannot be excluded that in conventional germ-line knockouts compensatory mechanisms are at play that disguise the loss-of-function effect, thereby confounding results and leading to mixed findings and wrong conclusions.



THE GHRELIN SYSTEM AS A NOVEL THERAPEUTIC AVENUE IN STRESS-RELATED PSYCHIATRIC DISORDERS?


A Need for New Treatment Strategies: Ghrelin as a Vantage Point?

In this review, we aimed to provide an overview of the current literature on the role of ghrelin system in stress coping. We summarized findings on fear, anxiety- and depression-like behaviors in rodent models and in this final chapter, we want to discuss the possible therapeutic utility of the ghrelin system in stress-related psychiatric disorders, with a focus on anxiety disorders and post-traumatic stress disorder (PTSD). They are the most common cause of psychiatric illness, with an estimated lifetime prevalence of up to 30% (Kessler et al., 2005a, 2012) and women being affected almost twice as often as men (Baxter et al., 2013). Besides reducing the quality of life of patients and their families dramatically, they cause an immense socioeconomic burden in modern western societies (Wittchen et al., 2011; Olesen et al., 2012). However, a lack of major advances in psychopharmacotherapy over the past three decades as well as limited validity of current symptom-based diagnostic manuals (Lang et al., 2016) leave anxiety disorders and PTSD poorly diagnosed and undertreated (Craske et al., 2017). Moreover, a large number of anxiety patients do not show long-term benefit from currently available treatments and fail to achieve full remission or often relapse with time (Hofmann and Smits, 2008; Bandelow et al., 2015; Koek et al., 2016; Craske et al., 2017). Currently, there are also no biomarkers for the measurement of treatment response available (Craske et al., 2017). Thus, there is an urgent need for the development of novel strategies to augment existing diagnostic and treatment options to improve their efficiency and tackle under- and misdiagnosis as well as treatment resistance (Singewald et al., 2015; Sartori and Singewald, 2019).

There is a growing interest in the involvement and therapeutic potential of the ghrelin system in psychiatric diseases. Positioned at the interface between feeding circuitry, metabolism and the HPA axis, its dysregulation could not only potentially influence food intake and energy homeostasis but also stress vulnerability. This involvement of the ghrelin system in different physiological processes has sparked a discussion about its role in a variety of pathological conditions like obesity and eating disorders, but also addictive disorders as well as anxiety disorders, PTSD and mood disorders (for review see Labarthe et al., 2014; Wittekind and Kluge, 2015; Bali and Jaggi, 2016; Stievenard et al., 2016; Jiao et al., 2017; Shi et al., 2017). The potential role of the ghrelin system is further underscored by the notion that mood-, anxiety- and trauma-related disorders are often associated with metabolic dysregulation and also show a high level of comorbidity with obesity or eating disorders (Scott et al., 2008; Ng et al., 2013; Mason et al., 2014; Meng and D’Arcy, 2015; Aaseth et al., 2019). It is very likely that comorbid diseases share a common neurobiological pathology, which could be of use to gain a better understanding of underlying disease mechanisms and to identify potential therapeutic targets.



(Dysregulation of) the Ghrelin System in Stress-Related Psychiatric Disorders

In humans, acute exposure to stressors is associated with elevated plasma ghrelin concentrations. In healthy individuals but also in obese patients with binge-eating disorder, total plasma ghrelin levels were elevated in those individuals who also had a high cortisol response to a Trier social stress test (TSST) (Rouach et al., 2007). Similarly, two studies with only female participants found elevated plasma cortisol and AG levels in healthy women (Raspopow et al., 2010) and higher saliva ghrelin but not cortisol levels in women suffering from bulimia nervosa (Monteleone et al., 2012) after stress exposure in a TSST. Other studies with only male participants reported no changes or, after alcohol consumption, even decreased AG levels following a TSST (Zimmermann et al., 2007) and no changes in total plasma ghrelin levels before and after a forced arithmetic task in a cohort of lean and obese men (Lambert et al., 2011). Taken together, these studies strongly suggest that the effects of acute stress exposure on plasma ghrelin levels may be dependent on sex. While the effects of chronic stress exposure have not been investigated explicitly in humans, one translational study reported elevated AG in teenagers 4.5 years after experiencing a severe traumatic event and proposed high plasma AG levels as a long-lasting biomarker for chronic stress exposure and a perpetuating risk factor for stress-enhanced fear (Yousufzai et al., 2018).

In line with the notion that alterations of the ghrelin system may be a biomarker for stress exposure, several other studies have investigated possible dysregulations of the ghrelin system in stress-related psychiatric disorders such as anxiety disorders, PTSD or major depressive disorder (MDD). The Gln90Le polymorphism in the pre-proghrelin gene has been linked to an increased risk of panic disorder (Hansson et al., 2013), while, in contrast, the Leu72Met variant of the pre-proghrelin gene was not associated with panic disorder (Nakashima et al., 2008) but with symptom severity in PTSD (Li et al., 2018) and MDD (Nakashima et al., 2008). A recent study reported elevated plasma ghrelin levels in children with a diagnosis of an anxiety disorder, which was more pronounced in girls than boys (Ozmen et al., 2019). Interestingly, ghrelin levels, serum cortisol and anxiety scores together with body mass index were more reduced in obese children following a combined dietary and mindfulness intervention in comparison to a control group that only underwent a dietary intervention (Lopez-Alarcon et al., 2020). However, in female patients diagnosed with anorexia nervosa or obesity, ghrelin levels were not correlated with depression- and anxiety-like symptoms independently of weight and body fat (Lawson et al., 2012). Numerous studies investigated plasma ghrelin levels in patients with MDD, which is often comorbid with anxiety- and trauma-related disorders and associated with stress-induced changes in food intake (Kessler, 1997, Kessler et al., 2005b; Kendler et al., 1999; Grant et al., 2013). They found increased fasting AG (Kurt et al., 2007; Algul and Ozcelik, 2018) and total ghrelin (Ozsoy et al., 2014), but also decreased fasting AG and DAG (Barim et al., 2009) or no changes in fasting AG or total ghrelin levels at all (Schanze et al., 2008; Kluge et al., 2010; Gimenez-Palop et al., 2012; Matsuo et al., 2012). Two of these studies showed a positive correlation of eating behavior with total ghrelin levels in MDD patients (Schanze et al., 2008; Matsuo et al., 2012), while another one reported lower AG levels in depressed patients with increased appetite (Simmons et al., 2020), indicating that plasma AG may not be good predictor for appetite or food intake in depressed patients.

The effect of treatment on ghrelin plasma levels in stress-related psychiatric disorders (mainly MDD) has also been examined. One study that found reduced plasma AG and DAG when comparing untreated MDD patients with healthy controls reported no effect of citalopram on ghrelin levels (Barim et al., 2009). Maprotiline treatment in male lean MDD patients, on the other hand, resulted in mildly increased plasma ghrelin levels (Pinar et al., 2008). In a mixed patient group suffering from bipolar disorder or MDD, serum AG levels were elevated compared to controls and decreased after electroconvulsive therapy (Kurt et al., 2007). A similar decrease in total ghrelin levels was reported in another study where patients received electroconvulsive therapy and/or different antidepressant drugs (Ozsoy et al., 2014). Interestingly, one study found, that therapy resistance in MDD and panic disorder was correlated with elevated AG (Ishitobi et al., 2012) and the effect of lithium augmentation treatment in treatment-resistant MDD could be characterized by a slight decrease in plasma AG in responders compared to an increase in non-responders (Ricken et al., 2017).

The conflicting findings in these studies probably result from confounding factors like nutritional status and time of day at sample collection, gender, age, body mass index, comorbid disorders and drug treatments, such as the type of antidepressant. Moreover, not all studies distinguished between AG and DAG and only measured total ghrelin levels or did not specify acylation status. Overall, it remains inconclusive whether genetic variants in the ghrelin system are causally involved in stress-related psychiatric disorders and whether altered ghrelin plasma levels are a predisposing factor for or just a byproduct of these diseases. Elevated plasma AG could indicate prior chronic stress exposure (Yousufzai et al., 2018), which in turn may enhance the risk for mental health disorders. Nevertheless, plasma AG appears to correlate with treatment resistance, suggesting more than mere association. Moreover, experiments in rodents indicate that stress-induced activation of the ghrelin system not only influences feeding but may also have a direct impact on fear, anxiety- and depression-like behaviors.



Therapeutic Potential of Targeting the Ghrelin System in Stress-Related Psychiatric Disorders

Despite the role of the ghrelin system in stress-related psychiatric disorders is not fully resolved yet, it provides a new and interesting vantage point in the search for more efficient diagnostic and therapeutic strategies (also see Figure 1). It remains unknown whether a modulation of the ghrelin system could be beneficial in the treatment of stress-related psychiatric disorders, however multiple pharmacological tools to do so have become available over the last two decades (McGovern et al., 2016; Lee et al., 2020; Moose et al., 2020). This includes GHSR agonists and antagonists as well as inverse agonists and GOAT inhibitors, although no authorized medicine is commercially available to date. The pharmacological characterization of many ligands has only just begun and it will be of great importance to consider their central penetrance and possible signaling bias and further elucidate downstream signaling in order to allow targeted predictive modeling and the design of future ghrelin-based therapies (Ramirez et al., 2019; Howick et al., 2020). To our knowledge, there are currently no studies published that directly investigated the effect of ghrelin-targeted interventions in stress-related psychiatric conditions. One study in healthy human participants found enhanced extinction memory retention and reduced return of fear following an overnight fast, which was negatively correlated with ghrelin plasma levels (Shi et al., 2018). Whether fasting may improve exposure-based psychotherapy outcomes in patients with anxiety disorders or PTSD and whether this would be associated with changes in plasma AG concentrations or brain GHSR function remains to be established.

As a biomarker, high plasma AG could indicate prior stress exposure (Yousufzai et al., 2018), which in turn may enhance the risk for stress-related psychiatric disorders. While plasma AG concentrations were not consistently associated with disease, they may predict treatment resistance (Ishitobi et al., 2012; Ricken et al., 2017). In several studies, a decrease in plasma AG or total ghrelin levels during therapy was also associated with treatment response (Kurt et al., 2007; Ozsoy et al., 2014; Ricken et al., 2017; Lopez-Alarcon et al., 2020). A lack of changes in plasma AG concentrations may thus reflect decreased sensitivity of the GHSR and dysregulation of its feedback system. In light of our previous discussion that GHSR in the brain may act partly independent of circulating AG, this highlights the therapeutic potential for the development of diagnostic tools to study brain GHSR function in order to aid further stratification of patients for an optimization of treatment strategies.

It also should be kept in mind that potentially beneficial effects associated with activation of the ghrelin system, as observed in some rodent experiments, may be lost in patients with impaired GHSR function (Harmatz et al., 2016). To this end, a precise definition of the phenomenon of central ghrelin resistance and corresponding neurobiological correlates is indispensable. Present literature merely suggests an impaired feeding response following ghrelin (agonist) administration, associated with reduced c-Fos expression in the ARC (Briggs et al., 2010) and a reduction of AG binding (Harmatz et al., 2016) as markers for disrupted GHSR function. In addition, it is presently unclear whether fasting or other interventions could rapidly reverse central ghrelin resistance. A loss of GHSR function in hypothalamic NPY/AgRP neurons as a result of diet-induced obesity could be rescued by caloric restriction (Briggs et al., 2010, 2013), but so far no study investigated whether this can be extrapolated to stress-induced central ghrelin resistance in brain regions beyond the hypothalamus. Instead of treatment, also a prevention of central ghrelin resistance could be considered. For example, a study in rats showed that administration of a GHSR antagonist during a chronic immobilization paradigm prevented the emergence of stress-enhanced fear (Meyer et al., 2014), while the same paradigm without GHSR antagonist administration led to reduced GHSR expression in the basolateral amygdala, which hampered the attenuation of stress-enhanced fear memories by a GHSR agonist (Harmatz et al., 2016). Therefore, preservation of GHSR function during chronic stress may keep the ghrelin system targetable for treatment interventions.

Also indirect targeting of the ghrelin system by other approaches may be of relevance in stress-related psychiatric disorders, for example via the gut microbiome (Schalla and Stengel, 2020). Changes in diet and gut microbiota composition have been linked to changes in plasma ghrelin levels in rodents and humans (for review see Lach et al., 2018). Moreover, it has been proposed that short-chain fatty acids produced by gastrointestinal microbiota may compete with octanoate for binding at the GOAT and interfere with the acylation of ghrelin (Heiman and Greenway, 2016). A recent study showed that different microbiota-derived metabolites, amongst them also short-chain fatty acids, may also directly attenuate GHSR signaling (Torres-Fuentes et al., 2019). Interestingly, one clinical study demonstrated that the use of dietary capsaicin altered gut microbiota composition and reduced ghrelin levels in healthy subjects (Kang et al., 2016). This is of particular interest, given that elevated plasma AG may reflect a higher risk for the development of stress-related psychiatric conditions (Yousufzai et al., 2018). Overall, this highlights the possibility of utilizing the gut microbiome to influence ghrelin signaling and thereby modulate the gut-brain axis in stress, although the underlying mechanisms how gut microbiota interact with the ghrelin system are not fully resolved yet.

We believe that the therapeutic potential of ghrelin-targeted interventions in stress-related psychiatric disorders is just starting to be explored. Especially a better understanding of the interactions of ghrelin with the HPA axis, the role of DAG versus AG and factors that control constitutive GHSR activity or lead to ghrelin resistance in the brain may uncover novel diagnostic and therapeutic avenues that have not been considered so far.



Interaction of Ghrelin With Neurotransmitter Systems as a Gateway to the Treatment of Psychiatric Disorders

Abundant evidence demonstrates interaction of the ghrelin system with different neurotransmitters, neuromodulators and their receptors, including monoamines, neuropeptides and endocannabinoids (Brunetti et al., 2002; Skibicka et al., 2012b; Edwards and Abizaid, 2016; Hedegaard and Holst, 2020). One possibility how the ghrelin system may affect behaviors relevant for psychiatric disorders is through its effect on the limbic system. These effects may result from direct activation of GHSR in different limbic areas like hippocampus or amygdala but may also be the consequence of activation of GHSR in neurotransmitter systems projecting to these limbic areas. In this regard, the effect of ghrelin signaling on the release of noradrenalin, serotonin and dopamine merits further discussion. Only few studies have investigated the effect of ghrelin on noradrenalin and serotonin release. One study found that peripheral ghrelin may activate the noradrenergic pathway from the hindbrain to the hypothalamus (Date et al., 2006) and another study reported that food deprivation and central administration of ghrelin augmented the increase of noradrenalin release in the PVN following foot shock stress in rats (Kawakami et al., 2008). Concerning ghrelin’s effects on serotonin signaling, one study showed that ghrelin postsynaptically depolarized serotonin neurons in rat brain slices containing the dorsal raphe nucleus (Ogaya et al., 2011), while a second study found that ghrelin reduced the firing rate of dorsal raphe neurons in brain slices prepared from rats chronically treated with ghrelin (Hansson et al., 2011). Interestingly, acute central administration of ghrelin in mice was shown to increase serotonin turnover and the expression of serotonin-related genes in the amygdala (Hansson et al., 2014). While these studies demonstrate that ghrelin influences serotonin and noradrenaline signaling, the direct implications for fear, anxiety- and mood-related behaviors remain unclear.

Because the interaction of the ghrelin with the dopamine system is studied more extensively, we will further highlight certain aspects of this interaction and, as an example, discuss possible therapeutic relevance. Ghrelin was shown to modulate the spontaneous firing frequency of mesolimbic dopaminergic neurons in the VTA (Abizaid et al., 2006) and trigger dopamine release in the nucleus accumbens (NAc), predominantly in the shell region (Jerlhag et al., 2007; Jerlhag, 2008; Quarta et al., 2009; Cone et al., 2014). Associated with this rise of extracellular dopamine levels in the NAc following systemic or intra-VTA administration of ghrelin, stimulation of locomotor activity and conditioned place preference was observed (Jerlhag et al., 2007; Jerlhag, 2008). GHSR antagonism or a ghrelin KO, on the other hand, attenuated alcohol-, cocaine-, amphetamine- or morphine-induced locomotor stimulation and CPP and abolished the associated increase of accumbal dopamine release (Jerlhag et al., 2010; Jerlhag et al., 2011; Engel et al., 2015). In paradigms offering a free choice between standard chow and rewarding (palatable) food, ghrelin in the VTA stimulated hedonic feeding, but not homeostatic food intake (Egecioglu et al., 2010; Skibicka et al., 2011, 2013; Schele et al., 2016). The mechanism via which ghrelin entrains the midbrain dopaminergic system, however, is not fully resolved yet. Recently, it was shown that ghrelin-binding cells are present in most subnuclei of the VTA, but not in the NAc (Cornejo et al., 2018). Moreover, Cornejo and colleagues demonstrated that centrally but not peripherally injected ghrelin recruits specific subsets of dopaminergic neurons in the parabrachial nucleus and GABAergic neurons in the interfascicular nucleus of the VTA (Cornejo et al., 2018). As for many other brain areas where the GHSR is expressed, there is no clear evidence whether peripherally circulating ghrelin reaches the VTA and directly acts on midbrain dopaminergic neurons (Perello et al., 2018). Also indirect mechanisms of activation (e.g., via orexigenic neurons in the lateral hypothalamus) have yet to be elucidated (Quarta and Smolders, 2014; Al Massadi et al., 2019). Furthermore, it has been proposed that (hippocampal) dopamine signaling is dependent on heterodimerization between dopamine D1 (DRD1) and GHS receptors, regulating DRD1-induced hippocampal synaptic plasticity and learning (Kern et al., 2015).

The role of ghrelin signaling on mesolimbic dopamine was previously reviewed extensively in the context of food reward (Skibicka and Dickson, 2011; Perello and Zigman, 2012; Skibicka et al., 2012a; Liu and Borgland, 2015; Al Massadi et al., 2019). However, these actions of ghrelin may also be relevant for stress-related psychiatric disorders. A possible role in mood disorders seems likely, given that ghrelin has been proposed to mediate CSDS-induced food reward (Chuang et al., 2011) and protect against depressive-like symptoms following CSDS in mice (Lutter et al., 2008). This is further corroborated by the observation that hyperphagic depressed patients showed a greater change in AG in response to a meal, which was associated with increased activity in the VTA (Cerit et al., 2019). As such, ghrelin signaling on mesolimbic dopamine neurons may indeed constitute the interface of stress, mood and food reward (Schellekens et al., 2012). With respect to anxiety disorders and PTSD, the abundant expression of the GHSR and GHSR mRNA on/in midbrain dopamine neurons of the VTA (Zigman et al., 2006; Mani et al., 2014) is particularly interesting (Figure 1), as accumulating evidence suggests midbrain dopaminergic signaling as an important player in fear extinction (Abraham et al., 2014; Kalisch et al., 2019). The extinction of fear is the driving mechanism behind the reduction of fear responses and very basis of exposure-based cognitive behavioral therapy (Milad and Quirk, 2012), which is first-line in the treatment of anxiety- and trauma-related disorders (Craske, 2010; Craske et al., 2017). Also translationally, this paradigm is very appealing as it is easy to model in the laboratory in rodent models as well as humans (Milad and Quirk, 2012; Singewald and Holmes, 2019). Moreover, impaired fear extinction was suggested as a relevant endophenotype for anxiety disorders and PTSD (Singewald and Holmes, 2019). Recently, it has been proposed that during extinction learning midbrain dopaminergic neurons encode a quasi-appetitive reward prediction error, signaling the omission of the aversive unconditioned stimulus as a ‘better-than-expected’ outcome (Luo et al., 2018; Salinas-Hernandez et al., 2018; Cai et al., 2020). Besides this temporally restricted role in extinction acquisition, dopamine was also suggested to play a key role in the consolidation phase in a human fMRI study (Gerlicher et al., 2018). In a collaborative study, our lab has previously shown that enhancing dopaminergic signaling by L-DOPA treatment helps the formation of long-lasting extinction memories and prevents return of fear in extinction-competent mice and healthy humans (Haaker et al., 2013). Moreover, we were able to show that L-DOPA treatment can rescue deficient fear extinction in a mouse model for refractory anxiety disorders (Whittle et al., 2016).

Despite this clear evidence of interaction of the two systems, very few studies have investigated the possible benefits of targeting the ghrelin-dopamine axis in stress-related psychiatric disorders. We were able to show recently, that administration of the ghrelin agonist MK0677 directly into the VTA induces dopamine release in the NAc but also in amygdala and medial prefrontal cortex, which are important parts of fear and anxiety circuitries (Pierre et al., 2020). But despite increasing dopamine release in VTA projection areas, in our hands, MK0677 did not influence fear acquisition or extinction and extinction memory retrieval in unstressed mice. One explanation could be that the achieved rise in dopamine may not have been sufficient or not timed adequately, which may be enhanced by optimizing ghrelin agonists, dosage and ways of administration. Since the elucidation of the exact role of dopamine during fear extinction has only begun, advances in this field could help to utilize the ghrelin-dopamine axis in a more targeted manner (e.g., timing, individual differences) in future studies.



CONCLUSION AND FUTURE DIRECTIONS

Although the body of literature about the ghrelin system is growing rapidly, a great amount of questions regarding its effect on brain function remain unanswered. This complicates the evaluation of pathological relevance and therapeutic utility of ghrelin and GHSR in stress-related psychiatric disorders. To this end, a better understanding of the role of the ghrelin system in stress coping and its interplay with the HPA axis will be important. Further studies will be necessary to characterize brain GHSR signaling beyond the action of AG on its receptor, as DAG and ligand-independent GHSR activity have received little attention in existing literature. Moreover, the phenomenon of central ghrelin resistance in chronic stress needs to be studied more intensely in order to establish associated neurobiological correlates. The notion that ghrelin modulates fear, anxiety- and depression-like behaviors as a stress hormone seems to arise mostly from rodent experiments, while evidence from human studies is sparse and inconclusive. Nevertheless, it appears evident that ghrelin is much more than a ‘hunger hormone’ and represents an interesting target for novel interventions in stress-related psychiatric disorders that will become more accessible once its dynamics in the context of stress are better understood.
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Nicotine, the principal reinforcing compound in tobacco, acts in the brain by activating neuronal nicotinic acetylcholine receptors (nAChRs). This review summarizes our current knowledge regarding how the α5 accessory nAChR subunit, encoded by the CHRNA5 gene, differentially modulates α4β2* and α3β4* receptors at the cellular level. Genome-wide association studies have linked a gene cluster in chromosomal region 15q25 to increased susceptibility to nicotine addiction, lung cancer, chronic obstructive pulmonary disease, and peripheral arterial disease. Interestingly, this gene cluster contains a non-synonymous single-nucleotide polymorphism (SNP) in the human CHRNA5 gene, causing an aspartic acid (D) to asparagine (N) substitution at amino acid position 398 in the α5 nAChR subunit. Although other SNPs have been associated with tobacco smoking behavior, efforts have focused predominantly on the D398 and N398 variants in the α5 subunit. In recent years, significant progress has been made toward understanding the role that the α5 nAChR subunit—and the role of the D398 and N398 variants—plays on nAChR function at the cellular level. These insights stem primarily from a wide range of experimental models, including receptors expressed heterologously in Xenopus oocytes, various cell lines, and neurons derived from human induced pluripotent stem cells (iPSCs), as well as endogenous receptors in genetically engineered mice and—more recently—rats. Despite providing a wealth of available data, however, these studies have yielded conflicting results, and our understanding of the modulatory role that the α5 subunit plays remains incomplete. Here, we review these reports and the various techniques used for expression and analysis in order to examine how the α5 subunit modulates key functions in α4β2* and α3β4* receptors, including receptor trafficking, sensitivity, efficacy, and desensitization. In addition, we highlight the strikingly different role that the α5 subunit plays in Ca2+ signaling between α4β2* and α3β4* receptors, and we discuss whether the N398 α5 subunit variant can partially replace the D398 variant.

Keywords: nACh receptor, CHRNA5 polymorphism, subunit composition, heterologous expression, endogenous receptors, calcium


INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) are homo- and hetero-pentamers that can be distinguished by their sensitivity to α-bungarotoxin. Receptors containing an α4β2*1 or α3β4* backbone are insensitive to α-bungarotoxin and often referred to as central nervous system (CNS) and peripheral nervous system (PNS) nAChRs, respectively (Millar and Gotti, 2009). Despite this relatively loose distinction, α3β4* receptors have also been found in distinct brain regions such as the medial habenula (MHb) and interpeduncular nucleus (IPN), where they play a central role in nicotine addiction. Moreover, so-called “neuronal” nAChRs are also expressed in non-neuronal cells, where they play both physiological and pathological roles (reviewed by Zoli et al., 2018).

In the PNS, nAChRs mediate synaptic transmission in sympathetic and parasympathetic ganglia. In contrast, nAChRs in the CNS primarily modulate and/or trigger the release of a wide variety of neurotransmitters from presynaptic sites, and the functional impact of this modulation depends on the transmitter system involved (e.g., glutamate, GABA, or catecholamines) and the role these transmitter systems play in brain circuitry.

As ionotropic receptors, nAChRs are ligand-gated cation channels activated by the neurotransmitter acetylcholine (ACh) binding to canonical (orthosteric) binding sites at the N-terminal interface of two subunits with a primary and complementary component (Zoli et al., 2018). The α subunit contains the primary ligand-binding site, and the β subunit contains the complementary site. To maximally activate heteromeric nAChRs, ACh must bind to two binding sites in receptors; in contrast, homomeric α7 receptors require binding to a single site for maximal activation (reviewed by Zoli et al., 2018).

The α3, α4, β2, and β4 subunits can co-assemble to produce a fairly wide range of functional receptor subtypes with various stoichiometries. In the CNS, both high-affinity (α4β2)2β2 and low-affinity (α4β2)2α4 receptors have been reported (Grady et al., 2010; Marks et al., 2010; Harpsoe et al., 2011). Peripheral-type (α3β4)2β4 and (α3β4)2α3 receptors have been expressed in Xenopus oocytes (Grishin et al., 2010; Krashia et al., 2010; George et al., 2012) and HEK293 cells (Krashia et al., 2010); however, the stoichiometry of α3β4* receptors in the CNS and/or PNS is currently unknown. The fifth subunit—e.g., α4 and β2 in (α4β2)2α4 and (α4β2)2β2 receptors, and α3 and β4 in (α3β4)2α3 and (α3β4)2β4 receptors, respectively—may contribute to allosteric binding sites. Receptor complexity is increased further by additional subunits such as the α2, α5, α6, and β3 subunits, which can co-assemble into the two principal types of PNS and/or CNS receptors.

Because both the α5 and β3 subunits lack a primary or complementary component (Le Novere et al., 2002), they cannot contribute to the orthosteric binding site and are therefore often referred to as “accessory” subunits; nevertheless, these subunits contribute to the channel's lining, as well as potential allosteric binding sites and distinct properties conferred by the large cytoplasmic loop between the third and fourth transmembrane domains (i.e., the M3–M4 loop).

Below, we discuss the role of the cytoplasmic loop in the α5 subunit on the receptor's assembly, trafficking, and targeting to the plasma membrane. However, the cytoplasmic loop may also affect other receptor properties beyond its effects on membrane trafficking. For example, Kabbani and colleagues found that the β2 subunit can form a complex with at least 21 different cellular proteins identified using MALDI-TOF-TOF MS/MS analysis (Kabbani et al., 2007).

In addition to their ionotropic properties, nAChRs also mediate G protein signaling via the cytoplasmic loop, as reviewed extensively by Kabbani et al. (2013). The majority of research in this respect has focused on α7-containing nAChRs and found that α7 receptors can act via ionotropic signaling, as well as Gαq-mediated metabotropic signaling via a G protein–binding cluster in the subunit's M3–M4 loop (King et al., 2015). Interestingly, the α3, α5, and β2 subunits have also be been found to bind Goα and Gβγ proteins (Fischer et al., 2005a).

Several putative CaMKII and PKA sites, as well as novel nicotine-induced phosphorylation sites, have been identified in the cytoplasmic loop of α4/β2* nAChRs (Miller et al., 2018). Non-ionic signaling events triggered by nAChR-coupled protein kinases appear to play a particularly prominent role in non-excitable cells, in which receptor activation has been linked to cancer (for review, see Grando, 2014). Although the functional role of α5 phosphorylation has yet to be fully explored, studies involving small molecule kinase inhibitors suggest that kinases do play a functional role related to the α5 subunit (Ray et al., 2017).

The general structure, properties, and function of nAChRs have been covered thoroughly by a large number of reviews (e.g., McGehee and Role, 1995; Le Novere et al., 2002; Gotti et al., 2006; Stokes et al., 2015; Bertrand and Terry, 2018; Zoli et al., 2018). Here, we focus on the α5 accessory subunit, given that human genome-wide association studies have shown that polymorphisms in the gene cluster in chromosomal region 15q25, which includes genes that encode the α5, α3, and β4 nAChR subunits, are linked to susceptibility to nicotine addiction and certain forms of cancer. For example, in the human CHRNA5 gene, which encodes the α5 nAChR subunit, the single-nucleotide polymorphism (SNP) rs16969968 replaces an aspartic acid with an asparagine in the resulting protein and has been strongly correlated with excessive and compulsive nicotine abuse and lung cancer (see below). On the other hand, the SNP rs16969968 may confer a protective effect against cocaine dependence (Grucza et al., 2008; Forget et al., in press), possibly due to the more general role that the α5 subunit plays in α3β4* and α4β2* receptors, determining whether the function of these receptors is increased or reduced by the presence of an α5 subunit. We will therefore address the role that the α5 subunit plays in α4β2* and α3β4* receptors with respect to their expression, targeting, activation, and desensitization, as well as how the α5 subunit modulates receptor's ability to raise intracellular Ca2+.

Considerable insight into the function of the α5 subunit has come from studying recombinant receptors expressed in a wide range of cell types and systems, including Xenopus oocytes, HEK293 cells, and rat pituitary GH4C1 cells. In addition, studies using transgenic knockout (KO) mice—and more recently, rats—lacking the α5 subunit have provided new insights into the role of α5 subunits in endogenous receptors. These studies may explain—at least to some extent—the considerable receptor diversity highlighted in Tables 1, 2. However, because the proper assembly and processing of nAChRs in the endoplasmic reticulum is supported by a variety of chaperone proteins, which may not be present in heterologous expression systems, nAChRs should ideally be analyzed in their endogenous physiological context. To date, the properties of native receptors were investigated primarily in mice, whereas the majority of studies involving human nAChRs used heterologous expression systems. As noted above, heterologous expression systems such as the highly popular HEK293 cell line may lack the necessary chaperone proteins such as NACHO required for the assembly and trafficking of nAChRs (Matta et al., 2017). Moreover, heterologous expression systems generally also lack proteins specific to neurons such as the Lynx1 protein (Miwa et al., 1999), which affect the membrane targeting and function of both α3β4* and α4β2* receptors (see below, Nichols et al., 2014; George et al., 2017). Finally, differences in receptor function were found when expressing fully pentameric nAChR concatemer constructs compared to expressing the α3, β4, and α5 subunits in Xenopus oocytes (George et al., 2012). Still, some properties of α3β4* receptors differ between human and rodent receptors, as shown by expressing these subunits in Xenopus oocytes (Stokes and Papke, 2012). Recently, Maskos reviewed the differences in the properties of receptors containing the N398 α5 subunit variant compared to the more common D398 variant in both α4β2* and α3β4* receptors (Maskos, 2020); we will therefore touch on this subject only briefly. In our review, we focus on the functional effect of the α5 subunit at the cellular level, referring to studies assessing nAChR pathways in nicotine addiction (Leslie et al., 2013; Picciotto and Kenny, 2013; Antolin-Fontes et al., 2015; Pistillo et al., 2015; Molas et al., 2017; Arvin et al., 2019) and variants at the CHRNA5/CHRNA3/CHRNB4 gene locus on chromosome 15q25 (Bierut et al., 2008; Stevens et al., 2008; Thorgeirsson et al., 2008; Improgo et al., 2010; Tuesta et al., 2011; Berrettini and Doyle, 2012; Slimak et al., 2014; Lassi et al., 2016; Forget et al., 2018; Besson et al., 2019; Maskos, 2020).


Table 1. Effects of α5 in α4β2* receptors.
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Table 2. Effects of α5 in α3β4* receptors.
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The vast majority of heteropentameric neuronal nAChRs consist of two α subunit and two β subunits that comprise the backbone, with an additional subunit completing the pentamer (reviewed in Zoli et al., 2018). This additional subunit can be an “accessory” subunit such as α5 or β3, or it can be a “complementary” subunit such as α4 or β2 (primarily in CNS-type receptors), or α3 or β4 (primarily in PNS-type receptors). The two receptor backbones into which the α5 subunit can co-assemble, namely α4β2* (see Table 1) and α3β4* (see Table 2), differ fundamentally with respect to both their activation and desensitization properties and are discussed separately. These differences in receptor properties have consequences with respect to tobacco use, as nicotine concentrations typically reached while smoking tobacco primarily activate—and equally important, inactivate—α4β2* receptors (Benowitz and Jacob, 1990; Wooltorton et al., 2003; Brody et al., 2006). It is therefore interesting to examine how the α5 subunit affects the properties of these two receptor subtypes, and how the D398 and N398 α5 subunit variants differ in this respect. A graphical summary of the effects of α5 is provided in Figure 1.


[image: Figure 1]
FIGURE 1. Graphical summary of the key effects of the α5 subunit on various receptor properties when co-assembled with either α4β2* or α3β4* receptors. Red arrows indicate effects mediated by the presence of α5. Left: addition of the α5 subunit to α4β2* receptors increases ligand efficacy and potency (top), increases Ca2+ permeability and transmitter release (middle), and decreases receptor desensitization (bottom). Right: in contrast, addition of the α5 subunit to α3β4* receptors has no effect on efficacy or potency (top), increases Ca2+ permeability while decreasing intracellular Ca2+ and transmitter release (middle), and has no significant effect on receptor desensitization (bottom). Note: that in cases in which the reported effects of the α5 subunit differed between exogenously expressed receptors and endogenous receptors, we report the results observed for endogenous receptors.




WHAT WE ALREADY KNOW FROM HETEROLOGOUSLY EXPRESSED AND ENDOGENOUS RECEPTORS


The α5 Subunit Co-assembles With α4 and β2 in the Central Nervous System

The presence of the α5 subunit may affect the functional properties of nAChRs in several ways, including: (i) altering the potency and efficacy of ligands; (ii) affecting the receptor's Ca2+ permeability (or altering other mechanisms that increase intracellular Ca2+); (iii) altering the receptor's desensitization properties; (iv) regulating receptor expression, posttranslational processing, and/or trafficking to the cell membrane; and (v) modulating Ca2+-independent downstream signaling. Moreover, the anatomical distribution of α5 affects the functional role of nAChRs in the CNS.


Distribution of α5-Containing Receptors in the Central Nervous System

Our knowledge regarding the distribution of α5-containing receptors is based on in situ hybridization (Wada et al., 1990; Azam et al., 2002; Winzer-Serhan and Leslie, 2005), antibody-based techniques such as immunoprecipitation (Mao et al., 2006; Grady et al., 2009; David et al., 2010) and solid-phase radioimmunoassay (Conroy and Berg, 1995; Wang et al., 1998), expressing reporter genes under the control of the CHRNA5 promoter (Hsu et al., 2013; Morton et al., 2018), and electrophysiology and optical recordings in specific regions of the nervous system (e.g., Morel et al., 2014). Unfortunately, reliable anti-α5 antibodies for use in immunocytochemistry are not currently available.

A recent RNAseq study revealed that 9 out of 16 nAChR subunits genes (among them most notably CHRNA4 and CHRNB2, but also at moderate levels CHRNA5) are already expressed early in human brain development between 7.5 and 12 post-conceptional weeks (Alzu'bi et al., 2020). In adult rodent brain, immunoprecipitation experiments using α5-specific antibodies have shown the presence of α5-containing receptors—but not an association between α5 subunits and α4 and/or β2 subunits—in certain regions in the rodent brain, including the MHb, IPN, hippocampus, striatum, thalamus, prefrontal cortex (PFC), substantia nigra, ventral tegmental area (VTA), brainstem, and spinal cord (Brown et al., 2007; Counotte et al., 2012; Xanthos et al., 2015; Forget et al., 2018). In addition, measuring α5 subunits in mice lacking specific nAChR subunits (e.g., α4 or β2) has provided evidence that α5 associates with the α4 and β2 subunits (Champtiaux et al., 2003; Grady et al., 2009; Scholze et al., 2012; Beiranvand et al., 2014; Xanthos et al., 2015). The direct association between α5 and the α4β2* backbone was demonstrated using a combination of immunopurification and immunoprecipitation of [3H]-epibatidine–labeled receptors with subunit-specific antibodies. Studies in the rat CNS indicate that (α4β2)2α5 receptors are expressed robustly in several regions, including the hippocampus, striatum, cerebral cortex, thalamus, and superior colliculus (Zoli et al., 2002; Mao et al., 2008; Grady et al., 2009). Similar experiments in mice revealed that these receptors are expressed in the striatum (Champtiaux et al., 2003), superior colliculus, and lateral geniculate nucleus (Gotti et al., 2005). Finally, sequential immunoprecipitation experiments revealed the expression of (α4β2)2α5 receptors in the chick brain (Conroy and Berg, 1998) and human neocortex (Gerzanich et al., 1998).

Two brain regions in which α5-containing receptors are expressed have been shown to play a key role in the reinforcing effects of nicotine; these regions are the MHb-IPN system, which accounts primarily for withdrawal mechanisms, and the VTA, which principal role consists in mediating reward (Tuesta et al., 2011; Leslie et al., 2013; Picciotto and Kenny, 2013; Antolin-Fontes et al., 2015; Pistillo et al., 2015; Molas et al., 2017; Arvin et al., 2019). Additional evidence suggests that—irrespective of the α5 subunit—α4β2 and α6β2 receptors in the VTA are necessary and sufficient for systemic nicotine reinforcement (Pons et al., 2008). Finally, Champtiaux and colleagues reported that the α5 subunit preferentially associates with the α4 and β2 subunits in dopaminergic neurons (Champtiaux et al., 2003).

Interestingly, α5-containing receptors in the MHb-IPN system have been linked to tobacco abuse and thus warrant special attention. No other region in the CNS has such a high density of nAChRs, and no region expresses more α5-containing receptors than the IPN. For example, the IPN of adolescent or adult rat contains ~350 fmol of overall receptor protein/mg total protein (Grady et al., 2009; Forget et al., 2018), and even though the reported amount of α5-containing receptors differs between studies, ranging from 23 fmol/mg protein (Forget et al., 2018) to 200 fmol/mg protein (Grady et al., 2009), direct comparisons between various brain regions support the notion that α5-containing receptors are highly enriched in both the rat (Forget et al., 2018) and mouse IPN (Beiranvand et al., 2014; Xanthos et al., 2015). Immunodepletion using an anti-β2 antibody significantly reduced the number of α5-containing receptors in the rat IPN, suggesting that the α5 subunit co-assembles into β2-containing receptors (Grady et al., 2009). In contrast, α5-containing receptors are not reduced in the IPN of β2 KO mice (Grady et al., 2009), although a different study found that α5-containing receptors were significantly reduced in β2 KO mice, but not in β4 KO mice (Beiranvand et al., 2014). Given that the levels of α4—but not α3—subunits are significantly reduced in both β2 KO mice (Grady et al., 2009; Beiranvand et al., 2014) and β2-immunodepleted rats (Grady et al., 2009), we conclude that α5 predominantly, if not exclusively, assembles into α4β2* receptors in the rodent IPN. As summarized below, a strikingly different picture emerges with respect to the MHb, in which the α5 subunit serves as the accessory subunit in α3β4* receptors (Scholze et al., 2012).

Using a transgenic α5GFP mouse, Hsu and colleagues found that α5-containing receptors are robustly expressed in several IPN subnuclei, but not in the MHb; the α5-containing neurons in the IPN were identified as predominantly GABAergic neurons that project to distinct raphe nuclei (Hsu et al., 2013). In a follow-up study by the same group, these findings were confirmed and expanded using Chrna5Cre mice with the Ai6 reporter gene (Morton et al., 2018). Specifically, they performed electrophysiological recordings in acute brain slices and found that the α5 subunit co-assembles with α4 and β2 subunits in these neurons, and currents induced by applying 1 mM ACh were significantly reduced by 10 μM dihydro-β-erythroidine (DhβE), which preferentially inhibits α4β2* receptors at this concentration (Morton et al., 2018).

Functional evidence supporting the presence of α5-containing nAChRs in distinct cell types in the CNS comes from both in vivo and in vitro (e.g., brain slices, transmitter release, etc.) experiments. For example, experiments combining patch-clamp recordings with single-cell PCR found that the nicotine-induced activation of interneurons is mediated by nAChRs composed of α4, α5, and β2 subunits in layers II, III, and V in acute rat brain slices containing the motor neocortex (Porter et al., 1999). Moreover, nAChR agonists induced larger, DhβE-sensitive currents in layer VI pyramidal neurons in slices containing the medial PFC taken from mice expressing the α5 subunit compared to slices obtained from α5 KO mice (Bailey et al., 2009). More recently, Koukouli and colleagues performed two-photon Ca2+ imaging in awake α5 KO mice and found reduced activity of VIP (vasoactive intestinal polypeptide)–expressing GABAergic interneurons, affecting the firing rate in layer II/III pyramidal cells (Koukouli et al., 2017). Finally, the α5 subunit has been shown to play a critical role in midbrain VTA neurons, in which the presence of this subunit significantly increased both the overall number of α4-containing receptors and the magnitude of ACh-induced, DhβE-sensitive currents (Chatterjee et al., 2013).

In summary, the α5 subunit co-assembles with the α4 and β2 subunits in different regions throughout the CNS; the medial habenula also expresses relatively low levels of (α3β4)2α5 nAChRs.



Receptor Affinity and Efficacy

The functional properties of α4β2* receptors, and how these properties are affected by the presence of the α5 accessory subunit, have been studied in detail using heterologous expression systems. For example, seminal work by Ramirez-Latorre and colleagues showed that chick α5 subunits require both the α4 and β2 subunits to form functional receptors when expressed in Xenopus oocytes, and the concentration-response curve of ACh-induced currents in α4β2 receptors was significantly right-shifted, with larger current amplitude, when the α5 subunit was expressed (Ramirez-Latorre et al., 1996). These early observations were confirmed partially by individual constructs or the pairwise expression of human α4β2 concatemers together with α4, β2, or α5 subunits in Xenopus oocytes; specifically (α4β2)2α5 receptors were as sensitive to ACh as (α4β2)2β2 receptors, while the concentration-response curve was significantly right-shifted for (α4β2)2α4 receptors compared to (α4β2)2β2 receptors (Tapia et al., 2007; Jin et al., 2014). More recently, Nichols and colleagues injected Xenopus oocytes with α5, α4, and β2 mRNA at a 10:1:1 ratio (i.e., a 10-fold excess of α5) and found that 100% of the receptors were high-affinity (i.e., α5 subunit-containing), with an ACh EC50 of 0.26 μM); in contrast, oocytes injected with only α4 and β2 (at a 1:1 ratio) had a biphasic concentration-response, with 65% high-affinity receptors (ACh EC50: 0.67 μM) and 35% low-affinity receptors (ACh EC50: 190 μM) (Nichols et al., 2016).

Lately, Prevost and colleagues used pentameric concatemer constructs for expression in Xenopus oocytes (Prevost et al., 2020). Similar to previous reports they observed no difference in ACh potency between human (α4β2)2β2 and (α4β2)2α5 receptors, whereas (α4β2)2α4 receptors showed a biphasic concentration response curve with an overall significantly reduced ACh potency. However, current amplitudes in response to saturating ACh concentrations were significantly reduced for α5 containing concatemers. Sazetidine-A, on the other hand, was a partial agonist for (α4β2)2α4 but a full agonist for (α4β2)2β2 and (α4β2)2α5 receptors, albeit with lower potency for (α4β2)2α5 receptors. Of interest, α5-containing nAChRs were irreversibly blocked by methanethiosulfonate reagents through a covalent reaction with a cysteine present at the second transmembrane segment only in α5 at position 261. By using this approach, the authors showed that reconstitution of nAChRs from loose α5, α4 and β2 subunits was inefficient and highly variable (Prevost et al., 2020).

Importantly, the presence of the α5 subunit also significantly increases the receptor's Ca2+ permeability. With Ca2+ as the only cation available in the superfusion buffer, peak currents recorded in (α4β2)2α5–expressing Xenopus oocytes were even larger than currents measured in oocytes expressing α7 receptors, the nAChR subtype with the highest Ca2+ permeability; (α4β2)2α4 receptors also showed high Ca2+ permeability, whereas (α4β2)2β2 receptors were hardly Ca2+-permeable (Tapia et al., 2007). Using stable nAChR-expressing tsA201 cell lines, Kuryatov and colleagues found that (α4β2)2β2 receptors were most sensitive to nicotine and ACh, followed by (α4β2)2α5, and then (α4β2)2α4, similar to the previously reported overall ranking measured in Xenopus oocytes (Kuryatov et al., 2008). Moreover, immunoisolation experiments revealed that 100% of receptors in the (α4β2)2α5-expressing cell line indeed contained the α5 subunit (Kuryatov et al., 2008).

Any increase in Ca2+ permeability will affect downstream Ca2+-dependent processes such as nAChR-induced transmitter release. Consistent with this notion, ACh-induced, DhβE-sensitive 86Rb efflux was significantly smaller in thalamic synaptosomes prepared from α5 KO mice compared to wild-type (WT) mice2. The finding that [125I]-epibatidine binding was not affected in the α5 KO mice—indicating that the overall number of receptors is unchanged—suggests impaired function in α4β2* receptors that lack the α5 accessory subunit (Brown et al., 2007; Jackson et al., 2010). Although 86Rb efflux measures the overall function of synaptic release, independent of the underlying transmitter system, these results are supported by the finding that α-conotoxin MII (α-CtxMII)–resistant, DhβE-sensitive [3H]-dopamine efflux from mouse striatal synaptosomes was also reduced in the α5 KO mouse (Salminen et al., 2004). These observations were subsequently confirmed by showing that dopamine release (measured using fast-scan cyclic voltammetry) requires the α5 subunit in the dorsal striatum, but not in the nucleus accumbens (Exley et al., 2012). Finally, the high-affinity component of ACh-induced GABA release from synaptic vesicles, which was abolished in several brain regions in α4 and β2 KO mice, was significantly reduced in the PFC—as well as in the hippocampus and striatum, albeit to a lesser extent—upon deletion of the α5 subunit (McClure-Begley et al., 2009).

In both the MHb and IPN, the nicotine concentration-response curves for the release of norepinephrine were right-shifted in α5 KO mice compared to control mice, suggesting that the α5 subunit increases the receptor's ligand sensitivity (Beiranvand et al., 2014). However, nAChR-stimulated norepinephrine release requires action potentials (Sacaan et al., 1995; Scholze et al., 2007) and is blocked by tetrodotoxin (TTX), similar to nicotine-induced norepinephrine release in the hippocampus (Sacaan et al., 1995; Scholze et al., 2007; Beiranvand et al., 2014). Moreover, the Ca2+ required for synaptic vesicle fusion (and hence, transmitter release) in presynaptic terminals may come either via nACh receptors (if they are positioned closely enough to the release site) or via voltage-gated Ca2+ channels (along with the action potentials generated by nAChRs); these two mechanisms have been termed “transmitter release by presynaptic nAChRs receptors” and “transmitter release by preterminal nAChRs receptors,” respectively (Wonnacott, 1997). In addition, norepinephrine release was also abolished in β2 KO mice, suggesting that this release is mediated by α4β2* receptors (Scholze et al., 2007; Beiranvand et al., 2014). Importantly, both the MHb (Lecourtier and Kelly, 2007) and the IPN (Antolin-Fontes et al., 2015) receive noradrenergic input from the locus coeruleus, where most nicotinic subunits, including α5, are expressed (Lena et al., 1999).

Patch-clamp recordings revealed significantly smaller currents in response to 1 mM ACh in brain slices containing the VTA prepared from α5 KO mice compared to WT mice (Chatterjee et al., 2013). Likewise, stimulating nAChRs in VTA brain slices with a saturating concentration of dimethylphenylpiperazinium (DMPP) induced smaller currents in α5 KO mice compared to WT mice, and restoring the α5 subunit in α5 KO mice by lentiviral infection restored the DMPP-induced response in VTA neurons to WT levels (Morel et al., 2014). Consistent with these results, an 8-fold higher dose of intravenous nicotine was required to significantly increase the in vivo firing rate of dopaminergic VTA neurons in α5 KO mice compared to WT mice, and the sensitivity to intravenous nicotine was restored by expressing the α5 subunit in α5 KO VTA dopaminergic neurons (Morel et al., 2014). These observations in mice were later supported in a follow-up study using α5 KO rats, in which currents induced with 100 μM DMPP were significantly smaller in VTA brain slices prepared from KO rats compared to WT rats (Forget et al., 2018). Similarly, a 3-fold higher intravenous dose of nicotine was needed to increase the firing frequency of VTA neurons in KO rats compared to WT rats. Consistent with affecting function but not expression, the overall number of nAChRs in nine specific brain regions (measured using immunoprecipitation) was similar between WT and KO animals (Forget et al., 2018). Finally, currents elicited with 30 μM nicotine were significantly smaller in IPN slices prepared from α5 KO rats compared to WT rats (Forget et al., 2018). Taken together, these findings suggest that the α5 accessory subunit increases the receptor's sensitivity and efficacy.

Interestingly, cells recorded in VTA slices prepared from α5 KO mice lacked an additional “large” (40 pA) current component measured in response to 100 μM nicotine, a feature that was present in WT slices (Sciaccaluga et al., 2015). In addition, the authors also found that applying 100 μM nicotine increased intracellular Ca2+ in cultured VTA neurons prepared from WT mice, but not in neurons prepared from α5 KO mice (Sciaccaluga et al., 2015). Overall, these findings suggest that the α5 subunit increases the receptor's efficacy.

On the other hand, Sciaccaluga and colleagues found that expressing the α5 subunit in rat pituitary GH4C1 cells significantly reduced receptor efficacy compared to cells expressing (α4β2)2α4 receptors. Hence, cells expressing (α4β2)2α5 receptors had smaller currents and less increase in intracellular Ca2+ in response to 100 μM nicotine (Sciaccaluga et al., 2015). This finding is consistent with reduced receptor efficacy (measured using voltage-clamp recordings) in Xenopus oocytes expressing (α4β2)2α5 receptors compared to (α4β2)2α4 receptors (Jin et al., 2014). Nevertheless, given the increased Ca2+ permeability of (α4β2)2α5 receptors (Tapia et al., 2007), one would have expected increased Ca2+ signals in GH4C1 cells expressing these receptors.

The α5 subunit is also expressed in VIP interneurons in layer II/III, which inhibit both somatostatin and parvalbumin interneurons in the PFC. Given that both somatostatin and parvalbumin GABAergic neurons reduce the firing rate of layer II/III pyramidal neurons, reduced activity of VIP interneurons would be expected to reduce the firing frequency of pyramidal neurons. Consistent with this hypothesis, Koukouli and colleagues performed in vivo two-photon Ca2+ imaging in awake mice and found that pyramidal cells in α5 KO mice fire at a reduced frequency, and targeted virus-mediated expression of the α5 subunit in VIP GABAergic neurons restored both the normal firing rate of VIP interneurons and the firing frequency of pyramidal cells (Koukouli et al., 2017). Together with the in vitro data above, these in vivo results suggest that (α4β2)2α5 receptors have a robust response to endogenous ACh compared to receptors lacking the α5 subunit.

The presence of the α5 subunit in α4β2* receptors also appears to have a major effect on neuronal activity in the rostral IPN, as currents elicited in response to 1 μM nicotine or 1 mM ACh are smaller in slices prepared from α5 KO mice compared to WT mice; in contrast, no difference was observed in the ventral MHb (Morton et al., 2018). The reduced response in α5 KO IPN neurons could be due to a reduced number of receptors and/or reduced efficacy; based on previously published [3H]-epibatidine radioligand binding experiments in WT and α5 KO mice, the authors concluded that reduced efficacy of receptors lacking the α5 subunit is the more likely explanation (Morton et al., 2018). Thus, the reduced DhβE-sensitive ACh-induced currents in layer VI pyramidal neurons in α5 KO mice are likely also due to reduced efficacy, rather than reduced receptor expression or membrane trafficking (Bailey et al., 2009). Finally, Bailey and colleagues found that ACh is not only less efficacious but also less potent in eliciting currents in layer VI pyramidal neurons in α5 KO mice compared to WT mice (Bailey et al., 2009).

In summary (α4β2)2α5 and (α4β2)2β2 receptors have similar sensitivity, and both receptor subtypes are significantly more sensitive than (α4β2)2α4 receptors, which are also found in the CNS. Moreover, agonists are more efficacious at activating (α4β2)2α5 receptors compared to α4β2* receptors lacking the α5 subunit, while (α4β2)2α5 receptors have higher Ca2+ permeability compared to both (α4β2)2β2 and (α4β2)2α4 receptors. Taken together, these properties explain the fact that (α4β2)2α5 receptors are highly efficacious at mediating transmitter release in the CNS.



Desensitization Properties

Unlike acute receptor desensitization, seen as the decay of current during ligand application, “prolonged” desensitization may actually be more physiologically relevant. Receptors enter and maintain a state of prolonged desensitization when exposed to ligands such as nicotine (at concentrations measured in smokers) for an extended period of time (Quick and Lester, 2002; Wooltorton et al., 2003).

The effect of the α5 subunit on prolonged desensitization in nAChRs has been studied in both heterologously expressed and endogenous receptors, with partially conflicting results. When expressed in tsA201 cells, for example, long-term (e.g., 6 h) desensitization was similar between cells expressing (α4β2)2α5 and cells expressing a combination of (α4β2)2α4 and (α4β2)2β2 receptors (Kuryatov et al., 2008). In contrast, several reports found that the α5 subunit reduces desensitization when assembled in α4β2* receptors. For example (α4β2)2β2 receptors mediating GABA release in cortical synaptosomes isolated from α5 KO mice had significantly more nicotine-induced desensitization compared to the (α4β2)2α5 receptors present in WT synaptosomes (Grady et al., 2012). Similarly, the IC50 values of 11 agonists for desensitizing α-CtxMII-resistant (i.e., non-α6*) receptors that mediate [3H]-dopamine release were significantly lower in α5 KO striatal synaptosomes compared to WT (Wageman et al., 2014).

By measuring currents induced by applying 1 mM ACh to layer VI pyramidal cells in the medial PFC, Bailey and colleagues found that neurons in α5 KO mice had ~2-fold more desensitization following a 10-min pretreatment with 100 or 300 nM nicotine compared to WT neurons (Bailey et al., 2010). In extending this observation by optogenetic stimulation of cholinergic fibers, Venkatesan and Lambe recently reported that in α5 WT mice, the optogenetic cholinergic response of layer VI pyramidal cells is unchanged by application of 100 nM nicotine, whereas the optogenetic response is rapidly attenuated in α5 KO mice (Venkatesan and Lambe, 2020). Interesting, 300 nM nicotine cause complete desensitization of receptors in layer II/III and layer VI interneurons measured using patch-clamp recordings in PFC slice preparations; in contrast, the cholinergic responses in layer V interneurons and layer VI pyramidal cells had less desensitization, possibly due to the expression of the α5 subunit in these neurons (Poorthuis et al., 2013). Finally, Chatterjee and colleagues found significantly more nicotine-induced desensitization in VTA neurons in slices prepared from α5 KO compared to WT mice (Chatterjee et al., 2013).

In summary, α5 KO neurons are more sensitive to chronic agonist-induced desensitization compared to WT neurons.



Receptor Expression and Membrane Trafficking

Using tsA201 cell lines expressing either α4β2* or (α4β2)2α5 receptors, Kuryatov and colleagues found that cells expressing (α4β2)2α5 receptors had 40% more epibatidine binding sites compared to cells expressing α4β2* receptors [i.e., (α4β2)2α4 and (α4β2)2β2 receptors], suggesting that the presence of the α5 subunit increases overall receptor expression; in contrast, plasmic membrane targeting [which in cells expressing (α4β2)2α5 receptors represents ~20% of the total [3H]-epibatidine–binding pool] was significantly reduced compared to cells expressing α4β2* receptors (Kuryatov et al., 2008). The α5 subunit has been shown to play a role in the expression of α4-containing receptors midbrain VTA neurons, increasing the overall expression and trafficking of α4β2* receptors (Chatterjee et al., 2013). In contrast, [125I]-epibatidine binding measured at a high enough concentration to bind both high-affinity and low-affinity receptors was similar between WT and α5 KO mice in all brain regions investigated (Salas et al., 2003). A subsequent study by Baddick and Marks using semi-quantitative visual analysis in WT and additional mouse KO models confirmed these results (Baddick and Marks, 2011). As discussed above, Brown and colleagues found that deleting the α5 subunit in α5 KO mice significantly reduced DhβE-sensitive 86Rb efflux in thalamic synaptosomes without affecting [125I]-epibatidine binding, suggesting reduced receptor efficacy, rather than reduced expression of presynaptic receptors (Brown et al., 2007). Interestingly, Nichols and colleagues found that introducing the V287L mutation in the β2 subunit (a mutation linked to autosomal dominant nocturnal frontal lobe epilepsy) reduced the total surface expression of α4β2* receptors expressed in HEK293 cells but caused a 4-fold increase in (α4β2)2α5 receptors at the plasma membrane (Nichols et al., 2016).

In summary, in both mice and rats, loss of α5 does not affect the overall expression of α4β2* receptors measured using either [125I]-epibatidine or [3H]-epibatidine binding.



Do the Functional Properties Differ Between (α4β2)2α5N398 and (α4β2)2α5D398 Receptors?

Kuryatov and colleagues compared the properties of (α4β2)α5 receptors containing either the α5 N398 or D398 variant expressed in Xenopus oocytes (Kuryatov et al., 2011). In the α5 subunit, amino acid 398 resides in the large cytoplasmic domain adjacent to the conserved amphipathic α-helix that immediately precedes the fourth transmembrane domain (Figure 2). The authors speculated that in this region, the negatively charged aspartic acid at position 398 in the D398 variant might increase Ca2+ permeability, whereas the amide group in the asparagine in the rare N398 variant might reduce Ca2+ permeability. Indeed, they found that the N398 α5 variant has significantly lower Ca2+ permeability—but similar sensitivity—compared to the D398 variant (Kuryatov et al., 2011). The authors observed no difference in ACh potency between receptors incorporating either the N398 or the D398 α5 variant. However, desensitization in the presence of 3 μM ACh was significantly larger for (α4β2)2α5N398 than for (α4β2)2α5D398 receptors, suggesting that the already narrow concentration range for activatable α4β2* receptors relevant at smoking may be further reduced by the N398 variant (“smoldering activation range,” Kuryatov et al., 2011).
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FIGURE 2. Model of the 3D structure of the (α3β4)2α5 nAChR. Transmembrane and intracellular domains of α3, α5, and β4 subunits are shown in orange, red, and green, respectively. The S435 residue in β4 and the D397 residue in α5 are located at the tip of the intracellular vestibule. Note the close apposition between S435 in the β4 subunit and D397 (corresponding to amino acid 398 in the human ortholog) in the α5 subunit. Changing the serine at position 435 in the β4 subunit to the arginine present in the corresponding residue in β2 abolished the β4-specific trafficking of the receptor to the plasma membrane. EC, extracellular space; IC, intracellular space. Reproduced with permission from Frahm et al. (2011).


In contrast to the tetrameric β2-α4-β2-α4 concatemers with added either N398 or D398 α5, Prevost and colleagues used full pentameric concatemers for expression in Xenopus oocytes. Still, no difference was observed in ACh potency, efficacy or acute desensitization when comparing (α4β2)2α5D398 with (α4β2)2α5N398 receptors (Prevost et al., 2020). The reduced Ca2+ permeability mentioned above explain the smaller Ca2+ signal measured using the Ca2+-sensing photoprotein aequorin in HEK293T cells transfected with mouse α4, β2, and α5N397 subunits3, compared to cells transfected with α4, β2, and α5D397 subunits (Bierut et al., 2008).

Using qPCR analysis, Oni and colleagues found that CHRNA3, CHRNA4, CHRNA5, CHRNB2, and CHRNB4 mRNA levels (encoding the α3, α4, α5, β2, and β4 nAChR subunits, respectively), were similar in human iPSCs differentiated to primarily dopaminergic neurons, irrespective of whether the CHRNA5 gene carried the D398 or N398 allele (Oni et al., 2016). Compared to D398-expressing neurons, N398-expressing neurons exhibited greater postsynaptic activity, indicated by the increased frequency and the amplitudes of the spontaneous postsynaptic currents. When the authors differentiated the iPSCs into glutamatergic cells, they found that 0.1 μM nicotine significantly increased the frequency of spontaneous excitatory postsynaptic currents (EPSCs) in neurons carrying the N398 variant, but had no effect in neurons carrying the D398 variant. Higher concentrations of nicotine increased the frequency of EPSCs in neurons carrying the D398 variant, but had no effect in neurons carrying the N398 variant, which could be explained by receptor desensitization at these concentrations. Given the response to sub-micromolar concentrations of nicotine, these differences are likely due to the presence of high-affinity (α4β2)2α5 receptors containing either the D398 or N398 α5 variant. Based on gene expression profiling using RNA-seq analysis, the authors speculated that genes specific for the ligand-receptor interaction, Ca2+ signaling, and axon guidance are enriched in neurons carrying the N398 α5 variant, thus accounting for the observed differences (Oni et al., 2016). Interestingly, however, the differences observed between neurons carrying the N398 variant and neurons carrying the D398 variant were independent of preceding nAChR activation.

More recently, O'Neill and colleagues found that exposing pregnant mice to nicotine significantly affected the offspring's consumption of nicotine. Nicotine in the drinking water of dames reduced the nicotine consumption of offsprings carrying the α5(D397) gene, whereas consumption was enhanced in offsprings carrying the α5(N397) gene. By examining the underlying cellular and molecular mechanisms, the authors observed that exposure to nicotine during development differentially affected both the function of α4β2* nAChRs in the striatum and the expression of α3β4* nAChRs in the habenula of offsprings (O'Neill et al., 2018).

In VTA slice preparations, application of 100 μM nicotine revealed two distinct neuronal populations; one population responded with a relatively large current of ~40 pA, and the other population responded with a much smaller current (~8 pA). Interestingly, the 40-pA cell population was significantly reduced in mice carrying the N397 α5 variant and missing entirely in α5 KO mice (Sciaccaluga et al., 2015). Furthermore, the number of cultured ventral midbrain cells that responded to 100 μM nicotine, as well as the extent of the increase in intracellular Ca2+, was significantly reduced in neurons carrying the N397 variant compared to neurons carrying the D397 variant. Since nicotine application failed to induce an increase in intracellular Ca2+ in cultures prepared from α5 KO mice, these observations indicate that the N397 variant can partially substitute for the more common D397 variant in (α4β2)2α5 receptors (Sciaccaluga et al., 2015). This notion is supported by experiments with transiently transfected rat pituitary GH4C1 cells, which suggests that the N397 variant can indeed replace the D397 variant; compared to cells expressing (α4β2)2β2 receptors, both the current and the number of cells with an increase in intracellular Ca2+ in response to 100 μM nicotine were reduced to similar levels in cells expressing either (α4β2)2α5N397 or (α4β2)2α5D397 nAChRs (Sciaccaluga et al., 2015).

As discussed above, the firing rates of VIP interneurons and pyramidal cells in layer II/III of the PFC are regulated by α5-containing receptors, likely containing the α4β2* backbone. In α5 KO mice, the reduced firing frequency in these neurons is fully restored by expressing the D397 α5 variant, but is only partially restored by expressing the N397 variant, suggesting that the N397 variant can functionally replace—at least partially—the D397 α5 variant (Koukouli et al., 2017).

In separate experiments, Morel and colleagues used targeted lentiviral infection to express the N397 or D397 α5 variant in α5 KO mice and found that both variants restored DMPP-induced currents in VTA brain slices to the same extent. However, they found that increasing the firing rate of in vivo recorded VTA dopaminergic neurons required a 2-fold higher dose of intravenous nicotine in α5 KO mice virally transfected with the N397 α5 variant compared to α5 KO mice transfected with the D397 variant. Together with the previous observation that an 8-fold higher dose of nicotine was required to achieve the same effect in uninfected α5 KO mice, these results indicate that the N397 variant is less potent than the D397 variant at driving nicotine dependence (Morel et al., 2014).

Recently, these findings in mice were confirmed in rats genetically engineered to express the N397 α5 variant on an α5 KO background (Forget et al., 2018). Stimulating nAChRs in VTA brain slices with a saturating concentration of DMPP concentration induced currents that were similar between WT and α5N397 rats (Forget et al., 2018). Similarly, and unlike the α5 KO rat, WT and α5N397 rats required the same dose of intravenous nicotine in order to increase the firing frequency of VTA neurons. These observations suggest that nAChRs expressed in VTA neurons have similar sensitivity and efficacy regardless of whether they contain the D397 or N397 α5 variant. However, compared to WT rats, the current amplitude measured in IPN neurons stimulated with 30 μM nicotine was significantly reduced in both α5 KO rats and in α5N397 rats. Finally, the authors found that α5N397 rats self-administered more nicotine at higher doses and exhibited higher levels of nicotine-induced reinstatement of nicotine-seeking behavior compared to WT rats, confirming that the IPN plays a critical role in this behavior (Forget et al., 2018).

In summary (α4β2)2α5N397 receptors are less sensitive to agonists compared to (α4β2)2α5D397 receptors. Moreover (α4β2)2α5N398 receptors have less Ca2+ permeability compared to (α4β2)2α5D398 receptors.





THE α5 SUBUNIT CO-ASSEMBLES WITH α3 AND β4 IN THE CENTRAL AND PERIPHERAL NERVOUS SYSTEMS


Regional Distribution

Receptors containing α3 and β4 nAChR subunits are predominately expressed in the autonomic nervous system, and the α5 subunits co-assembles with these two subunits to a significant extent (Conroy and Berg, 1995; Mao et al., 2006; David et al., 2010). Moreover, the α3 and β4 subunits are present in several regions in the rodent brain, particularly the MHb and IPN (Sheffield et al., 2000; Grady et al., 2009; Scholze et al., 2012; Beiranvand et al., 2014). In the MHb, α5, although expressed at relatively low levels, co-assembles primarily with α3β4* receptors, as deleting the β4 subunit eliminates all of the [3H]-epibatidine-labeled receptors pulled down using an anti-α5 antibody (Scholze et al., 2012). In contrast, mice lacking the β2 subunit have normal levels of α5-containing receptors (Grady et al., 2009; Scholze et al., 2012). Despite this finding, some receptors in the MHb may contain the β2 subunit, as pre-clearing this subunit using an anti-β2 antibody also removes α5-containing receptors in both mice (Scholze et al., 2012) and rats (Grady et al., 2009). Nevertheless, a previous report based on nAChR agonist and antagonist profiling suggested that nAChRs in the rat MHb consist primarily of α3β4* receptors (Quick et al., 1999). Specifically, they found that cytisine was the most efficacious agonist, and the α3β4-specific antagonist α-conotoxin AuIB inhibited ~75% of nicotine-induced currents. Given that the α3β2-specific antagonist α-CtxMII also inhibited currents to a certain extent, the authors proposed that the β2 subunit may contribute to these receptors (Quick et al., 1999), consistent with the above-mentioned immunoprecipitation studies (Grady et al., 2009; Scholze et al., 2012). On the other hand, α5-containing receptors were not detected in the MHb of transgenic α5GFP mice (Hsu et al., 2013), and along with its relatively low expression in the MHb (Morton et al., 2018), Chrna5 mRNA could not be detected in this brain region using in situ hybridization (Wada et al., 1990).

Although the notion that α3β4* receptors are expressed predominantly in the MHb is undisputed, the effect of the α5 accessory subunit on receptor function in the MHb has been a matter of debate (Morton et al., 2018). Transgenic mice overexpressing Chrnb4 exhibit a strong aversion to nicotine, which can be reversed by expressing the N397 α5 variant in the MHb (Frahm et al., 2011). On the other hand, the aversive effects of high nicotine doses on the brain's reward systems are abolished in mice with a targeted loss of α5 subunits, and this effect was reversed by restoring α5 expression in the MHb (Fowler et al., 2011). The converse experiment—knocking down α5 expression using a lentivirus-mediated shRNA injected into the MHb of rats—support the findings in α5 KO mice (Fowler et al., 2011). The authors also found that Fos immunoreactivity (a marker for neuronal activity) was significantly increased in the IPN following an aversively high dose of nicotine in WT mice, but not in α5 KO mice, leading to the conclusion that the α5 subunit has a facilitating effect on receptor function. This effect may be indirect, as nicotine increased the intrinsic excitability of MHb neurons in brain slices, and this increase was mimicked by the application of the neurokinin 1 receptor ligand substance P and the neurokinin 3 receptor agonist neurokinin B, but was prevented by preincubation with the neurokinin 1 receptor antagonist L-732138 and the neurokinin 3 receptor antagonist SB222200, and was absent in α5 KO mice (Dao et al., 2014). Moreover, 86Rb efflux induced with 30 μM ACh was significantly reduced in synaptosomes isolated from several brain regions in α5 KO mice, including the habenula and IPN (Fowler et al., 2011). Interestingly, injections of Lenti-Chrna5 into the MHb attenuated the deficits in 86Rb efflux in the IPN, but not in the MHb, of knockout mice.

The IPN receives major cholinergic input from MHb afferents, which release glutamate and ACh (Ren et al., 2011), and studies have shown that the release of ACh from either intact IPN tissue or IPN synaptosomes in response to nAChR activation requires β4-containing receptors (Grady et al., 2009; Beiranvand et al., 2014), suggesting receptors consisting of the α3β4* backbone. The finding that ACh release was also reduced in β3 KO mice suggests that β3β4* receptors also contribute to this release (Grady et al., 2009). On the other hand, the agonist-induced release of ACh is not facilitated by α4, α5, or β2 subunits (Grady et al., 2009; Beiranvand et al., 2014). With respect to norepinephrine release from the IPN and MHb, however, the concentration-response curves depended on β2-containing receptors; moreover, the curves were right-shifted in α5 KO mice, and norepinephrine release was abolished in the presence of TTX (Beiranvand et al., 2014).

In the autonomic nervous system, α3β4* receptors form the predominant receptor backbone, unlike in the CNS. In both mouse and rat ganglia, ~25% of these receptors contain the α5 subunit (Mandelzys et al., 1994; Mao et al., 2006; Putz et al., 2008; David et al., 2010). Given the finite number of possibly nAChR subunit combinations, and given the availability of various mouse—and more recently, rat—KO models, the ganglia in the autonomic nervous system are an ideal system for studying the composition and function of specific endogenous nAChRs.

In summary, the α5 subunit co-assembles with the α3 and β4 subunits throughout the autonomic nervous system. However, nAChRs in the medial habenula contain (α3β4)2α5 receptors at low levels.



Receptor Affinity and Efficacy

Like α4β2* receptors discussed above, the properties of α3β4* receptors, and how these properties are affected by the presence of the α5 subunit, have been studied in heterologous expression systems. For example, Wang and colleagues reported no significant difference in the potency or efficacy of ACh and nicotine between human α3β4* receptors lacking the α5 subunit and (α3β4)2α5 receptors when expressed in Xenopus oocytes (Wang et al., 1996). On the other hand, expressing α5 with α3 and β4 receptors at a 1:1:1 ratio in Xenopus oocytes significantly increased Ca2+ permeability and the rate of receptor desensitization (Gerzanich et al., 1998). These observations were later confirmed by Groot-Kormelink and colleagues, who also observed an increase in apparent receptor desensitization and no difference in ACh potency or efficacy between α3β4* and (α3β4)2α5 receptors expressed in Xenopus oocytes; to maximize the number of (α3β4)2α5 receptors, the α5, α3, and β4 subunits were expressed at a ratio of 20:1:1 (Groot-Kormelink et al., 2001). In a separate study in which Xenopus oocytes expressed mouse α3 and β4 subunits (at a 1:1 ratio), ACh produced a monophasic concentration-response curve when peak current was measured, but a biphasic curve when net charge was measured, suggesting the expression of both high-affinity and low-affinity receptors; the addition of α5 expression (at a 1:1:1 ratio with α3 and β4) had no effect on the ACh EC50 value for peak current, but produced a monophasic ACh concentration-response curve for net charge, consistent with the hypothesis that α5 co-expression shifts receptors toward a single α5-containing form (Papke et al., 2010). In follow-up experiments by the same group, none of the agonists studied, including ACh, nicotine, cytisine, and varenicline, differed in potency between human (α3β4)2β4 and (α3β4)2α5 receptors expressed in Xenopus oocytes by injecting the dimeric α3-β4 concatemer together with either β4 or α5 (Stokes and Papke, 2012).

Similarly, no significant difference was found with respect to the potency of ACh, nicotine, or cytisine among (α3β4)2β4, (α3β4)2α3, and (α3β4)2α5 receptors expressed as pentameric concatemers in Xenopus oocytes, although the nAChR agonists ACh, nicotine, and cytisine had higher efficacy in α5-containing receptors compared to α3- and β4-containing receptors (George et al., 2012). In contrast, when α3 and β4 were injected separately, the addition of α5 at a ratio of 1:1:1 significantly reduced the expression of functional receptors, possibly due to an adverse effect of separate α5 subunits with respect to forming functional nAChRs (George et al., 2012). Interestingly, the potency of mecamylamine decreased by an order of magnitude between (α3β4)2β4 and (α3β4)2α5 receptors, regardless of whether they were expressed as separate subunits or as concatemers (George et al., 2012). These observations are similar to results obtained regarding the effect of hexamethonium on inhibiting transganglionic transmission in the superior cervical ganglion (SCG) of WT mice and α5β2 KO mice (i.e., expressing α3β4* receptors), with IC50 values of 389.2 and 126.7 μM, respectively (Simeone et al., 2019). By taking into consideration the contribution of (α3β4)2β4 receptors in WT mice, the authors calculated an IC50 of 568.6 μM for (α3β4)2α5 receptors (Simeone et al., 2019).

Studies have found no difference in the potency or efficacy of agonists between α3β4* receptors expressed either with or without the α5 subunit in tsA201 cells (Wang et al., 1998; Nelson et al., 2001). The presence of the α5 subunit also had no effect on the decay of currents elicited by 300 μM ACh (Wang et al., 1998). However, immunoprecipitation studies using a cell line expressing (α3β4)2α5 receptors showed that only 14% of all nAChRs contained the α5 subunit (Wang et al., 1998; Nelson et al., 2001), which may be too low to reveal any meaningful effect of the α5 subunit. To overcome this issue, Li and colleagues transiently transfected α3β4-expressing HEK293 cells with a FLAG-tagged α5 subunit, allowing them to selectively study cells that bound to small beads coated with an anti-FLAG antibody (Li et al., 2011). Using this strategy combined with patch-clamp recording, the authors found that the presence of the α5 subunit had no effect on the potency of ACh, nicotine, cytisine, or DMPP (Li et al., 2011). In BOSC-23 cells (a human kidney cell line derived from the 293T cell line), co-expressing the α5 subunit with α3β4 receptors caused a significant right-shift in the ACh concentration-response curve, as well as a reduction in the peak amplitude of the response; in contrast, when α5 was co-expressed with α3 and β4 in Xenopus oocytes, no observable difference was found with respect to ACh potency or efficacy (Fucile et al., 1997).

Decreased agonist efficacy in the presence of the α5 subunit was also observed when receptor function was measured using the bioluminescent Ca2+ indicator aequorin. At saturating concentrations of the agonists nicotine and varenicline, together with 20 mM Ca2+ in the recording solution, the increase in intracellular Ca2+ concentration was significantly higher in HEK293 cells stably expressing α3β4* compared to cells expressing (α3β4)2α5; importantly, this effect of the α5 subunit was not due to a change in either the total or surface expression of the receptors (Tammimaki et al., 2012). Interestingly, and in contrast to results obtained with Xenopus oocytes (George et al., 2012), Tammimaki and colleagues found that the potency of mecamylamine was somewhat higher in cells expressing the α5 subunit (Tammimaki et al., 2012). Recently, the reduced efficacy of nicotine at activating (α3β4)2α5 receptors compared to (α3β4)2β4 receptors was confirmed by measuring aequorin luminescence in HEK293 cells stably transfected with human α3 and β4 subunits and cells stably expressing α3, β4, and α5 subunits (Ray et al., 2017).

Yu and Role studied the effect of α5 on α3β4* receptors in chick sympathetic neurons by functionally deleting the α5 subunit with antisense oligonucleotide treatment. The deletion of α5 significantly increased the potency of both ACh and cytisine. ACh was more efficacious than cytisine both with and without antisense treatment, but the difference was significantly larger upon deletion of α5. As deletion of α5 also eliminated channels that were blocked by the α7-specific antagonist methyllycaconitine while increasing the percentage of current carried by nAChRs that are sensitive to α-bungarotoxin, the authors inferred that native sympathetic neurons express heteromeric nAChRs that include both α5 and α7 (Yu and Role, 1998).

In β2 KO mice, the SCG neurons express ~75% α3β4* receptors and ~25% (α3β4)2α5 receptors, whereas α5β2 double-KO mice express exclusively α3β4* hetero-pentameric receptors, making these ideal models for investigating the role of the α5 subunit in endogenous α3β4* receptors (David et al., 2010). Moreover, as discussed below, experiments showed that the percentage of (α3β4)2α5 receptors in the plasma membrane is significantly higher than the percentage of the overall receptor pool determined by immunoprecipitation (Simeone et al., 2019). With respect to ligand potency, David and colleagues found no difference in either the potency or efficacy of cytisine or DMPP between cultured neurons prepared from either α5β2 double-KO mice or β2 KO mice, and the total number of nACh receptors was not reduced in either α5β2 double-KO mice or β2 KO mice (David et al., 2010). With respect to the single-channel properties, unitary conductance was similar between α5-containing receptors and α3β4* hetero-pentameric receptors; however, α5-containing receptors had a longer open dwell time and longer burst duration (Ciuraszkiewicz et al., 2013).

In cultured SCG neurons, both α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors are present at presynaptic sites, where receptor activation by ACh, nicotine, cytisine, DMPP, or epibatidine in the presence of TTX (for blocking voltage-gated Na+ channels) or Cd2+ (for blocking voltage-gated Ca2+ channels) triggers the release of preloaded [3H]-norepinephrine (Kristufek et al., 1999; Fischer et al., 2005b). Although agonist potency differed slightly between SCG cultures prepared from α5 KO mice and WT mice, the agonists' efficacy was considerably higher in α5 KO neurons (Fischer et al., 2005b). Importantly, the release of [3H]-norepinephrine required extracellular Ca2+ in the superfusion buffer, suggesting that Ca2+ entry via nAChRs triggers exocytosis and transmitter release, and intracellular Ca2+ imaging revealed that nAChR agonists induce a larger Ca2+ transient in α5 KO neurons compared to WT neurons (Fischer et al., 2005b). Given that the peak current amplitudes elicited in response to saturating concentrations of ACh, DMPP, and cytisine were similar between α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors (David et al., 2010), the above-mentioned findings suggest that receptors lacking the α5 subunit have increased Ca2+ permeability, increased Ca2+ release from intracellular stores, or an increase in additional downstream mechanisms, rather than a general increase in receptor efficacy. These findings are reminiscent of the results obtained using HEK293 cells expressing α3 and β4 subunits vs. cells expressing α3, β4, and α5 subunits (Tammimaki et al., 2012; Ray et al., 2017).

In summary, the α5 subunit does not significantly affect the sensitivity of α3β4* receptors expressed with concatemer constructs in Xenopus oocytes. However, heterologously expressed human receptors containing the α5 subunit are activated at higher efficacy than either (α3β4)2α3 or (α3β4)2β4 receptors. In contrast, endogenous receptors recorded in SCG neurons in α5 KO mice do not differ significantly from WT neurons with respect to either activation sensitivity or efficacy. Activation of α3β4* leads to a significantly higher increase in intracellular Ca2+ compared to (α3β4)2α5 receptors expressed in HEK293 cells. Likewise, SCG neurons taken from α5 KO mice show a significantly higher increase in intracellular Ca2+ upon receptor activation compared SCG neurons taken from WT mice, and receptor activation also induces a significantly higher release of preloaded [3H]-norepinephrine in SCG neurons taken from α5 KO mice. This contrasts observations in Xenopus oocytes, where (α3β4)2α5 receptors have higher Ca2+ permeability compared to α3β4* receptors.



Desensitization Properties

When expressed in Xenopus oocytes, the addition of the α5 subunit to the α3 and β4 subunits increased the rate of apparent receptor desensitization during ACh application (Gerzanich et al., 1998; Groot-Kormelink et al., 2001). Indeed, expressing the α5 subunit in a tsA201 cell line stably expressing human α3β4 receptors had no effect on the decay of currents elicited in response to 300 μM ACh (Nelson et al., 2001). Similarly, no difference in decay was observed using a higher concentration of ACh (1 mM), whereas 100 μM nicotine prolonged the current decay in HEK293 cells transfected with α5, α3, and β4 subunits compared to cells expressing only the α3 and β4 subunits (Li et al., 2011).

When HEK293 cells expressing either α3β4* or α3β4α5 receptors were incubated for 30 s with 1 mM ACh or 100 μM nicotine, the time course of recovery from desensitization measured using patch-clamp recording was similar between the two receptor subtypes (Li et al., 2011). Moreover, using the intracellular Ca2+-sensing photoprotein aequorin, Tammimaki and colleagues found no significant difference in nicotine IC50 values between α3β4* and (α3β4)2α5 receptors stably expressed in HEK293 cells upon prolonged exposed to nicotine (Tammimaki et al., 2012).

The current decay measured in response to 300 μM ACh and fit with the sum of two exponential functions was similar between α5 single-KO and α5β2 double-KO mice, which express α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors, respectively (David et al., 2010). These KO mouse models were also used to measure receptor desensitization during prolonged exposure to nicotine in an intact SCG preparation in which compound action potentials (CAPs) were recorded from the postganglionic nerve in response to supramaximal stimulation of the preganglionic nerve. Nicotine added to the superfusion buffer at increasing concentrations yielded IC50 values of 3.01 μM for α3β4* receptors and 3.67 μM for (α3β4)2α5 receptors (Simeone et al., 2019). This small, yet statistically significant difference indicates that the presence of the α5 subunit provides a slight degree of protection from receptor desensitization, although these levels of nicotine are not achieved, even with heavy smoking (Moreyra et al., 1992).

Varying the stimulation frequency of the preganglionic nerve also revealed differences in CAP amplitude between ganglia expressing α3β4* receptors and ganglia expressing (α3β4)2α5 receptors (Simeone et al., 2019). With a stimulation frequency of 5 Hz, CAP amplitude increased significantly in WT ganglia but not in α5β2 KO ganglia; with 10-Hz stimulation, however, CAP amplitude decreased in α5β2 KO ganglia but not in WT ganglia, suggesting differences in activation and/or desensitization properties between these two receptors (Simeone et al., 2019).

In summary, the α5 subunit has just minor effects, if at all, on the desensitization properties of α3β4* receptors.



Receptor Expression and Membrane Trafficking

Measuring the total number of receptors using methods such as radiolabeled ligands (Brown et al., 2007; Baddick and Marks, 2011) or immunoprecipitation of solubilized [125I]-epibatidine–labeled receptors (Tammimaki et al., 2012) does not necessarily provide information regarding the number of functional receptors that actually reach the cell surface, requiring morphological, biochemical, and/or functional techniques in order to monitor receptor trafficking to the plasma membrane. Studies have shown that a number of chaperone proteins and regulatory proteins play a role in the trafficking of homo- and hetero-pentameric nAChR receptors to the plasma membrane (Millar and Harkness, 2008; St John, 2009; Crespi et al., 2018a). Because heterologous expression systems provide a robust model for studying receptor processing and trafficking, our current knowledge regarding the role of the α5 subunit in these processes stems primarily from studies involving cell lines (e.g., HEK293 cells), normal rat kidney cells, and Xenopus oocytes.

Combining [125I]-mAb210 immunolabeling, two-electrode voltage clamp, and single-channel electrophysiology, George and colleagues reported differential effects of lynx1 on surface expression and functional properties of (α3β4)2α3, (α3β4)2β4, and (α3β4)2α5 in oocytes (George et al., 2017). Lynx family proteins are related to elapid snake venom toxin genes, such as α-bungarotoxin, consisting of a three-fingered folding motif and multiple internal disulfide bonds (Miwa et al., 2019). Lynx1 was previously shown to directly bind to α4β2* nAChRs (Ibanez-Tallon et al., 2002) and to shift nAChR stoichiometry to low sensitivity (α4β2)2α4 pentamers (Nichols et al., 2014). Lynx1 reduced (α3β4)2β4 nAChR function principally by lowering cell-surface expression, whereas decreased unitary conductance, enhanced closed dwell times, and reduction in the proportion of long bursts accounted for reduced function of (α3β4)2α3 receptors. Alterations in both cell-surface expression and single-channel properties mediated by lynx1 accounted for the reduction in (α3β4)2α5 function (George et al., 2017).

Using [125I]-epibatidine binding of solubilized receptors and an mAb35-based ELISA assay in intact cells, Tammimaki and colleagues found no difference in the number of receptors between HEK293 cells stably expressing α3 and β4 subunits and cells expressing α3, β4, and α5 subunits (Tammimaki et al., 2012), suggesting that the α5 subunit does not interfere with the assembly and membrane trafficking of these receptors. In contrast, Ray and colleagues reported that co-expressing the human α5 subunit significantly reduced the number of α3β4* receptors at the plasma membrane in HEK293 cells (Ray et al., 2017). For their experiments, the authors inserted an N-terminal HA, cMYC, and V5 tag in the α3, β4, and α5 subunits, respectively, finding that 98% of receptors were (α3β4)2β4 receptors in cells expressing α3 and β4, whereas 50% of the receptors were (α3β4)2β4 and 50% were (α3β4)2α5 receptors in cells expressing α3, β4, and α5 subunits (Ray et al., 2017). Strikingly different results were obtained in rat kidney cells co-transfected with a dimeric plasmid expressing α3β4 together with a plasmid expressing α3, β4, or α5 (Crespi et al., 2018b). Using this approach, the authors found that including the β4-expressing construct resulted in (α3β4)2β4 receptors that reached the plasma membrane; in contrast, combining the dimeric construct with α3 resulted in (α3β4)2α3 receptors that failed to exit the endoplasmic reticulum, and combining the dimeric construct with α5 resulted in (α3β4)2α5 receptors were unable to exit the Golgi apparatus and were shuttled back to the endoplasmic reticulum (Crespi et al., 2018b).

An indirect method for measuring nAChRs at the cell surface is to record whole-cell currents in response to a saturating concentration of agonists; this approach has been used to determine whether the α5 subunit plays a role in receptor trafficking to the plasma membrane (e.g., Frahm et al., 2011; George et al., 2012). Using 2-electrode voltage-clamp recordings in Xenopus oocytes, Frahm and colleagues identified structural components in nAChR subunits critical for the trafficking of α3β4* receptors to the plasma membrane (Frahm et al., 2011). They found that injecting mouse β4—but not β2—cRNA in excess of α3 cRNA significantly increased currents elicited by 100 μM nicotine; if they included an excess amount α5 cRNA, nicotine-induced currents were reduced. They also found that the apparent potentiating effect of β4 was specific to amino acid S435, as it was eliminated by changing this serine to an arginine, the amino acid present in the equivalent position (R431) in the β2 subunit. Conversely, expressing a β2 subunit with a serine at position 431 results in a potentiation of nicotine-induced currents, giving the β2 subunit “β4-like” properties (Frahm et al., 2011). These results may explain the finding that the total number of nAChRs in the SCG is reduced by ~90% in β4 KO mice, while deleting the β2 subunit has no effect (David et al., 2010). Homology modeling by Frahm and colleagues using the Torpedo nAChR suggests that the receptor's five subunits form a vestibule in which residue S435 in the β4 subunit is in apposition to residue D397—corresponding to residue 398 in the human ortholog—in the α5 subunit (Figure 2) (Frahm et al., 2011). Notably, when expressed in Xenopus oocytes, the α5 subunit reduced receptor trafficking only when the non-concatenated forms of human α3 and β4 cRNA were used; expressing the α5 subunit had no effect when concatenated α3-β4 cRNA was used (George et al., 2012).

Interestingly, SCG neurons obtained from α5 KO mice did not differ from WT neurons with respect to the total number of receptors measured using immunoprecipitation or peak currents measured in response to ACh, cytisine, or DMPP, suggesting that the α5 subunit does not affect expression and membrane trafficking of endogenous α3β4* receptors (David et al., 2010). Conversely, the authors found that β4 KO mice do not express α5-containing receptors, with the small number of remaining receptors (corresponding to ~10% of the number of receptors measured in WT mice) comprised of α3β2* receptors (David et al., 2010). This finding differs from several heterologous systems, in which the receptors can be “forced” into an (α3β2)2α5 configuration (Wang et al., 1996, 1998; Fucile et al., 1997; Nelson et al., 2001; Papke et al., 2010).

As noted above, only 25% of all receptors in the SCG of β2 KO mice contain the α5 subunit, and this relatively small contribution to the total receptor pool may not be sufficient to reveal differences at the whole-cell level. However, the non-competitive nAChR antagonist hexamethonium was significantly less potent at blocking (α3β4)2α5 receptors compared to the α3β4* hetero-pentameric receptors expressed in α5β2 double-KO mice (see also Wang et al., 2002; Simeone et al., 2019). Using the difference in the right-shift in the concentration-response curve allowed Simeone and colleagues to calculate the potency of hexamethonium at blocking a hypothetical “pure” population of (α3β4)2α5 receptors, as well as the percentage of these receptors present at the cell surface. Interestingly, the authors found that hexamethonium inhibited transganglionic transmission in intact ganglia to the same extent as cultured SCG neurons stimulated with 100 μM ACh, suggesting that α5-containing receptors are dispersed along the surface of SCG neurons and are not specifically targeted to synaptic sites (Simeone et al., 2019). The finding that 72 and 63% of surface receptors are (α3β4)2α5 receptors in intact ganglia and cultured SCG neurons, respectively, indicates that α5-containing receptors are enriched at the plasma membrane (Simeone et al., 2019).

In summary, the majority of studies show that the α5 subunit does not significantly affect either the total number of receptors or the number of receptors expressed at the plasma membrane.



Do the Functional Properties Differ Between (α3β4)2α5N398 and (α3β4)2α5D398 Receptors?

In Xenopus oocytes, the agonists ACh, nicotine, cytisine, and varenicline had similar potencies at activating (α3β4)2α5D398 receptors vs. (α3β4)2α5N398 receptors expressed by injecting the α3-β4 concatemer together with the respective α5 variant (Stokes and Papke, 2012). Similarly, Kuryatov and colleagues found no difference with respect to ACh EC50 values, Ca2+ permeability, or short-term desensitization in response to a 3-s exposure to 100 μM ACh when separately injecting α3, β4, and either α5D398 or α5N398 cRNA at a ratio of 1:1:2 in Xenopus oocytes (Kuryatov et al., 2011).

As discussed above, nAChR expression in Xenopus oocytes can be significantly increased by injecting an excess amount of mouse β4 cRNA compared to α3 cRNA. However, this increased expression can be reduced by co-injecting α5 cRNA, suggesting that this residue in the α5 subunit may play a role in receptor assembly, processing, and/or trafficking. Moreover, when α3, β4, and α5 cRNA was injected at a 1:10:10 ratio, the N397 α5 variant was significantly more effective at decreasing receptor expression compared to the D397 variant (Frahm et al., 2011). Consistent with this finding, George and colleagues found that receptors expressed using the fully pentameric β4-α3-β4-α3-α5 concatemer differed significantly in their ACh-induced peak currents depending on whether the α5 subunit was the N398 or D398 variant (George et al., 2012). Still, none of the nAChR ligands tested differed in potency between the two α5 variants, regardless of whether the receptors were expressed using concatemers or separate constructs (George et al., 2012).

By taking advantage of the fusion proteins encoding concatemers of human α3, β4, α5D398, and α5N398 subunits, Ochoa and colleagues tested the effects of the co-expressed protoxin LYPD6B on distinct nAChRs in Xenopus oocytes. LYPD6B enhanced ACh potency for (α3β4)2α3 while reducing efficacy for (α3β4)2α3 and (α3β4)2α5D398 receptors, whereas the properties (α3β4)2β4 and (α3β4)2α5N398 remained unaffected (Ochoa et al., 2016).

Interestingly, both the peak current amplitude and the EC50 values for nicotine and acetylcholine were slightly but significantly higher in human iPSC-derived dopaminergic neurons carrying the N398 α5 variant compared to cells carrying the D398 variant (Deflorio et al., 2016). However, RT-PCR analysis revealed that these cells express both α4β2* and α3β4* receptors (Deflorio et al., 2016), suggesting that the polymorphism may have affected α4β2* as well as α3β4*receptors, although the ACh EC50 values of 63.4 μM (in cells with the D398 variant) and 93.9 μM (in cells with the N398 variant) suggest that the difference in currents primarily reflected the properties measured for the low-affinity α3β4* receptors.

Using patch-clamp recording, Li and colleagues found no significant differences in the functional properties (e.g., agonist potency and efficacy, receptor desensitization, or time course of recovery from desensitization) between α3 and β4 subunits co-expressed in HEK293 cells with either the D398 or N398 α5 variant (Li et al., 2011). In contrast, Tammimaki and colleagues measured changes in intracellular Ca2+ using aequorin and found significant differences between HEK293 cells expressing (α3β4)2α5N398, (α3β4)2α5D398, and α3β4* receptors, with cells expressing α3β4* receptors having the highest response (Tammimaki et al., 2012). In these cells, IP3 receptors and ryanodine receptors contribute to the increase in intracellular Ca2+, although the role of IP3 receptors was larger in the two cell lines expressing (α3β4)2α5 receptors compared to the cell line expressing α3β4* receptors; paradoxically, however, the cell lines expressing α3β4* receptors had the largest agonist-induced increase in intracellular Ca2+ (Tammimaki et al., 2012).

Recently, Ray and colleagues performed a comprehensive directed screen of a large library of potential nAChR ligands and small molecule kinase inhibitors in order to identify candidate compounds that can distinguish between (α3β4)2β4, (α3β4)2α5D398, and (α3β4)2α5N398 receptors. The authors used aequorin to measure the effect of 100 μM nicotine in HEK293 cell lines stably expressing the various receptors, finding 8 antagonists that differed between the various receptors, with some compounds able to distinguish between (α3β4)2α5D398 and (α3β4)2α5N398 receptors (Ray et al., 2017). Moreover, some molecules such as the EGF receptor tyrosine kinase inhibitor tyrphostin-25 and Zaprinast, an inhibitor of cGMP-specific phosphodiesterases V an VI, prevented the nicotine-induced increase in intracellular Ca2+ in cells expressing (α3β4)2β4 receptors, but had no effect in cells expressing either (α3β4)2α5D398 or (α3β4)2α5N398 receptors (Ray et al., 2017). Finally, the authors found that some molecules such as the protein tyrosine kinase inhibitor genistein and the protein kinase C inhibitor hypocrellin A differentially affected cells expressing (α3β4)2α5D398 vs. (α3β4)2α5N398 receptors (Ray et al., 2017).

In summary (α3β4)2α5D398 and (α3β4)2α5N398 receptors have similar properties with respect to sensitivity and efficacy; in contrast, these receptors differ significantly with respect to the effect of specific kinase inhibitors.




SUMMARY AND PERSPECTIVES


(α4β2)2α5 Receptors

A growing body of evidence based on both heterologously expressed and endogenous nAChR subunits indicates that the addition of the α5 subunit to α4β2* receptors significantly increases the receptor's Ca2+ permeability; for example, assays that measure intracellular Ca2+ have shown an increased efficacy of (α4β2)2α5 receptors compared to α4β2* receptors. This increased permeability affects downstream Ca2+-dependent signaling, including nAChR-mediated transmitter release. Studies using electrophysiology have also shown that native (α4β2)2α5 receptors have increased efficacy compared to α4β2* receptors.

The ligand affinity of (α4β2)2α5 receptors is similar to high-affinity (α4β2)2β2 receptors. Thus, replacing low-affinity (α4β2)2α4 receptors with (α4β2)2α5 receptors in a mixed population containing both (α4β2)2α4 and (α4β2)2β2 receptors will result in an overall population consisting of highly sensitive (i.e., high-affinity) receptors. In addition, the presence of the α5 subunit “protects” α4β2* receptors from chronic desensitization in the prolonged presence of even low concentrations of nicotine. In various heterologous expression systems, although the number of α4β2* receptors may be increased by expressing the α5 subunit, membrane trafficking of the resulting (α4β2)2α5 receptors may be reduced, leading to fewer receptors at the cell surface.

Most—but not all—cellular assays suggest that (α4β2)2α5 receptors containing the N398 α5 variant may have reduced functionality (i.e., reduced sensitivity and/or efficacy) compared to receptors containing the D398 variant, but increased functionality compared to α4β2* hetero-pentameric receptors. Thus, the N398 α5 variant appears to be able to replace—at least partially—the D398 variant in α4β2* receptors. Moreover, neither knocking out the α5 subunit nor replacing the D398 variant with the N398 variant significantly affects the overall expression of nAChRs in the CNS. Although recent studies involving both mice and rats have shown differences in drug-seeking behavior between WT animals (i.e., carrying the D398 variant) and animals carrying the N398 variant, the underlying cellular mechanisms remain poorly understood and warrant future study.



(α3β4)2α5 Receptors

In various heterologous expression systems, the presence of the α5 subunit has been found to increase, reduce, or have no effect on the number of α3β4* receptors, depending on the expression system used. In sympathetic neurons in α5 KO mice, loss of the α5 subunit does not affect currents induced by saturating concentrations of agonists, suggesting that the α5 subunit does not affect the number of functional receptors that traffic to the plasma membrane in these neurons. However, studies have shown that the α5 subunit requires the β4 subunit for proper expression of endogenous receptors, as β4 KO mice lack α5-containing receptors. Although (α3β4)2α5 receptors do not differ significantly from α3β4* hetero-pentameric receptors with respect to agonist potency or desensitization, nAChR antagonists such as mecamylamine and hexamethonium can distinguish between α3β4* and (α3β4)2α5 receptors.

Interestingly, the increase in intracellular Ca2+ upon receptor activation is differentially affected by the addition of the α5 subunit to α4β2* vs. α3β4* receptors. With respect to α3β4* receptors, addition of the α5 subunit decreases the Ca2+ response, despite the paradoxical finding that α5-containing receptors have increased Ca2+ permeability measured using voltage-clamp recordings in Xenopus oocytes. Thus, compared to (α3β4)2α5 receptors, activating α3β4* hetero-pentameric receptors cause a larger increase in intracellular Ca2+ and increased transmitter release. A review of the published literature suggests that this increase is unlikely to be due solely to an increased number of receptors at the plasma membrane when α5 is knocked out. Finally, evidence suggests that (α3β4)2α5 receptors containing the N398 α5 variant are more effective than receptors containing the D398 variant with respect to preventing the increase in intracellular Ca2+.



Perspectives

The growing list of compounds that can distinguish between α3β4*, (α3β4)2α5D398, and/or (α3β4)2α5N398 receptors based on inhibiting the receptor directly or inhibiting downstream signaling provide a robust set of tools for studying how the α5 subunit—and its two variants—affects the function of α4β2* and α3β4* receptors. A key to resolving the underlying mechanisms may be the intracellular loop connecting the third and fourth transmembrane domains, the site in which where nAChR subunits have the highest diversity, containing putative phosphorylation and protein-binding sites. As eloquently summarized by Stokes and colleagues (p. 522), “if we want insights into the functional roles of specific nAChR subtypes, we will have to make efforts to reveal the hidden functions of their intracellular domains” (Stokes et al., 2015).
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ABBREVIATIONS

ACh, acetylcholine; α-CtxMII, α-conotoxin MII; CAP, compound action potential; CNS, central nervous system; DhβE, dihydro-β-erythroidine; DMPP, dimethylphenylpiperazinium; EPSC, excitatory postsynaptic current; EPSP, excitatory postsynaptic potential; HEK, human embryonic kidney; IPN, interpeduncular nucleus; iPSC, induced pluripotent stem cell; KO, knockout; MHb, medial habenula; nAChR, nicotinic acetylcholine receptor; PFC, prefrontal cortex; PNS, peripheral nervous system; SCG, superior cervical ganglion; SNP, single-nucleotide polymorphism; TTX, tetrodotoxin; VIP, vasoactive intestinal polypeptide; VTA, ventral tegmental area; WT, wild-type.



FOOTNOTES

1The asterisk denotes that the two subunits listed (e.g., α4 and β2) comprise the backbone, with an additional subunit completing the pentamer. The additional subunit can be an “accessory” subunit such as α5 or a “complementary” subunit such as α4 or β2, giving rise to (α4β2)2α4 or (α4β2)2β2 pentamers, respectively.

2Thalamic neurons in WT mice express (α4β2)2α4, (α4β2)2β2, and (α4β2)2α5 receptors.

3In the mouse and rat homologs, amino acid 397 corresponds to amino acid 398 in the human α5 protein.
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Alterations in the processes that control α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) expression, assembly and trafficking are closely linked to psychiatric and neurodegenerative disorders. We have recently shown that the serine/threonine kinase Protein kinase N1 (PKN1) is a developmentally active regulator of cerebellar synaptic maturation by inhibiting AKT and the neurogenic transcription factor neurogenic differentiation factor-2 (NeuroD2). NeuroD2 is involved in glutamatergic synaptic maturation by regulating expression levels of various synaptic proteins. Here we aimed to study the effect of Pkn1 knockout on AKT phosphorylation and NeuroD2 levels in the hippocampus and the subsequent expression levels of the NeuroD2 targets and AMPAR subunits: glutamate receptor 1 (GluA1) and GluA2/3. We show that PKN1 is expressed throughout the hippocampus. Interestingly, not only postnatal but also adult hippocampal phospho-AKT and NeuroD2 levels were significantly elevated upon Pkn1 knockout. Postnatal and adult Pkn1–/– hippocampi showed enhanced expression of the AMPAR subunit GluA1, particularly in area CA1. Surprisingly, GluA2/3 levels were not different between both genotypes. In addition to higher protein levels, we also found an enhanced GluA1 content in the membrane fraction of postnatal and adult Pkn1–/– animals, while GluA2/3 levels remained unchanged. This points toward a very specific regulation of GluA1 expression and/or trafficking by the novel PKN1-AKT-NeuroD2 axis. Considering the important role of GluA1 in hippocampal development as well as the pathophysiology of several disorders, ranging from Alzheimer’s, to depression and schizophrenia, our results validate PKN1 for future studies into neurological disorders related to altered AMPAR subunit expression in the hippocampus.
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INTRODUCTION

We have recently identified the serine threonine kinase Protein kinase N1 (PKN1) as a developmentally active enzyme regulating axon growth, presynaptic maturation, and synapse formation in the Parallel fiber (PF)-forming cerebellar granule cells (Cgc). We discovered that PKN1-mediated AKT inhibition during critical stages of PF-maturation results in a reduction of the transcription factor neurogenic differentiation factor-2 (NeuroD2) and a subsequent increase in presynaptic specifications along PF. Consequently, Pkn1 knockout leads to AKT hyperactivation as well as enhanced NeuroD2 protein levels, which results in a defective developmental synapse formation, a degeneration of cerebellar neurons and ataxia in adult animals (zur Nedden et al., 2018). Neurod2 knockout animals exhibit morphological and physiological defects in various brain regions, including thalamocortical connections, hippocampal synaptogenesis, axonal guidance of callosal axons, development of amygdalar nuclei, cortical fasciculation, targeted axogenesis of compact fiber tracts as well as differences in intrinsic excitability during cortical development (Olson et al., 2001; Lin et al., 2005; Ince-Dunn et al., 2006; Wilke et al., 2012; Bormuth et al., 2013; Chen et al., 2016). Accordingly, disruption of NeuroD2 function has been implicated in several neurodevelopmental, neuropsychiatric and mood disorders, such as autism (Runge et al., 2020), depression (Bagot et al., 2016), schizophrenia (Spellmann et al., 2017), or epilepsy (Sega et al., 2019).

One striking role of NeuroD2 is the regulation of the subunit expression levels of ionotropic AMPARs. AMPARs are assemblies of four core subunits termed GluA1-4 (Collingridge et al., 2009), which mediate fast excitatory neurotransmission. Developmentally- and activity-regulated changes in AMPAR number and subunit composition are crucial for excitatory synapse formation, synaptic plasticity and neuronal circuit formation (Henley and Wilkinson, 2016). Neurod2–/– animals showed a marked reduction of GluA2/3 protein levels in layer IV of the cortex and cultured Neurod2–/– neurons had a decreased surface expression of GluA1 and GluA2 subunits (Ince-Dunn et al., 2006). The effect of NeuroD2 was AMPAR-specific, since N-methyl-D-aspartate (NMDA) or kainate receptor expression was not affected. This implies that NeuroD2 controls the expression of AMPAR subunit proteins and/or proteins involved in the trafficking and surface retention of AMPARs. Indeed, NeuroD2 has been shown to regulate several genes involved in vesicle and receptor trafficking (Olson et al., 2001; Molnár and Molnár, 2006). Besides AMPARs, NeuroD2 has also been shown to regulate vesicular glutamate transporter 1 (VGlut1) (Bormuth et al., 2013), Synaptosomal-Associated Protein 25 kDa (SNAP-25) (Messmer et al., 2012), and postsynaptic density protein 95 (PSD-95) expression levels (Wilke et al., 2012).

The aim of this study was to analyze if PKN1 regulates hippocampal AKT and NeuroD2 and subsequently the protein levels and membrane-association of several synaptic proteins, with particular focus on GluA1 and GluA2/3.



MATERIALS AND METHODS


Animals

The generation of Pkn1 knockout mice (Pkn1–/– mice) has been described previously (Quétier et al., 2016). Animals were kindly provided by P. Parker and A. Cameron. Mice were backcrossed to C57BL/6N for more than 10 generations. C57BL/6N wildtype (WT) and C57BL/6N Pkn1–/– animals were derived from the same heterozygous crosses and then bred separately, but kept under same housing and experimental conditions in the same room. C57BL/6N were derived from Jackson Laboratory. Animals younger than postnatal day (P)12 were killed by decapitation and animals older than P12 were killed by cervical dislocation. For studies in adult animals only 2–5 month old males were used.



Preparation of Hippocampal Sections

After decapitation, brains were quickly removed, hemispheres were separated and a small block of tissue containing cortical and hippocampal regions was fixed in 4% PFA for 4–5 h.


Cryosections

After washing in PBS, hemispheres were incubated in 30% sucrose for a minimum of 24 h, embedded in optimal cutting temperature compound (Carl Roth) and stored at −80°C until analysis. 20 μm thick sagittal sections were cut with a cryostat (CM1950, Leica), transferred onto lysine-coated coverslips (Thermo Scientific) and allowed to dry for a minimum of 2 h at 37°C for further analysis or stored at −20°C. Sections were used for in situ hybridization.



Free-Floating Sections

After fixation hemispheres were washed in PBS and 50 μm thick sagittal sections were prepared with a Vibratome (VT1200S, Leica). Sections were used for antibody staining as described below.



In situ Hybridization

In situ hybridization was performed employing the RNAScope Fluorescent Multiplex Assay kit (ACDBio). Cryosections from WT mice were dried (30 min, 60°C) and fixed for an additional 15 min in 4% PFA. Sections were processed as per manufacturers instructions, embedded in Mowiol (Sigma-Aldrich) and imaged with a widefield microscope (Axio, Axiocam 305, Zeiss and DMi8, Leica). The mean intensity of mRNA transcript was analyzed in Fiji (Schindelin et al., 2012) by tracing the dentate gyrus (DG) granule cell layer, CA3 and CA1 pyramidal cell layers. For comparability between experiments data was expressed as fold of the mean intensity of the DG for each experiment.



Immunofluorescence Staining and Analysis of Mean GluA1 Intensity

Free-floating sections were subjected to antigen retrieval (10 mM sodium citrate, pH 6.0, 10 min at 100°C), washed in PBS, permeabilized (0.3% Triton-X-100, 45 min), blocked (10% goat serum, 2% BSA, 1 h), and primary antibodies (diluted in 0.1% Triton-X-100, 1% BSA, 5% goat serum in PBS) were added at room temperature overnight. After washing in PBS + 0.05% Tween for 30 min, sections were incubated with secondary antibodies (goat-anti rabbit Alexa-488 and goat anti-mouse Alexa-555) and Hoechst (8 μM) for 3 h at room temperature. After thorough washing in PBS + 0.05% Tween for 45 min, sections were placed on a microscope slide and embedded in Mowiol. To ensure comparable results all samples were processed on the same day using the same solutions. Images were taken with a widefield microscope (Axio, Axiocam 305, Zeiss), using the same exposure time, or a confocal microscope (SP8, Leica), using the same laser intensity for WT and Pkn1–/– GluA1 stainings. Mean GluA1 intensity was analyzed in widefield images with Fiji by placing and measuring four 150 × 150 μm squares throughout CA1 stratum radiatum and oriens.



Preparation of Subcellular Fractions and Western Blotting

For extraction of the detergent-soluble cytosolic and detergent-insoluble membrane fraction we followed the protocol of Takagi et al. (2010). Hippocampi of P12 or adult animals were carefully homogenized in TRIS-Buffer (20 mM Tris/HCl pH 7.5, 1 mM NaF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 50 μM PMSF, 2 mM sodium orthovanadate) and kept on ice for 30 min. After centrifugation (3000 × g, 10 min, 4°C) the supernatant was collected as cytosolic fraction. Pellets were washed once in TRIS-Buffer and resuspended in membrane extraction buffer (0.5% NP-40, 0.1% deoxycholate, 0.1% Brij 35, 10 mM DTT, 50 μM PMSF). Samples were incubated at 4°C for 60 min with gentle agitation. After centrifugation (10730 × g, 5 min, RT) supernatants were collected and resuspended in 4xLaemmli buffer (8% SDS, 40% glycerol, 20% β-mercaptoethanol, 0.01% bromophenol blue, and 250 mM Tris HCl, pH 6.8), boiled at 95°C for 5 min and stored at −20°C.

For whole cell extracts hippocampi were carefully dissected out in ice cold PBS and protein extraction was performed as described previously (zur Nedden et al., 2018). Protein contents were measured with a BCA assay kit (Thermo Fisher Scientific) and 35–70 μg protein was loaded onto self-made 10% or 12.5% continuous polyacrylamide gels. Western blotting was performed as described earlier (zur Nedden et al., 2018). Primary antibodies were added overnight in 5% BSA in TBS-T at 4°C and secondary antibodies (Li-Cor, anti-mouse 680 nm and anti-rabbit 800 nm) were added for 90 min at room temperature in 5% Milk in TBS-T. Membranes were imaged and analyzed with an Odyssey Clx infrared imager (Li-Cor). Stripping was not performed, however, for gels in Figures 3A,B a second blot in the same order was done to probe for PKN1, which would have otherwise masked the weak GluA1 signal. The correct separation of both fractions was assessed with appropriate loading controls.



Antibodies

Clone numbers and RRID, where known, as well as catalog numbers (#) are provided in brackets. The following antibodies were from Cell signaling: AKT (40D4, #2920, RRID:AB_1147620), Na/K-ATPase (#3010, RRID:AB_2060983), GAPDH (D16H11, #5174, RRID:AB_10622025), phospho-AKT(T308) (D25E6, #13038, RRID:AB_2629447), PSD-95 (D27E11, #3450, RRID:AB_2292883 as well as 7E3, #36233, RRID:AB_2721262), Synapsin-1 (D12G5, #5297, RRID:AB_2616578), and VAMP2 (D601A, #13508, RRID:AB_2798240). VGlut1 (#48-2400, RRID:AB_2533843), goat anti-rabbit Alexa-488 (#A11070, RRID:AB_142134), and goat anti-mouse Alexa-555 (#A21425, RRID:AB_1500751) were purchased from Thermo Fisher Scientific. GluA1 (G-12, #sc-55509; RRID:AB_629532) and NeuroD2 (G-10, #sc-365896, RRID:AB_10843361) were from Santa Cruz. PKN1 (clone 49/PRK1, #610687, RRID:AB_398012) was from BD Transduction Laboratories. Actin (clone C4, #MAB1501, RRID:AB_2223041), VGlut2 (8G9.2, #ab79157, RRID:AB_1603114), tyrosine hydroxylase (#AB152, RRID:AB_390204), GluA2/3 (#AB1506, RRID:AB_90710), and GABAAβ2/3 (#MAB341, RRID:AB_2109419) were from Merck Millipore. Znt3 (#197 011, RRID:AB_2189665) was purchased from Synaptic Systems. The secondary antibodies for the Odyssey infrared Imager, IR680 LT mouse (#92668020, RRID:AB_10706161) and IR800CW (#92632211, RRID:AB_621843) were purchased from Li-Cor. GABAAα4 was kindly provided by Gerald Obermair [a4N (1-14), (Hörtnagl et al., 2013)].



Statistics

All data is presented as individual n-values with mean ± S.E.M., with n-values referring to different animals. For comparison of two independent groups a two-tailed unpaired t-test was used, for comparison of three or more groups a one-way ANOVA with Tukey’s multiple comparisons test was used and for comparison of two variables of two groups a two-way ANOVA was used. P-values smaller than 0.05 were considered as statistically significant. All analyses were performed in GraphPad prism 8.



RESULTS


PKN1 Is Highly Expressed Throughout the Hippocampal Formation and Regulates AKT Phosphorylation and NeuroD2 Levels in Juvenile and Adult Animals

Protein kinase N1 in situ hybridization revealed that PKN1 is abundantly expressed in the hippocampus in P10 old and adult animals. PKN1 mRNA was found in all hippocampal areas (Figure 1A). There was no difference in mean intensity levels between hippocampal layers in P10 old (mean intensity expressed as fold of DG mean intensity: 1 ± 00 for DG, 1.0 ± 0.08 for CA3, and 0.9 ± 0.01 for CA1, n = 3/genotype, P > 0.05, one way ANOVA, data not shown) or in adult animals (mean intensity expressed as fold of DG mean intensity: 1 for DG, 0.91 and 0.82 for CA3, 0.74 and 1.09 for CA1, n = 2/genotype, data not shown). Western blot analysis of WT whole cell hippocampal protein extracts revealed a significant reduction in PKN1 expression from P1 to P15 (Figure 1B) and a further decrease from P15 to adult animals (PKN1/Actin ratio was 0.026 ± 0.0007 for P15, n = 3, and 0.018 ± 0.0008 for adult WT animals, n = 4, ∗∗P = 0.0011, unpaired t-test, data not shown), suggesting an important role of PKN1 during postnatal development. The gross hippocampal morphology was not altered, and the layer thickness of all hippocampal layers was similar between both genotypes (Supplementary Figures 1A,B). The infrapyramidal mossy fiber projection was slightly enlarged upon Pkn1 knockout (Supplementary Figures 1A,B). We did not detect aberrant sprouting of mossy fibers into the inner molecular layer of the DG in Pkn1–/– animals (Supplementary Figure 1C). We next tested the effect of Pkn1 knockout on hippocampal AKT phosphorylation and NeuroD2 levels. In agreement with our earlier findings in the cerebellum hippocampal NeuroD2 levels in postnatal Pkn1–/– animals were strongly elevated at P8 and P15 (Figure 1C), suggesting that PKN1-mediated inhibition of NeuroD2 is important in various brain areas during development. Interestingly, we also observed an elevation of NeuroD2 levels in adult Pkn1–/– hippocampi, even though this was less pronounced than during development (Figure 1D). AKT is primarily activated at the plasma membrane, and subsequently exerts its role at the plasma membrane or several subcellular compartments (Ebner et al., 2017; Lučić et al., 2018). To investigate if Pkn1 knockout results in enhanced AKT phosphorylation, we prepared detergent-soluble (cytosolic) and detergent-insoluble fractions (membrane-associated proteins) of P12 old and adult WT and Pkn1–/– hippocampi. The proper separation of fractions was assessed by appropriate loading controls. Importantly, the membrane-bound proteins Na+/K+-ATPase and PSD-95 were only found in the membrane extract (data not shown). We chose P12 as an intermediate age between P8 and P15. Interestingly we found that particularly membrane-associated AKT was hyper-phosphorylated upon Pkn1 knockout in P12 old (Figure 1E) as well as in adult animals (Figure 1F). AKT phosphorylation in the cytosolic fraction was not different at both ages (Supplementary Figure 2). This contrasts with our findings in the cerebellum, where neither phospho-AKT nor NeuroD2 levels were different in adult animals, and suggests that this novel PKN1-AKT-NeuroD2 axis remains relevant for hippocampal function in adult animals.
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FIGURE 1. PKN1 regulates AKT phosphorylation and NeuroD2 levels in postnatal and adult hippocampi. (A) P10 and adult hippocampal sections from WT animals were tested for PKN1 expression by in situ hybridization. Pictures are representative of 2–3 separate WT animals. Scale bar refers to 100 μm. (B) PKN1 expression levels from P1 to P15 old WT hippocampi were assessed by western blotting (**P < 0.01, one way ANOVA with Tukey’s multiple comparisons test). (C) NeuroD2 expression in hippocampal whole cell protein extracts of P8 and P15 old WT and Pkn1–/– animals was assessed by western blotting (two way ANOVA: Interaction: P = 0.0745, Age: P = 0.0747, Genotype: P < 0.0001, Sidak’s multiple comparisons test: P8: P < 0.0001, P15: P = 0.0025). (D) NeuroD2 expression in adult WT and Pkn1–/– hippocampal whole cells extracts (*P = 0.0496, unpaired t-test). (E) Hippocampi from P12 old WT and Pkn1–/– animals were separated into cytosolic and membrane fractions. Membrane extracts were probed for phosphorylated AKT[T308] (pAKT[T308]) and total AKT and the ratio was calculated (*P = 0.0104, unpaired t-test). (F) Membrane fractions of adult WT and Pkn1–/– animals were probed for pAKT[T308] and AKT (*P = 0.045, unpaired t-test). The markers in the representative blots in (E,F) are shown in separate lanes as samples were not directly next to the markers in the blots. Data is presented as individual n-values with mean ± S.E.M.




Pkn1–/– Hippocampi Have Higher GluA1 Levels

It has been previously reported that Neurod2 knockout animals show a reduction in GluA1, GluA2/3, PSD-95, and VGlut1 expression (Ince-Dunn et al., 2006; Wilke et al., 2012; Bormuth et al., 2013). Additionally, NeuroD2 controls the excitatory/inhibitory synaptic balance in pyramidal cortical neurons (Chen et al., 2016). We therefore probed adult hippocampal extracts from WT and Pkn1–/– animals for a series of glutamatergic, gamma aminobutyric acid (GABA)-ergic and general synaptic markers (Figure 2 and Table 1). Adult Pkn1–/– animals showed significantly elevated GluA1 levels (Figure 2A), however, GluA2/3 levels were not different between both genotypes (Table 1). Immunofluorescence staining revealed that GluA1 levels in Pkn1–/– animals were particularly elevated in the CA1 area of the hippocampus (Figures 2B,C). Another protein significantly upregulated upon Pkn1 knockout was VGlut 1 (Table 1), however, several other synaptic proteins (such as PSD-95, Znt-3, GABAA receptor subtypes, see Table 1) were not, or only moderately affected by Pkn1 knockout (such as SNAP-25).
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FIGURE 2. Adult Pkn1–/– animals have enhanced GluA1 protein levels (A) Whole cell protein extracts from adult WT and Pkn1–/– hippocampi were prepared, probed for GluA1 and the ratio to the loading control actin was calculated (*P = 0.0321, unpaired t-test). The marker in the representative blot is shown in a separate lane as samples were not directly next to the marker in the blot. (B) Hippocampal GluA1 levels were further assessed by immunofluorescence staining. Pictures are representative of 3 animals/genotype. Scale bar in overview images refers to 500 μm and scale bar in high resolution inserts refers to 20 μm. (C) The mean intensity of hippocampal GluA1 levels from (B) was quantified in Fiji. CA1 sr refers to CA1 stratum radiatum, CA1 so refers to CA1 stratum oriens. (CA1 sr *P = 0.0156, unpaired t-test, CA1 so *P = 0.0233, unpaired t-test). All data is presented as individual n-values with mean ± S.E.M.



TABLE 1. Expression levels of synaptic proteins in whole cell, cytosolic, and membrane fractions of P12 and adult animals.
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Pkn1–/– Animals Show Higher Membrane-Associated GluA1 Levels

In addition to decreased protein expression levels, Neurod2 knockout neurons showed a reduction in GluA1 surface expression (Ince-Dunn et al., 2006). To test if hippocampal extracts from young postnatal and adult animals show differences in cytosolic and membrane-associated GluA1 levels, we analyzed the detergent-soluble cytosolic [contains soluble cytosolic enzymes, as well as, due to the low g force and centrifugation duration transport/recycling vesicles (Jeppesen et al., 2014)] and the detergent-insoluble membrane protein fraction (contains plasma membrane-associated proteins and vesicles) of P12 old and adult WT and Pkn1–/– hippocampi by immunoblotting. While we did not find a significant difference in the GluA1 content in the cytosolic fraction of P12 old animals (Figure 3A), we observed a significant increase in GluA1 levels in the membrane fraction of Pkn1–/– hippocampi (Figure 3B). In accordance with our results in adult animals we found that VGlut1 and VGlut2 were significantly elevated upon Pkn1 knockout in P12 old animals (Table 1). In adult Pkn1–/– animals GluA1 levels in the cytosolic fraction were significantly reduced (Figure 3C) while the membrane-associated content of GluA1 was significantly increased (Figure 3D). This suggests that besides differences in protein levels, GluA1 trafficking might be affected by Pkn1 knockout in adult animals. GluA2/3 levels in the cytosolic or membrane fraction of P12 old and adult animals were not different between both genotypes (Table 1). Likewise, the content of several other synaptic proteins (such as PSD-95, synapsin 1, Znt-3, GABAA Receptor subtypes) was not significantly affected by Pkn1 knockout (Table 1).
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FIGURE 3. Postnatal and adult Pkn1–/– animals show enhanced membrane-association of GluA1. (A) The detergent-soluble cytosolic fraction of extracts prepared from P12 old WT and Pkn1–/– hippocampi was probed for the loading control Tubulin and GluA1 (P = 0.393, unpaired t-test). (B) The detergent-insoluble membrane fraction of extracts prepared from P12 old WT and Pkn1–/– hippocampi was probed for the loading control Na+/K+-ATPase and GluA1 (*P = 0.0416, unpaired t-test). (C) The detergent-soluble cytosolic fraction of extracts prepared from adult WT and Pkn1–/– hippocampi was probed for the loading control GAPDH and GluA1 (**P = 0.0075, unpaired t-test). (D) The detergent-insoluble membrane fraction of extracts prepared from adult WT and Pkn1–/– hippocampi was probed for the loading control Na+/K+-ATPase and GluA1 (*P = 0.0430, unpaired t-test). All data is presented as individual n-values with mean ± S.E.M. Images of PKN1 in (A,B) were derived from a second blot, loaded in the same order. All markers in the representative blots are shown in separate lanes as samples were not next to the markers in the blots.




DISCUSSION

Here we establish PKN1 as a novel regulator of hippocampal GluA1 levels and GluA1 membrane/cytosol trafficking. Mechanistically we provide evidence that phosphorylated AKT and the transcription factor NeuroD2, which has been shown to regulate AMPAR subunit expression and membrane insertion (Olson et al., 2001; Ince-Dunn et al., 2006; Molnár and Molnár, 2006; Wilke et al., 2012), are strongly elevated upon Pkn1 knockout in postnatal and adult animals.

We have recently shown that PKN1 regulates NeuroD2 levels in an AKT-dependent manner, thereby controlling the precise balance between axonal growth and presynaptic differentiation in early postnatal cerebellar development (zur Nedden et al., 2018). Accordingly, Pkn1–/– animals showed AKT hyperphosphorylation, higher NeuroD2 protein levels and subsequently a decrease in presynaptic specifications accompanied by a defective PF-Purkinje cell synapse formation. The fact that the hippocampus shows a similar dysregulation of AKT and NeuroD2 upon Pkn1 knockout suggests that the tight control of postnatal AKT/NeuroD2 levels by PKN1 constitutes a general and important regulatory mechanism in the development of several brain areas. However, we also observed significantly increased AKT phosphorylation and NeuroD2 levels in adult Pkn1–/– hippocampi. This contrasts our results obtained in the cerebellum, where neither phospho-AKT nor NeuroD2 were elevated in adult animals, and shows that PKN1-mediated AKT and NeuroD2 inhibition remains important in the hippocampus beyond postnatal development.

Pkn1–/– animals showed a specific elevation of hippocampal GluA1 levels, while GluA2/3 levels as well as other NeuroD2 downstream targets such as PSD-95 were not altered. These findings are surprising, since it was reported that NeuroD2 controls both, thalamocortical GluA1/2/3 (Ince-Dunn et al., 2006) as well as hippocampal PSD-95 expression and mossy fiber-CA3 synaptic maturation (Wilke et al., 2012). We have not analyzed mossy fiber-CA3 synapse number or CA3-specific PSD-95 expression, which might reveal more subtle differences between WT and Pkn1–/– animals. Nevertheless, a possible explanation for these apparent differences might be that PKN1 controls NeuroD2 activity in a very targeted manner. This is further supported by the fact that only very few synaptic downstream targets of NeuroD2 were elevated upon Pkn1 knockout, such as VGlut1. Besides PKN1, the activity/expression of NeuroD2 is controlled by other basic helix-loop-helix factors (neurogenin 1) (Lin et al., 2004), various signaling cascades and posttranslational modifications, such as phosphorylation (Dennis et al., 2019). Furthermore, calcium acts as an activity-dependent regulator of NeuroD2 (Ince-Dunn et al., 2006). Therefore, an altered synaptic protein content could have a secondary influence on NeuroD2-mediated transcription upon Pkn1 knockout. Moreover, there are brain area-specific differences in the effect of NeuroD2 overexpression versus deficiency on synaptic maturation. In the cerebellum, our (zur Nedden et al., 2018) and an earlier report (Yang et al., 2009) showed that in Cgc, NeuroD2 levels are high during axonal/dendritic growth, where it prevents premature synaptogenesis but need to be degraded in order to drive presynaptic maturation of PFs. On the contrary, Neurod2-deficient Cgc functionally integrate into the cerebellar circuit (Pieper et al., 2019), suggesting that NeuroD2 is redundant and/or not essential for correct PF-synaptic maturation. In the hippocampus, however, Neurod2-deficiency results in reduced expression of PSD-95 and a defective CA3-mossy fiber synapse formation, establishing NeuroD2 as a non-redundant and important regulator of synaptic maturation in that brain area (Wilke et al., 2012). Therefore, Neurod2-deficiency versus overactivation might not be directly comparable and result in diverse outcomes in different brain areas.

Besides higher GluA1 levels we also found an elevated GluA1 content in the membrane fraction of postnatal and adult Pkn1–/– animals. While we cannot deduce if this is related to enhanced surface expression of GluA1, it points toward enhanced transportation of GluA1 to the plasma membrane. Additionally, adult animals showed significantly lower GluA1 levels in the cytosolic fraction (which contains transport/recycling vesicles), suggesting a potential difference in GluA1 trafficking. NeuroD2 regulates different populations of target genes in the embryonal and postnatal cortex (Guzelsoy et al., 2019). Therefore, the difference between P12 and adult animals might lie in differently regulated downstream genes involved in receptor trafficking and surface retention (Olson et al., 2001; Molnár and Molnár, 2006). Alternatively, PKN1 itself might be involved in the regulation of GluA1 trafficking and/or degradation. PKN1 belongs to the PKC superfamily, and PKCs as well as PKA are well known for their roles in phosphorylation of GluA1, thereby regulating channel conductance, internalization, and receptor trafficking (Buonarati et al., 2019).

The functional implications of enhanced GluA1 protein levels/membrane-association in Pkn1–/– animals remain to be elucidated. AMPAR subunit composition determines the conductance, trafficking and calcium permeability of these receptors. Calcium permeability is mainly conferred by the presence or absence of the calcium impermeable GluA2 subunit. Hippocampal AMPAR primarily exist as either GluA1/2 (>80%) or GluA2/3 heteromers (Lu et al., 2009). Calcium permeable (CP) GluA1 homomers are particularly abundant in immature CA1 synapses (Stubblefield and Benke, 2010; Henley and Wilkinson, 2016; Benke and Traynelis, 2019). Although less frequent, CP-AMPAR are also found in adult neurons where they contribute to the induction of long term potentiation, to homeostatic synaptic scaling and potentially long term depression (Henley and Wilkinson, 2016). Defects in the regulation of AMPAR subunit expression, assembly, trafficking, and membrane insertion are closely linked to psychiatric conditions as well as cognitive decline and neurodegenerative diseases, including Alzheimer’s disease (Walsh and Selkoe, 2007; Whitcomb et al., 2015) or mood disorders (Naylor et al., 1996; Martinez-Turrillas et al., 2002; Du et al., 2008). Addition of only 5% homomeric GluA1 to the pool of AMPAR in hippocampal neurons can already account for a conductance change (Guire et al., 2008). Therefore, it would be interesting to study if and how extrasynaptic and synaptic AMPAR composition is affected by the enhanced GluA1 protein levels upon Pkn1 knockout.

Recently it was shown that PKN1 promotes synapse maturation by inhibiting type I metabotropic glutamate receptor-dependent long term depression through regulation of excitatory amino acid transporter 3 (EAAT3) in area CA1 (Yasuda et al., 2020). Knockdown of PKN1 to 1/10th of WT levels results in immature synaptic transmission, more silent synapses and fewer spines with shorter postsynaptic densities in juvenile CA1 neurons. While there might be a difference between our complete Pkn1 knockout animals and the reduction of PKN1 to 1/10th of WT animals, this report would imply that (1) enhanced protein levels of GluA1 and VGlut1 are not due to an increase in synapse number, which is further supported by unchanged PSD-95 levels, but rather reflect a selective increase in protein concentrations of these specific synaptic proteins; and (2) enhanced GluA1 expression might not be translated into a higher synaptic content of GluA1 homomers. However, authors did not analyze AMPAR subunit composition or adult Pkn1 knockdown animals, and considering EAAT3 expression drops during development (Bjørn-Yoshimoto and Underhill, 2016), electrophysiological properties in adult Pkn1–/– or Pkn1 knockdown animals might reveal differences in AMPAR function and/or composition.

Taken together our data validate PKN1 as a novel regulator of hippocampal GluA1 levels and GluA1 membrane-association, thereby providing a new tool to understand the functional consequences of this specific subunit as well as raising the potential for the modulation of GluA1 as a possible strategy for therapeutic intervention. In that context, it is worth noting that non-specific PKN1 inhibitors have already been validated for safe use in humans (Shibuya et al., 2005; Cohen et al., 2017) and the development of specific PKN1 inhibitors is a focus of cancer research (Ostrovskyi et al., 2016).
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AMPAR, α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; A β, amyloid- β; BSA, bovine serum albumin; Cgc, cerebellar granule cells; CA1-3, Cornu Ammonis area 1-3; DG, dentate gyrus; EAAT3, excitatory amino acid transporter 3; GABA, gamma aminobutyric acid subtype A (GABAA) receptors; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GluA1, glutamate receptor 1; GluA2/3, glutamate receptor 2/3; HCl, hydrochloric acid; NeuroD2, neurogenic differentiation factor-2; NMDA, N-methyl -D-aspartate; PFA, paraformaldehyde; PF, Parallel fiber; P, postnatal day; PBS, phosphate buffered saline; pAKT, phosphorylated AKT; PMSF, phenylmethylsulfonyl fluoride; PKN1, Protein kinase N1; PSD-95, postsynaptic density protein 95; SDS, Sodium dodecyl sulfate; NaF, sodium fluoride; SNAP-25, Synaptosomal-Associated Protein 25 kDa; TBS-T, Tris buffered saline with Tween 20; VAMP2, vesicle associated membrane protein 2; VGlut 1 and 2, vesicular glutamate transporter 1 and 2.
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Auxiliary α2δ subunits of voltage-gated calcium channels modulate channel trafficking, current properties, and synapse formation. Three of the four isoforms (α2δ-1, α2δ-2, and α2δ-3) are abundantly expressed in the brain; however, of the available knockout models, only α2δ-2 knockout or mutant mice display an obvious abnormal neurological phenotype. Thus, we hypothesize that the neuronal α2δ isoforms may have partially specific as well as redundant functions. To address this, we generated three distinct α2δ double knockout mouse models by crossbreeding single knockout (α2δ-1 and -3) or mutant (α2δ-2/ducky) mice. Here, we provide a first phenotypic description and brain structure analysis. We found that genotypic distribution of neonatal litters in distinct α2δ-1/-2, α2δ-1/-3, and α2δ-2/-3 breeding combinations did not conform to Mendel’s law, suggesting premature lethality of single and double knockout mice. Notably, high occurrences of infant mortality correlated with the absence of specific α2δ isoforms (α2Δ-2 > α2δ-1 > α2δ-3), and was particularly observed in cages with behaviorally abnormal parenting animals of α2δ-2/-3 cross-breedings. Juvenile α2δ-1/-2 and α2δ-2/-3 double knockout mice displayed a waddling gate similar to ducky mice. However, in contrast to ducky and α2δ-1/-3 double knockout animals, α2δ-1/-2 and α2δ-2/-3 double knockout mice showed a more severe disease progression and highly impaired development. The observed phenotypes within the individual mouse lines may be linked to differences in the volume of specific brain regions. Reduced cortical volume in ducky mice, for example, was associated with a progressively decreased space between neurons, suggesting a reduction of total synaptic connections. Taken together, our findings show that α2δ subunits differentially regulate premature survival, postnatal growth, brain development, and behavior, suggesting specific neuronal functions in health and disease.

Keywords: brain disease, CACNA2D, cortical lamination, over-grooming, stereology, voltage-gated calcium channels


INTRODUCTION

In the central nervous system (CNS) the second messenger calcium regulates a variety of pivotal functions including neurotransmitter release, gene regulation, and synaptic plasticity (Nanou and Catterall, 2018). In healthy neurons, the entry of calcium is tightly controlled by voltage-gated calcium channels (VGCCs). Neuronal VGCCs are hetero-multimeric protein complexes consisting of a transmembrane pore-forming α1 subunit, which conducts Ca2+ upon membrane depolarization, and cytoplasmic β and extracellular α2δ subunits (Catterall, 2000; Zamponi et al., 2015). In vertebrates, four genes (Cacna2d1-4) encode four α2δ subunit isoforms (α2δ-1 to -4), which are post-translationally processed into highly glycosylated α2 and δ peptides linked to each other by disulfide bonds (De Jongh et al., 1990; Sandoval et al., 2004; Calderon-Rivera et al., 2012). The distinct isoforms share a protein sequence identity of approximately 60% (α2δ-3 vs. α2δ-4), 55% (α2δ-1 vs. α2δ-2), and 30% (α2δ-1/α2δ-2 vs. α2δ-3/α2δ-4; Klugbauer et al., 1999; Qin et al., 2002). Nevertheless, all α2δ subunit isoforms display a related topology with a rather similar domain structure (reviewed in Geisler et al., 2015; Dolphin, 2018).

Studies on the mRNA expression of the four α2δ subunit isoforms have revealed a partially differential and partially overlapping distribution in distinct organs including the heart, skeletal muscle, and pancreas (Ellis et al., 1988; Klugbauer et al., 1999; Gao et al., 2000; Arikkath and Campbell, 2003; Mastrolia et al., 2017). Notably, three out of four isoforms (α2δ-1, α2δ-2, and α2δ-3) are abundantly expressed in the brain (Klugbauer et al., 1999; Cole et al., 2005; Schlick et al., 2010; Geisler et al., 2019). α2δ-4 is the major isoform of retinal photoreceptor cells (Knoflach et al., 2013) and its expression in other CNS neurons seems negligible (Schlick et al., 2010). α2δ-1 has gained particular attention during the past years, as it contains a high-affinity binding site for the widely used anti-allodynic and anti-epileptic drugs gabapentin (Neurontin) and pregabalin (Lyrica; Gee et al., 1996; Gong et al., 2001; Fuller-Bicer et al., 2009).

Heterologous co-expression studies uncovered all α2δ subunit isoforms as potent modulators of calcium currents and membrane trafficking (Felix et al., 1997; Klugbauer et al., 1999; Hobom et al., 2000; Geisler et al., 2015; Dolphin, 2018). Beyond this principal role, isoform-specific synaptic functions have been proposed for α2δ-1 (Eroglu et al., 2009; Tong et al., 2017; Brockhaus et al., 2018; Chen et al., 2018; Risher et al., 2018), α2δ-2 (Fell et al., 2016; Tedeschi et al., 2016; Geisler et al., 2019), α2δ-3 (Pirone et al., 2014), and α2δ-4 (Wang et al., 2017; Kerov et al., 2018). Despite this increasing number of examples for α2δ-isoform specificity, it is unclear why distinct brain regions express three distinct isoforms (Cole et al., 2005; Schlick et al., 2010; Geisler et al., 2019). Moreover, all three neuronal isoforms could rescue a major defect in glutamatergic synapse formation observed in a cellular triple loss-of-function model (Schoepf et al., 2019).

Existing mouse models with spontaneous mutations and targeted deletions for all individual α2δ subunits enabled novel insights into their potential functional redundancy as well as specificity: deletion of α2δ-1 impaired synaptic NMDA receptor (NMDAR) recruitment, excitatory synaptogenesis, and spine morphology (Risher et al., 2018), and LTP-associated learning and memory (Zhou et al., 2018). Loss of full-length α2δ-2 in four distinct mouse strains with naturally occurring mutations [ducky: Barclay et al., 2001; Brodbeck et al., 2002; entla: Brill et al., 2004; and ducky(2J): Donato et al., 2006] and targeted deletions in Cacna2d2 (Ivanov et al., 2004) induced epilepsy, dyskinesia, cerebellar atrophy, and high mortality in juvenile mice. α2δ-3 knockout mice display altered pain processing (Neely et al., 2010), abnormal hearing (Pirone et al., 2014), anxiety-like behavior (Landmann et al., 2018a), and sensory cross-activation (Neely et al., 2010; Landmann et al., 2018b). Finally, distinct mouse strains with spontaneous mutations (Wycisk et al., 2006) and targeted deletions (Wang et al., 2017; Kerov et al., 2018) in the α2δ-4 isoform are associated with retinal degeneration and night blindness. Notably, of these existing mouse models, only α2δ-2 mutant mice display a highly decreased life span associated with severe neurological disease. This is insofar surprising as neurological disorders have been linked to aberrant α2δ subunit expression in humans: mutations in CACNA2D1 and CACNA2D2 with epilepsy (Chioza et al., 2009; Edvardson et al., 2013; Pippucci et al., 2013; Vergult et al., 2015; Butler et al., 2018), CACNA2D3 is a potential risk gene for autism spectrum disorders (Iossifov et al., 2012; De Rubeis et al., 2014), and all three genes with schizophrenia (Purcell et al., 2014; Moons et al., 2016; reviewed in Ablinger et al., 2020).

Thus, to provide novel insights into α2δ subunit specificity and redundancy we generated three double knockout mouse models by cross-breeding α2δ-1, α2δ-2, or α2δ-3 mouse strains. Here, we provide a phenotypic characterization and brain structure analysis of these newly established α2δ double knockout models. Moreover, we also included the characterization of adult ducky mice (8–10-weeks), as previous analyzes were restricted to young mice (~1 month). Our findings underpin the general importance of α2δ subunits for normal development and survival. However, we further show that loss of distinct combinations of two isoforms differentially affected postnatal growth and brain development, which was associated with neurological disease including gait abnormalities, repetitive behaviors, and the occurrence of seizure symptoms. Together, these data support the conclusion that α2δ subunits are critically involved in both, partially redundant and also isoform-specific functions.



MATERIALS AND METHODS


Breeding and Genotyping Procedures


Generation and Breeding of α2δ Double Knockout Mice

Double knockout mice lacking different combinations of α2δ subunit isoforms (referred to as α2δ-1/-3, α2δ-1/-2, and α2δ-2/-3 double knockout mice) were generated by cross-breeding previously established conventional mouse models with targeted deletions or spontaneous mutations for individual α2δ subunits.


α2δ-1 Knockout Mouse (Referred to as α2δ-1−/−)

The α2δ-1 knockout mouse was generated by introducing a targeted insertion into exon 2 of the Cacna2d1 gene (Fuller-Bicer et al., 2009). The original strain was maintained in a C57BL/6 genetic background and knockout mice displayed a cardiovascular phenotype (Fuller-Bicer et al., 2009) as well as deficits in mechanical and cold sensitivity (Patel et al., 2013). For our breeding colony, mice heterozygous for α2δ-1 were kept in a mixed 129J × C57BL/6N background. Male knockout animals could not be used for breeding double knockout mice due to their reduced life span caused by their progressing diabetic phenotype (Mastrolia et al., 2017).



α2δ-2 Null Mouse (Referred to as α2δ-2 Mutant, α2δ-2du/du or Ducky Mice)

The naturally occurring ducky mutation was formerly discovered in a breeding stock at the Jackson Laboratory (Bar Harbor, ME, USA; Snell, 1955). It represents a spontaneous recessive autosomal mutation that is linked to a genomic rearrangement within the Cacna2d2 gene resulting in loss of the full-length protein (Cacna2d2du). Previous studies showed that affected homozygous mice display growth retardation, an ataxic waddling gate, paroxysmal dyskinesia, and absence epilepsy, as well as dysgenesis of selective regions of the CNS, especially of hindbrain structures including the brainstem and cerebellum (Snell, 1955; Meier, 1968; Brodbeck et al., 2002). The original strain was purchased from the Jackson Laboratory (strain: TKDU/DnJ, #000575: Bar Harbor, ME, USA) and carried a spontaneous tail kink mutation (tk) in repulsion with the ducky mutation (du). We backcrossed the mice into a C57BL/6N background for more than eight generations to eliminate the tail kink mutation and select for the ducky allele. We provided the Jackson Laboratory with these mice (backcrossed for three generations) as the original stock was lost (strain: B6N; TKDU-Myo5ad Cacna2d2du/J, #012889: Bar Harbor, ME, USA).



α2δ-3 Knockout Mouse (Referred to as α2δ-3−/−)

The α2δ-3 knockout mouse was generated and characterized by Deltagen (strain: B6.129P2-Cacna2d3tm1Dgen; San Mateo, CA, USA; Neely et al., 2010). Knockout was obtained by targeted insertion of a bacterial LacZ cassette into exon 15 of the Cacna2d3 gene, and a deletion of 11 base pairs (bp 1,521 to base 1,531), enabling concomitant expression of β galactosidase under the endogenous promoter (last accessed in January 20211). Previous studies showed that α2δ-3 knockout mice display hearing deficits (Pirone et al., 2014) as well as anxiety-like behavior (Landmann et al., 2018a). Mice for our breeding colony were provided by Jutta Engel (Saarland University, Germany) with the consent of the Jackson Laboratory (#005780: Bar Harbor, ME, USA), and backcrossed for more than eight generations into a C57BL/6N background.

α2δ-1/-2, α2δ-1/-3, and α2δ-2/-3 double knockout mice and littermate controls were obtained by cross-breeding single knockout or heterozygous mice as described below [(see Results section: “Generation of α2δ Double Knockout Mice”) and in Schoepf et al. (2019)]. Both α2δ-2 and α2δ-3 mice were backcrossed into a C57BL/6N background for more than 10 generations before double knockout breedings. Breedings for α2δ-1/-2 and α2δ-1/-3 double knockouts were maintained in a mixed 129J × C57BL/6N background (α2δ-1) repeatedly crossed with C57BL/6N (α2δ-2 or α2δ-3). Thus, progeny displayed either an agouti (129J) or black (C57BL/6N) fur color, the latter being primarily selected for breeding cages.


Animal Care and Husbandry

Animal procedures for wildtype BALB/c and α2δ mutant mice were performed at the Medical University Innsbruck following institutional guidelines that follow national and international laws and policies (European council directive for laboratory animals 2010/63/EU). The animal studies were reviewed and approved by the Austrian Federal Ministry of Education, Science and Research (formerly bmwfw), license numbers BMWFW-66.011/0113-WF/V/3b/2014 and BMWFW-66.011/0114-WF/V/3b/2014. Mouse numbers used for this project were regularly reported to the Austrian Federal Ministry of Education, Science, and Research. All mouse lines were maintained at the central animal facility in Innsbruck (ZVTA) under standard housing conditions with a temperature-and-humidity-controlled environment, food and water ad libitum, and a 12 h light/dark cycle. Generally, we tried to avoid unnecessary handling and resultant stress (see signs for stress and anxiety-related behavior below) by adapting distinct husbandry strategies for all or individual mouse lines as described below.


Breeding

Breeding cages normally consisted of one male and one female mouse, kept together for the entire breeding period. During the entire mating and breeding time, we preferentially monitored mice using undisturbed observation whenever applicable. Double knockout breeding cages were left completely undisturbed and cleaned/monitored by the researcher only. In addition to the standard cage equipment including wood bedding, nesting material, and polycarbonate houses, the environment of breeding cages was further enriched with cardboard houses (Ehret, Tulln, Austria). Whenever individual mice showed progressing signs of stress/anxiety-like behavior—obvious by head trembling, excessive grooming, and increased jumping/activity upon handling—we ensured the application of humane endpoints (α2δ-2/-3; see “Results” section). To increase the postnatal survival chance of litters from α2δ-2/-3 inter-crosses, pregnant females displaying anxiety-like behavior were kept together with BALB/c foster mothers.



Weaning

Offspring derived from α2δ-2 and α2δ-1/-3 breeding pairs was housed in the parental cage until weaning between postnatal days (P) 21–28. Thereafter, weanlings were kept in groups of same-sex littermates. Since the high mortality previously reported for α2δ-2 mutant mice relates at least to some extent to difficulties in obtaining food and water (Snell, 1955), dried and moistened chow, as well as water gels (HydroGel, H007-70015; ssniff Spezialdiäten, Germany), were placed on the bottom of the cage twice a week. Moreover, in addition to the standard cage equipment described above, the environment of weaned α2δ-2 mutant mice was further enriched with cardboard houses which also aided in accessing surplus food from wire bar lids at the top of the cage. In a previous study, we showed that the majority of α2δ-1/-2 and α2δ-2/-3 double knockout mice required the application of humane endpoints (Schoepf et al., 2019). The underlying cause was found to be most likely multifactorial, including infanticide, malnutrition associated with a poor general condition, and seizures linked to the loss of the α2δ-2 isoform (Meier, 1968; Barclay et al., 2001). Thus, the health condition of individual animals was monitored and graded according to general signs of well-being including activity, body posture, and grooming behavior2. Accordingly, some α2Δ-1/-2 and α2δ-2/-3 double knockout mice required the use of humane endpoints and experiments were done slightly before weaning age [between P17 and 21, referred to as juvenile (3–4-week-old) for simplicity] or at weaning age.


Genotyping of α2δ Mutant Mice

Mice were genotyped for the respective α2δ alleles at weaning age or when used for experiments. To this end, DNA was either extracted from 1 to 2 mm tail (until October 2014) or ear punch biopsies (after October 2014; according to BMWFW guidelines) by applying the HOTSHOT method (Truett et al., 2000). Two microliter of the resultant DNA solution was used as a template for PCR genotyping following the GoTaq Flexi protocol (Promega, Fitchburg, WI, USA) as described (Geisler et al., 2019). α2δ-1 genotyping: genotyping for the Cacna2d1 gene was done by use of standard PCR conditions (annealing at 52°C for 30 s). Forward (F) and reverse (R) primers were: wildtype-F1: 5′-GAGCTTTCTTTCTTCTGATTCCAC-3′, mutant-F2: 5′-CTGCACGAGACTAGTGAGACG-3′, R: 5′-ACATTCTCAAGACTGTAGGCAGAG-3′. Expected band sizes were 346 bp for wildtype (α2δ-1+/+) and 635 bp for knockout (α2δ-1–/–) animals, respectively, and heterozygous mice showed both bands. α2δ-2 genotyping: genotyping for the ducky mutation was adapted from Brodbeck et al. (2002) by use of standard PCR conditions (annealing at 56°C for 30 s). Primers F: 5′–ACCTATCAGGCAAAAGGACG-3′ and R: 5′-AGGGATGGTGATTGGTTGGA-3′ produced a fragment of 541 bp from a region duplicated in the ducky allele. Subsequent enzymatic digestion of the mutant allele with BspHI (New England Biolabs, Ipswich, MA, USA) and gel electrophoresis resulted in two fragments (286 and 273 bp) while the wildtype allele remained uncut. Heterozygous mice could be distinguished from α2δ-2 mutant mice according to the relative intensities of the double band. To confirm the genomic duplication of the Cacna2d2 gene in potential α2δ-2 null mice a previously established copy number (CN) qPCR assay was used (Schoepf et al., 2019). To this end, DNA was extracted from sacrificed putative knockout and littermate controls by incubating tissue biopsies at 55°C and 550 rpm in 250 μl Direct PCR Tail Lysis reagent (VWR, Radnor, PA, USA) containing 2.5 μl Protease K (20 mg/ml, Roche, Basel, Switzerland). Following overnight lysis, samples were heated to 85°C for 45 min at 550 rpm to inactivate Protease K, centrifuged at 16,800× g for 1 min and DNA content was measured using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were run in triplicates on a 7,500 fast real-time PCR machine (50 cycles). For each reaction 8 μl DNA (5 ng/μl), 1 μl FAM-dye labeled Cacna2d2 CN (ID: Mm00270662-cn) and 1 μl Vic-dye labeled transferrin receptor (Tfrc, #4458370) assay were added to 10 μl TaqMan Universal PCR Master Mix. All products were purchased from Thermo Fisher Scientific (Waltham, MA, USA; formerly Applied Biosystems). Relative gene expression of Cacna2d2 was calculated with the ΔΔCt-method (2ΔΔCT), were ΔCt was defined as Ct (gene) – Ct (Tfrc, housekeeping gene) and ΔΔCt as ΔCt (putative homozygous) – ΔCt (WT control). Thus, expected ratios between ducky and Tfrc alleles were 1 for wildtype samples (2 du alleles), 1.5 for heterozygous samples (3 du alleles), and 2 for homozygous ducky samples (4 du alleles). α2δ-3 genotyping: wildtype-F1: 5′–TAGAAAAGATGCACTGGTCACCAGG-3′, mutant-F2: 5′-GGGCCAGCTCATTCCTCCCACTCAT-3′, R: 5′–GCAGAAGGCACATTGCCATACTCAC-3′ (annealing at 63°C for 30 s. Expected band sizes were 183 bp for wildtype (α2δ-3+/+) and 331 bp for knockout (α2δ-3−/−) animals, respectively, and heterozygous mice showed both bands.



Genotype Distribution in Neonatal Litters

Breeding cages containing female mice in their late gestation period were examined once daily for litters via undisturbed observation when applicable. Cages containing BALB/c foster mothers were not included in this analysis to avoid potential bias caused by differences in maternal caretaking abilities. Pups were considered newly born when first found, giving a 0–24-h variability in actual age (P0–1). Because some of the new-born pups obtained from α2δ-2 and α2δ-2/-3 breeding combinations were required at P1–P2 for another project (Schoepf et al., 2019), they were immediately marked on the paws using green tattoo ink (Ketchum Manufacturing Inc., Brockville, ON, Canada) and genotyped as described above. Alternatively, the number of pups was counted when first found (P0–1), followed by genotyping at weaning age or when needed for experiments (defined by scientific or humane endpoints, see above). In this case, subsequent analysis of expected and observed neonatal genotype ratios was solely done on litters with complete numbers at weaning. While this approach may give biased results in that it underestimates total numbers, excessive handling stress was reduced in the behaviorally sensitive α2δ mutant parenting animals. Statistical analysis for neonatal genotype ratios was calculated using the Chi-square test.


The General Assessment of Behavioral Phenotypes


Pre-weaning Development

Initial observations on phenotypes of α2δ-1/-2, α2δ-1/-3, and α2δ-2/-3 double knockout pups were done once weekly when cleaning cages to reduce handling stress and increase survival chances of double knockout animals. General health was assessed by examining the grooming state of fur, posture, and responsiveness to handling. Since previous studies showed that ducky mice display ataxia and absence epilepsy (Snell, 1955; Meier, 1968; Brodbeck et al., 2002), we evaluated during handling if double knockout mice show symptoms which are typically associated with ataxic and epileptic conditions (wide based gait, whisker trembling during the behavioral arrest, loss of balance, falling to the side, and behavioral immobility; Ding et al., 2017; Van Erum et al., 2019).



Behavior in Breeding Pairs

It has been previously reported that α2δ-3 single knockout mice display an increased anxiety-like behavior (Landmann et al., 2018a), and CACNA2D3 is mentioned as a potential risk gene for autism spectrum disorders (Iossifov et al., 2012; De Rubeis et al., 2014). During weekly cleaning of cages we therefore monitored α2δ-1/-3 and α2δ-2/-3 breeding pairs for obvious signs of stress, anxiety, and repetitive behavior (e.g., excessive grooming, head tremble, hesitant behavior when opening the cage, and increased jumping/activity upon handling; Bolivar et al., 2007; Kalueff et al., 2016; Landmann et al., 2018a; Lee et al., 2018).


Neuroanatomical Studies


Brain to Bodyweight Ratios

Body weights of juvenile or adult male mice were measured and subsequently mice were killed by CO2, decapitated, and the whole brains were quickly removed from the skull and immediately weighted. Samples comprised anterior tissue starting from the olfactory bulb to the posterior brainstem including the medulla. The spinal cord was cut off at the cerebellum. The relative weight of brain, body, and brain to body ratios of single and double knockout mice were calculated as a percentage of control.



Brain Tissue Preparation

Fresh whole brains of single/double knockouts and respective controls were removed from the skull as described above. To obtain sagittal sections, hemispheres were separated with a cut along the midline and placed medial side down on a flat piece of thin acryl glass (Geisler et al., 2019). Subsequently, mounted hemispheres were submerged for 1 min in 2-methylbutan (Carl Roth, Karlsruhe, Germany) cooled to −50°C. Frozen samples were stored in sealed vials at −80°C until further processing and transferred to −20°C 1 day before sectioning. Brain samples were mounted on a tissue holder using Tissue-Tek® O.C.T.TM Compound (A. Hartenstein, Würzburg, Germany). Consecutive sections (20 μm) of one hemisphere were obtained with a cryotome (NX50: Histocom, Vienna, Austria), collected on polysine coated glass slides (Lactan, Graz, Austria), and stored at −20°C until further use.



Nissl Staining and Volumetric Analysis

Nissl staining of every 15th slide was performed as described previously (Paxinos and Franklin, 2012) with some modifications. Briefly, sections were air-dried at room temperature (RT) for 15 min and fixed with freshly prepared cold 4% paraformaldehyde (pF) diluted in 1× phosphate-buffered saline (PBS, pH 7.4) for 10 min. After dipping slides in 1× PBS and Milli-Q (MQ) water, sections were dehydrated by an ascending ethanol series, followed by immersion in n-butyl acetate (Roth, Germany) for 10 min. Thereafter, samples were rehydrated by a descending ethanol series ending in MQ water. Nissl staining was performed for 20 min via incubation in a staining solution consisting of 0.5% cresyl violet acetate (Sigma–Aldrich, St. Louis, MO, USA), three parts MQ water, 1.7 parts 1 M acetic acid, and 0.3 parts sodium acetate. Staining was stopped by shortly immersing sections in MQ water and excess solution was removed via an ascending ethanol series followed by clearing with n-butyl acetate. The slides were mounted with Eukitt (Christine Gröpl, Tulln, Austria) and air-dried for subsequent volumetric analysis. Representative images of distinct brain regions were recorded with a BX53 microscope (Olympus, Tokyo, Japan) equipped with an SC100 color-camera (Olympus, Tokyo, Japan) using a 10× 0.40 NA objective. 8-bit panorama pictures were created by scanning specimens with a 4× 0.16 NA objective and using the manual multiple image alignment (MIA) function in cellSens Dimension software (Olympus, Tokyo, Japan).

Volumetric analysis of individual brain regions of interest (ROIs) was obtained with a Nikon Eclipse E800 microscope equipped with a Nikon camera DXM1200 and a Stereo Investigator Software driving a motorized stage (Micro Bright Field Europe, Magdeburg, Germany). The first section analyzed comprised the hippocampus and corpus callosum (~0.225 mm lateral to Bregma), and the last slide included the external capsule (~3.725 mm lateral to Bregma). Thus, 7–11 sections were analyzed per animal by an experimenter blinded to the genotypes. To select brain structures of interest we used the following criteria: (1) clearly outlined on Nissl-stained sections; and/or (2) previously shown to express brain α2δ subunit isoforms (α2δ-1, α2δ-2, and α2δ-3; Cole et al., 2005; Schlick et al., 2010); and/or (3) abnormal α2δ expression associated with consequences on structure or function (Brodbeck et al., 2002; Landmann et al., 2018b). Borders of the individual regions of interest were delineated according to the Mouse Brain Atlas (Paxinos and Franklin, 2012) and Redwine et al. (2003) as follows: cerebellum (rostral border: flocculus, middle cerebellar peduncle, and central lobule two—ventral border: dorsal to the fourth ventricle); corpus callosum (gray-white matter border); hippocampus (gray/white matter border with the fimbria/corpus callosum); whole hemisphere (rostral border: excluding olfactory bulbs—caudal border: medulla/spinal cord boundary at the most caudal point of the cerebellum); neocortex (dorsal border: corpus callosum—rostral border: rhinal fissure). The counter tracer option of the software was used to outline and measure the distinct ROIs on each slide. Subsequently, volumes were calculated according to the Cavalieri principle (Glaser and Glaser, 2000) by multiplying the sum of the areas with the uniform distance between the sections (15 × 20 μm).



Antibody Characterization

Cortical lamination was analyzed using well-established markers for transcription factors specifically expressed in distinct cortical layers (Nieto et al., 2004; Hevner, 2007; Molyneaux et al., 2007). Information on primary antibodies, which have been published and validated previously as described below, is summarized in Supplementary Table 1. The chicken ovalbumin upstream promoter transcription factor-interacting protein 2 antibody (Ctip2, also known as Bcl11b; amino acid residues 1–150: MSRRKQGNPQHLSQRELITPEADHVEAAILEEDEGLEIEEPSGLGLMVGG) detects two bands at about 120 kD on Western blots prepared from Jurkat cell lysates (T-cell line), possibly representing two CTIP2 isoforms (Senawong et al., 2003). Immunofluorescence analysis performed in the present study displayed immunopositive neurons in cortex layers V and VI, as well as hippocampus and striatum. Thus, the staining patterns reported here are in accordance with numerous studies using the same antibody on mouse brain sections (Arlotta et al., 2005; Chen et al., 2005; Huang et al., 2012; Betancourt et al., 2014; Chang et al., 2018).

The Homeobox protein Cut Like 1 antibody (Cux1, also known as Cutl1 or CDP; amino acid residues 1111–1332, C-terminal) detects the full-length 200-kDa protein (p200) as well as several truncated isoforms (p55 and p75) on Western blots prepared from nuclear extracts isolated from testes (Kroll et al., 2011). Moreover, a band of 200-kDa was detected in whole-cell protein extracts isolated from lungs of wildtype, but not of Cux1 knockout mice (Luong et al., 2002). In the present study, immunopositive neurons were identified in cortex layers II–IV, replicating staining patterns shown previously for this antibody (Jaitner et al., 2016; Abdurakhmanova et al., 2017; Chang et al., 2018).

The T-box brain 1 antibody (Tbr1, to amino acid residues 50–150: SPLKKITRGMTNQSDTDNFPDSKDSPGDVQRSKLSPVLDGVSELRHSFDGS) was previously validated for chromatin immunoprecipitation (Chip) on embryonic mouse cortices, further revealing specific binding to the deep-layer transcription factor Fezf2 (McKenna et al., 2011). Immunofluorescence analysis performed in the present study displayed immunopositive neurons in cortex layer II–IV, V, and VI, thus replicating the staining pattern reported in previous studies using the same antibody on mouse brain sections (Favero et al., 2013; Betancourt et al., 2014).

Primary antibodies were detected by fluorochrome-conjugated secondary goat-anti-rabbit Alexa Fluor 488 (1:4,000; Thermo Fisher Scientific, Waltham, MA, USA; Cat# A-11094, RRID:AB_221544) and goat-anti-rat Alexa Fluor 594 (1:4,000; Thermo Fisher Scientific, Waltham, MA, USA; Cat# A-11007, RRID: AB_10561522). The specificity of secondary antibodies was verified on cryosections by omitting primary antibody incubation, which gave no signal.



Immunohistochemistry and Cortex Analysis

Consecutive slides of sagittal cryosections obtained from α2δ-2 mutant (α2δ-2du/du) and control (α2δ-2+/+) mice were processed for immunohistochemistry as follows: brain slices were air-dried at RT for 15 min, surrounded with a hydrophobic liquid barrier (Roti®-Liquid Barrier Marker, colorless; Carl Roth, Karlsruhe, Germany) and fixed in 4% pF/4% sucrose in PBS for 5 min. Following washing with three changes of PBS and permeabilization in PBS containing 0.2% bovine serum albumin (BSA) and 0.2% Triton X-100 (PBS/BSA/Triton) for 5 min, samples were incubated in blocking solution (5% normal goat serum in PBS/BSA/Triton) for 2 h. Thereafter, slides were incubated in a blocking buffer containing the following combinations of primary antibodies (Supplementary Table 1): rat-anti-Ctip2 with rabbit-anti-Cux1 or rat-anti-Ctip2 and rabbit-anti-Tbr1, applied at 4°C overnight. After three subsequent washes in PBS/BSA/Triton for 10 min, primary antibodies were detected by fluorochrome-conjugated secondary goat-anti-rabbit Alexa Fluor 488 and goat-anti-rat Alexa Fluor 594, incubated for 2 h (diluted in blocking solution). Following three repeated washes with PBS/BSA/Triton for 30 min, cell nuclei were counterstained with Höchst33342 (1:10,000; #B2261: Sigma–Aldrich, St. Louis, MO, USA) for 5 min. Finally, slides were rinsed several times with PBS and MilliQ water, mounted with Vectashield (adult; #H-100: Szabo-Scandic, Vienna, Austria) or Fluoromount-G (juvenile; #0100-01: SouthernBiotech, Birmingham, AL, USA) and sealed with nail polish. All steps were done at RT except primary antibody incubation. For all subsequent analyzes described below, anatomically matched sections of α2δ-2 mutant mice and control animals were analyzed by an experimenter blind to the genotype.

Cortical Length. 8-bit panorama pictures were recorded with a BX53 microscope (Olympus, Tokyo, Japan) equipped with a cooled CCD camera (XM10, Olympus, Tokyo, Japan) as follows: specimens counterstained with Höchst were scanned with a 4× 0.16 NA objective lens. The MIA function in cellSens Dimension software (Olympus, Tokyo, Japan) was applied for image stitching to comprise the entire cortex in one image. The anteroposterior distance was measured from olfactory bulb/frontal cortex boundary (rhinal fissure) to posterior cortex/superior colliculus boundary (Mairet-Coello et al., 2012) using MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). Measurements of two to four consecutive sections per brain were averaged in MS excel (total of two to four ROIs per sample), and two (adult) and four (juvenile) brains per genotype were analyzed (total of 4–16 ROIs per genotype).

Cortical and Laminar Thickness. 14-bit color images from triple fluorescence-labeled sections were acquired from Ctip2 (red; layer V), Cux1 (green; layer II–IV), or Tbr1 (green; layer VI), and Höchst (blue) channels using a BX53 microscope (Olympus, Tokyo, Japan) equipped with an SC100 color-camera (Olympus, Tokyo, Japan) and a 10× 0.40 NA objective lense. After the acquisition, corresponding Ctip, Cux/Tbr, and Höchst images were superimposed in Adobe Photoshop CS6 and analyzed in MetaMorph (Molecular Devices, Sunnyvale, CA, USA) and MS Excel. To this end, whole cortical thickness (layer I–VI) and laminar thickness (layer I, II–IV, V, and VI) were measured at the level of somatosensory cortex at three anteroposterior positions randomly selected within a region spanning from the anterior part of the lateral ventricle to the rostral hippocampus. two samples (adult; wildtype and knockout) were excluded from the analysis of laminar thickness, as they were not at a comparable cortical level. Three measurements per section and two to four consecutive sections per brain were averaged (total of 6–12 ROIs per sample), and two to three (adult) and four (juvenile) brains per genotype were analyzed (total of 12–48 ROIs per genotype). Finally, the absolute laminar thickness of individual layers of α2δ-2 mutant mice was calculated as the percentage change to control.

Cell Density. Calculation of cell densities was done using ImageJ software (NIH2; Schneider et al., 2012) as follows: Ctip (red), Tbr (green), and Höchst (blue) images were superimposed and a region comprising the entire cortical area was drawn, as well as a selection for background subtraction. Subsequently, the individual color images were thresholded (Image > Adjust > Threshold) to solely include cells positive for the respective marker. Background mean intensity was measured in distinct channels and the ROI surrounding the cortex was transferred to the thresholded Höchst image. The watershed function (Process > Binary > Watershed) was used to separate single cell nuclei. Thus, using the “analyze particle function,” thresholded cells exclusively within the cortical area were selected automatically as ROIs and counted (parameters: particle size: 0-infinity, excluding edges). ROIs were transferred to the Ctip/Tbr channel images and individual mean gray value intensities were measured in all three channels and further analyzed in MS Excel. Background subtractions for distinct channels were applied, providing the absolute number of positively stained cells. Cell numbers were then divided by the cortex area (mm2) to quantify the cellular density as the number of cells per mm2 cortex. The proportion of the following four categories was calculated as the percentage of Höchst+ cells (total cells = neurons and non-neuronal cells): (1) Ctip–/Tbr–/Höchst+ (layer I–IV neurons and non-neuronal cells); (2) Ctip+/Tbr+/Höchst+ (layer V–VI neurons); (3) Ctip+/Tbr–/Höchst+ (layer V neurons); (4) Ctip–/Tbr+/Höchst+ (layer VI neurons). Measurements of 2-4 consecutive sections per brain were averaged in MS excel (total of two to four ROIs per sample), and two (adult) and four (juvenile) brains per genotype were analyzed (total of 12–48 ROIs per genotype).


Experimental Design and Statistical Analysis

According to the 3R principle, the minimum number of mice necessary for a statistical representative analysis was used. Humane endpoints and resultant experimental ages were chosen for the individual mouse lines according to the severity of the phenotype. Thus, research was primarily conducted on either juvenile (3–4-week-old; ducky, α2δ-1/-2 and α2δ-2/-3) or adult mice (8–13-week-old; ducky and α2δ-1/-3). The utilized controls were wildtype, heterozygous, or single knockout for a given α2δ isoform and included in most cases littermates or age-matched individuals. Mouse numbers, genotypes, and ages used for individual experiments are given in the figure legends. Where indicated, investigators were blinded during experiments and analyzes (see respective sections above). Data are depicted either as bar graphs showing means of mice ± SEM, or dot plots representing values of individual mice (dots) and means (line) ± SEM. N-numbers to calculate SEMs were given by the number of animals used. Before statistical analysis, the normality of data sets was evaluated with histograms (Sigma Plot, Systat Software GmbH, Erkrath, Germany). Significance levels (p-values) are presented in the respective figure legends or tables. p-values were calculated using an unpaired t-test or ANOVA with Holm–Sidak posthoc analysis (>2 groups). For the data presented in Figure 4, volumes of individual brain regions between controls and mutants were first compared using unpaired t-tests. Subsequently, p-values of all analyzed brain regions were manually corrected for multiple comparisons using Holm–Sidak posthoc adjustment (Supplementary Table 2). Data and graphs were organized and analyzed using MS Excel, Graph Pad Prism 6 (GraphPad Software, La Jolla, CA, USA), and Sigma Plot (Systat Software GmbH, Erkrath, Germany). Figures were assembled in Adobe Photoshop CS6 and linear adjustments were done to correct black level and contrast.
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FIGURE 1. Genotype distribution is altered in neonatal litters bred from distinct α2δ inter-crosses. Expected (magenta lines) and observed (bar graphs) genotypes of neonatal offspring (P0–1) obtained by crossbreeding different α2δ mutant or single knockout mice (parental genotypes are shown above respective graphs). Symbols indicate either wildtype (+) or mutated (−) α2δ-1, α2δ-2, or α2δ-3 alleles. The absolute number of pups is displayed on the bars and the total amount of analyzed animals is depicted on the upper right side of each graph (confer Table 1 for further information on the number of analyzed litters and mean litter size). While the observed genotype ratio in litters was close to expected values when crossbreeding heterozygous α2δ-2 mutant mice (A) the frequency of distinct α2δ single knockout and double knockout mice was below expected ratios in α2δ-1/-3 (B) α2δ-1/-2 (C) and α2δ-2/-3 (D) inter-crosses. Statistics: Chi-square test: (A) [image: image] = 2.5; (B) left: [image: image] = 14.6, right: [image: image] = 18.1; (C) left: [image: image] = 17.8, middle: [image: image] = 15.6, right: [image: image] = 22.6; (D) left: [image: image] = 24.2, middle: [image: image] = 11.3, right: [image: image] = 0.5. Exact p-values are given in the respective graphs. Asterisks in graphs indicate significance levels: *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 2. Loss of distinct α2δ subunits causes impaired development. Relative body weight, brain weight and brain/body ratios calculated as percentage of controls (gray line and raw values in D) as a measure for proper development of α2δ-2 mutant mouse ducky (A) and α2δ-1/-3 (B) or α2δ-2/-3 (C) double knockout mice. Juvenile (3-4-week-old) or adult mice (8–13-week-old) are depicted with squares or triangles, respectively. In all three mouse models juvenile mice showed a highly decreased body weight together with a moderately reduced brain size resulting in 1.5-fold (A, ducky), 2-fold (B, α2δ-1/-3), or 2.2-fold (C, α2δ-2/-3) higher brain/body ratios compared to controls. The magnitude of this effect varied with age: while brain/body ratios were normalized to control levels in adult α2δ-1/-3 double knockout mice (B) a relatively mild increase in body weight during adulthood together with a moderately reduced brain size resulted in even more elevated brain/body ratios in ducky mice (A, 2.4-fold). Exemplary images of a α2δ-2/-3 double knockout mouse (left) at P21, depicting the remarkably smaller body and brain size compared to its α2δ-3 single knockout littermate (E). Values for individual animals (dots) and means (line) ± SEM are shown. N-numbers: (A) wildtype controls: six (juvenile) and five (adult), ducky mutant: four (juvenile) and five (adult); (B) wildtype or heterozygous controls: four (juvenile) and five (adult), α2δ-3 knockout: four (juvenile) and three (adult), α2δ-1/-3 double knockout: five (juvenile) and three (adult); (C) wildtype or heterozygous controls: 4, α2δ-2 knockout: 5, α2δ-3 knockout: 4, α2δ-2/-3 double knockout: 4. Statistics: two-way ANOVA with Holm–Sidak posthoc analysis: body weight: genotype: F(1,16) = 45.8, p < 0.001, age: F(1,16) = 64, p < 0.001, genotype × age: F(1,16) = 19.2, p < 0.001; brain weight: genotype: F(1,16) = 3.9, p = 0.064, age: F(1,16) = 0.1, p = 0.7, genotype × age: F(1,16) = 0.3, p = 0.6; Brain/body ratio: genotype: F(1,16) = 18.6, p < 0.001, age: F(1,16) = 39.8, p < 0.001, genotype × age: F(1,16) = 0.1, p = 0.8; (B) two-way ANOVA with Holm–Sidak posthoc analysis: body weight: genotype: F(2,18) = 50.7, p < 0.001, age: F(2,18) = 764.5, p < 0.001, genotype × age: F(2,18) = 2.8, p = 0.09; brain weight: genotype: F(2,18) = 5.9, p = 0.01, age: F(2,18) = 28.2, p < 0.001, genotype × age: F(2,18) = 0.1, p = 0.9; Brain/body ratio: genotype: F(2,18) = 9.2, p = 0.002, age: F(2,18) = 115.5, p < 0.001, genotype × age: F(2,18) = 5.0, p = 0.02; (C) one-way ANOVA with Holm–Sidak posthoc analysis: body weight: F(3,11) = 6.6, p = 0.008, post hoc: †p = 0.053 between α2δ-2 single knockout and control, *p < 0.05 between α2δ-2/-3 double knockout and α2δ-3 single knockout/control; brain weight: F(3,11) = 5.8, p = 0.01, posthoc: †p = 0.07 between α2δ-2 single knockout and control, *p = 0.015 between α2δ-2/-3 double knockout and control; brain/body ratio: F(3,11) = 11.5, p = 0.001, posthoc: ***p = 0.001 between α2δ-2/-3 double knockout and control, **p = 0.002 between α2δ-2/-3 double knockout and α2δ-3 single knockout, *p = 0.012 between α2δ-2/-3 double knockout and α2δ-2 single knockout. Symbols in graphs indicate significance levels of factor genotype within (*), or factor age (#): †p < 0.07, */#p < 0.05, **p < 0.01, ***/###p < 0.001.
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FIGURE 3. General histologic examination of Nissl-stained brain sections does not reveal major morphological abnormalities. Representative micrographs of Nissl-stained sagittal cryosections obtained from adult (8–13-weeks-old; A,B) and juvenile (3–4-weeks-old; C,D) mouse brains. The cerebellum and hippocampus of ducky (A), α2δ-1/-3 (B), α2δ-1/-2 (C), α2δ-2/-3 (D) double knockout mice showed no overt anatomical defects compared to control mice. Scale bars, 400 μm (Cerebellum), and 200 μm (Hippocampus).
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FIGURE 4. Volumes of distinct brain regions are decreased in adult ducky and α2δ double knockout mice. Representative micrographs of Nissl-stained sagittal cryosections obtained from adult (8–13-weeks-old; A,B) and juvenile (3–4-week-old; C,D) mice. Consecutive slides were used for volume quantification of specific brain regions by applying the Cavalieri principle. Data from three mice per genotype were averaged and bar graphs depict means of respective knockout mice ± SEM, calculated as percentage reduction to corresponding controls (indicated with numbers in bars). Dashed lines in micrographs illustrate significantly decreased brain areas in knockout mice (right picture of each panel) compared to respective controls (left picture of each panel). (A) Ducky mice showed a generally reduced volume of all analyzed brain regions, with neocortical size being significantly decreased by 34%. (B) While the majority of analyzed structures were only slightly affected in α2δ-1/-3 double knockout mice, a specific volume reduction of 24% was found in the corpus callosum. (C) Brain regions of α2δ-1/-2 double knockout mice were not significantly different from control animals which already lacked α2δ-1. However, additional knockout of α2δ-2 caused an obvious trend towards reduced volumes of the cerebellum (37%), whole hemisphere (27%), and neocortex (21%). (D) α2δ-2/-3 double knockout mice showed a drastic volume reduction of all analyzed brain regions ranging from 22 to 40%. The highly significant decrease of the cerebellum, whole hemisphere, and neocortex was similar to the one found in α2δ-1/-2 double knockout mice. Furthermore, the size of the corpus callosum was significantly reduced by 29%. Confer Supplementary Table 2 for raw data of individual mice and respective genotypes. Abbreviations: Cb, cerebellum, Cc, corpus callosum, He, whole hemisphere, Hc, hippocampus, Nx, neocortex. Statistics: unpaired t-test with Holm–Sidak correction for multiplicity (for p-values see Supplementary Table 2). Symbols in graphs indicate corrected significance levels compared to control: †p < 0.06; *p < 0.05; **p < 0.01; ***p < 0.001. Scale bars, 1 mm.
















RESULTS


Generation of α2δ Double Knockout Mice

Loss-of-function models such as knockout or mutant animals allow conclusions on the potential roles of the affected proteins. Of the existing α2δ subunit loss-of-function mouse models only the α2δ-2 mutant mice, in our case ducky (α2δ-2du/du), essentially an α2δ-2 null mouse (see “Materials and Methods” section), display a severe neurological CNS phenotype and decreased life span (Meier, 1968; Barclay et al., 2001; Brodbeck et al., 2002). Thus, we hypothesized that the neuronal α2δ isoforms (α2δ-1, α2δ-2, and α2δ-3) may have partially redundant as well as specific functions. To address this hypothesis, we generated three distinct α2δ double knockout mouse models by crossbreeding single knockout (α2δ-1 and -3) or mutant (ducky) mice (see below and parental genotypes in Figure 1).

Due to the phenotypes of the distinct single knockout mice—ducky mice are infertile and male α2δ-1 knockout mice exhibit a progressive form of diabetes (Snell, 1955; Mastrolia et al., 2017)—successful generation of double knockouts was inherently difficult and accomplished only by employing the following strategies: ducky mice (α2δ-2du/du) were generated by breeding heterozygous mice (α2δ-2du/+ × α2δ-2du/+; Figure 1A). α2δ-1/-3 double knockout mice (α2δ-1−/−, α2δ-3−/−) were either obtained by inter-crossing double heterozygous animals (α2δ-1+/–, α2δ-3+/–), or mice heterozygous for α2δ-1 (α2δ-1+/–) and homozygous knockout for α2δ-3 (α2δ-3−/−; Figure 1B). α2δ-1/-2 double knockout/mutant mice (α2δ-1−/−, α2δ-2du/du) were generated by cross-breeding double heterozygous animals (α2δ-1+/–, α2δ-2du/+), or mice heterozygous for α2δ-2 (α2δ-2du/+) and homozygous knockout for α2δ-1 (α2δ-1−/−; Figure 1C). Finally, α2δ-2/-3 double knockout/mutant mice (α2δ-2du/du, α2δ-3−/−) were obtained by inter-crossing double heterozygous animals (α2δ-2du/+, α2δ-3+/–), or mice heterozygous for α2δ-2 (α2δ-2du/+) and homozygous knockout for α2δ-3 (α2δ-3−/−; Figure 1D). Most of the different breeding combinations did not yield the respective double knockout mice at the expected Mendelian ratios (see below). Hence, we observed that individual double knockouts were best obtained using the following male and female genotype combinations: α2δ-1/-3 double knockout mice by cross-breeding male α2δ-1+/-, α2δ-3+/–, or α2δ-3−/− mice and female α2δ-1+/–, α2δ-3+/–, or α2δ-3−/− mice (Figure 1B); α2δ-1/-2 double knockout mice by cross-breeding male α2δ-1−/−, α2δ-2du/+, and female α2δ-1−/−, α2δ-2du/+ mice (Figure 1C); α2δ-2/-3 double knockout mice by cross-breeding male α2δ-2du/+, α2δ-3−/−, and female α2δ-2du/+, α2δ-3+/– mice (Figure 1D). For further analysis, double knockout mice obtained from these breeding combinations were compared with wildtype, (double-) heterozygous, or single knockout littermates.



Mendelian Ratios are Altered in Neonatal Litters Bred From Different α2δ Inter-crosses

We first carried out breeding and offspring analysis in the ducky α2δ-2 mouse line and the three double knockout mouse strains. When cross-breeding male and female mice heterozygous for α2δ-2 (α2δ-2du/+ × α2δ-2du/+; Figure 1A) we observed that the detected genotypes in P0–1 litters were close to expected theoretical values for wildtype, heterozygous and ducky mice.

However, the genotypic distribution of neonatal litters in the double heterozygous breeding combinations did not conform to Mendel’s law: the frequency of heterozygous pups was generally increased by 15–36% compared to expected percentages. In striking contrast, the prevalence of α2δ double knockout mice was ~30% (α2δ-1/-3; Figure 1B, left), 100% (α2δ-1/-2; Figure 1C, left), and 80% (α2δ-2/-3; Figure 1D, left) less than theoretically expected at birth, and even the number of single knockout pups was significantly reduced. The ratio of observed and predicted single knockout mice varied in the distinct α2δ cross-breedings: while the numbers of born α2δ-2 mutant pups were reduced by 40% (α2δ-1/-2; Figure 1C, left) and 100% (α2δ-2/-3; Figure 1D, left), α2δ-1 or α2δ-3 single knockouts were close to or slightly above expected values in the respective mouse lines. In α2δ-1/-3 inter-crosses (Figure 1B, left) the amount of born α2δ-1 single knockout mice was 70% less than predicted, whereas 80% more α2δ-3 single knockout mice were born.

Using male or female mice of different genotype combinations revealed further effects on genotype frequency in neonatal litters: cross-breeding male α2δ-1+/–, α2δ-3−/−, and female α2δ-1+/–, α2δ-3+/– mice more strongly affected mendelian distribution compared with double heterozygous breedings, as the number of born single and double knockout pups was decreased by 32% and 68%, respectively (Figure 1B, right). Of note, the chance to obtain α2δ-1/-2 double knockout pups was strikingly low in all α2δ-1/-2 breeding combinations (Figure 1C, 73% or 100% less than expected). The observed genotypes were close to expected theoretical values by inter-crossing male and female α2δ-2du/+, α2δ-3−/− mice (Figure 1D, right) and thus provided a relatively good chance to obtain α2δ-2/-3 double knockout mice. Taken together, genotypes of parents were a critical factor for the birth/survival of single and double knockout offspring. This is best visualized by the total number of analyzed offspring and litters (Table 1): While data from heterozygous α2δ-2 matings were collected within 2 years, double knockout mouse lines required a period of 4–5 years to collect enough data enabling statistical analysis. Taken together, our results suggest embryonic or neonatal lethality of distinct α2δ single and double knockout mice, therefore indicating that α2δ subunits are essential for survival.

TABLE 1. Mean litter sizes obtained from distinct α2Δ mutant or knockout breeding combinations.
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Breeding Pairs of Distinct α2δ-2/-3 Inter-crosses Display Skin Lesions Associated With Over-Grooming

Since genotypes of parents appeared to be a critical factor for the survival of single and double knockout offspring, we more thoroughly monitored breeding pairs. Besides the diabetic phenotype of male α2δ-1 knockout animals (Mastrolia et al., 2017), no overt physiological or behavioral abnormalities have been observed in α2δ-2, α2δ-1/-3, and α2δ-1/-2 mating combinations. In contrast, already α2δ-2/-3 double heterozygous breeding pairs displayed signs of stress and anxiety-like behavior typically associated with neuropsychiatric disorders (Kalueff et al., 2016; Landmann et al., 2018a) comprising head trembling, increased grooming, and abnormal activity upon handling. Excessive grooming appeared enhanced in double heterozygous and even more in heterozygous/knockout matings, as we observed high incidences of skin lesions (Table 2, double heterozygous breeding: no overt lesions in six breeding cages; α2δ-2du/+, α2δ-3−/− × α2δ-2du/+, α2δ-3+/–: lesions observed in 28% of 14 breeding cages). Of note, in α2δ-2du/+, α2δ-3−/− × α2δ-2du/+, α2δ-3+/– matings lesions were observed in 83% of 24 breeding cages which correlated with extraordinarily high infant mortality at P0–1, often resulting in the loss of complete litters. Thus, breedings were later switched to include BALB/c foster mothers (see “Materials and Methods” section). Similar incidences (loss of litters) have also been detected in α2δ-1/-2 matings, although here no excessive grooming behavior was observed.

TABLE 2. α2δ-2/-3 breeding pairs display abnormal grooming behavior and increased pup mortality.
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Lesions were usually first noticed within the first month after placing mating mice together and appeared as a patch of hairless skin at specific body regions including the head (neck, eyes, snout, and ears), back, belly, and genitals. Thorough monitoring of mice to ensure the timely use of humane endpoints revealed that the lesions quickly progressed into subcutaneous wounds encompassing larger parts. Because males and females were housed together during the entire breeding procedure we could not definitely determine whether lesions were caused by self- grooming, allogrooming, or could be the result of aggressive encounters. However, partners were not observed behaving aggressively against each other, and individuals were often seen engaged in scratching wounds themselves. Importantly, hardly any occurrences were observed in mice maintained in stock cages of same-sex and same-age littermates. Moreover, lesions were neither noticed in other mouse lines maintained in a C57BL/6N background (α2δ-2 and α2δ-3 single breedings) nor in the ones kept in a mixed 129J × C57BL/6N background (α2δ-1/-3 and α2δ-1/-2 double breedings). Thus, our findings rather exclude the possibility of background related symptoms or diseases and point towards abnormal behavior caused by the gradual decrease in the total amount of α2δ-2 and particularly α2δ-3.



General Descriptions of Phenotypes of α2δ-2 Null (Ducky) Mice and α2δ Double Knockout Mice

We subsequently conducted a qualitative phenotypic evaluation looking for gross abnormalities in born ducky and double knockout offspring (see “Materials and Methods” section).

Similar to previously published reports, the α2δ-2 mutant mice analyzed in this study displayed the ducky phenotype, described by an ataxic, wide-based gait (Snell, 1955) as well as symptoms typical for epileptic seizures including loss of balance, falling to the side, and behavioral immobility (Van Erum et al., 2019). However, while other studies stated that the majority of ducky mice hardly lived beyond 39 days (Meier, 1968; Barclay et al., 2001), we observed in several animals a highly extended life span (>12 months; Schoepf et al., 2019). The discrepancy in survival might be explained by the use of different background strains or the above-mentioned husbandry strategies including easily reachable food and water (see “Materials and Methods” section). Notably, constant monitoring revealed that adult mice exhibited to some extent normal activities such as climbing on the housing material and huddling behavior, all signs of general well-being.

Similar to ducky mice, α2δ-1/-2 and α2δ-2/-3 double knockout mice also showed abnormal behavioral phenotypes typically occurring during apparent epileptic episodes (see paragraph above). However, in contrast to ducky animals, α2δ-1/-2 and α2δ-2/-3 double knockout mice displayed a more severe disease progression peaking around weaning age, which often required the application of humane endpoints (see “Materials and Methods” section). Their generally affected condition was best evidenced by poor fur coat condition, low body weight (Figure 2), hypo-reactivity to handling, and highly reduced survival chance during the first postnatal weeks (Schoepf et al., 2019). We did therefore not pursue quantitative behavioral tests of sensory or motor abilities as these mice would have been unable to perform such tasks. Interestingly, while no motor phenotype has been so far detected in α2δ-1 and α2δ-3 single knockout animals, α2δ-1/-3 double knockout mice showed locomotion difficulties comprising imbalance and abnormal posture while walking. However, gait appeared different compared to the previously described waddling gait of ducky mice, which was also evident in α2δ-1/-2 and α2δ-2/-3 knockout mice. When further examined, α2δ-2 null mice displayed a frog-like position of the hind limbs as described in Meier (1968), whereas α2δ-1/-3 double knockout animals exhibited a hopping gait lifting one of the hindlimbs. Notably, quantitative gait assessment using the CatWalk gait analysis system for fluorescent detection of footprint patterns already failed in α2δ-1/-3 double knockout mice because of their highly reduced body weight (Figure 2).



Loss of Distinct α2δ Subunits Causes Impaired Development and Neurological Disease

To further characterize how the loss of distinct α2δ subunits affects postnatal development and neurological disease we next assessed body and brain weights of juvenile (3-4-week-old; α2δ-2/-3 double knockout and ducky) or adult (8–13-week-old; α2δ-1/-3 double knockout and ducky) male mice. Moreover, brain/body ratios were calculated to investigate whether an eventual decrement of brain size was associated with developmental impairment. Since delivery of α2δ-1/-2 double knockout pups was rare (Figure 1C) they could not be included in this analysis. We observed that in all three analyzed mouse models juvenile mice showed a highly decreased bodyweight (ducky: 41%; α2δ-1/-3: 61%; and α2δ-2/-3: 68% reduction compared to control) together with a moderately reduced brain size (ducky: 10%; α2δ-1/-3: 22%; and α2δ-2/-3: 28% reduction to control) resulting in 1.5-fold (Figure 2A; ducky), 2-fold (Figure 2B; α2δ-1/-3); or 2.2-fold (Figures 2C,E; α2δ-2/-3), enhanced brain/body ratios compared to individual controls. Interestingly, differences in brain/body ratios were no longer apparent in adult α2δ-1/-3 double knockout mice (Figure 2B). In contrast, adult ducky mice (Figure 2A; 2.4-fold) showed even higher brain/body ratios due to a relatively mild increase in body size during adolescence and unaltered brain weight (body: 61%; brain: 17% reduction to control). Moreover, comparing juvenile α2δ-2 and α2δ-3 single knockout mice with α2δ-2/-3 double knockout littermates further corroborated that loss of distinct α2δ subunits differentially affected brain and body size: while α2δ-3 knockout mice had normal brain/body ratios compared to controls (Figure 2C, blue squares), brain/body ratios were strongly increased in α2δ-2 null mice (Figure 2C, green squares, 1.4-fold) and even more dramatically in α2δ-2/-3 double knockout mice (Figure 2C, magenta squares, 2.2-fold). Together, these data are in accordance with the above-mentioned severe neurological phenotypes associated with the lack of α2δ-2. These phenotypes were even stronger if α2δ-3 or, most likely, α2δ-1 were additionally missing in double knockout mice. Furthermore, our findings suggest that α2δ-2 and α2δ-3 differentially affect postnatal growth and brain development.



Volumes of Distinct Brain Regions Are Decreased in Ducky and Double Knockout Mice

Interestingly, we observed that the brain weight of ducky and double knockout mice was moderately to highly reduced compared to control littermates (Figure 2). Given the concomitant decrease in body weight, we reasoned that the decrement in brain size could be caused by a general developmental delay. If this applies, we assumed that distinct brain regions should be rather uniformly affected by the loss of α2δ subunits. However, taking the distinct phenotypes of the individual single and double knockout mice into account, α2δ subunits may also specifically influence the development of brain regions. In this scenario, the loss of α2δ subunits could lead to decreased volumes of discrete brain regions. Thus, we next examined overall brain architecture in juvenile (α2δ-1/-2 and α2δ-2/-3 double knockout) or adult (α2δ-1/-3 double knockout) male mice. To our knowledge ducky mice of over 56-days of age have not been histologically examined thus far (Meier, 1968; Brodbeck et al., 2002) and were therefore included in our analysis.

To address potential α2δ knockout effects on brain structure, consecutive Nissl-stained sagittal cryosections from mutant brains obtained from one hemisphere were compared with control littermates. Moreover, volumes of distinct brain regions of interest, including the cerebellum, corpus callosum, hippocampus, neocortex, and whole hemisphere were calculated by applying the Cavalieri principle (see “Materials and Methods” section for selection criteria). While we found no overt anatomical abnormalities in cerebelli or hippocampi of all α2δ mutant and ducky mice (Figure 3), the volumetric analysis revealed size differences of specific brain regions (Figure 4 and Supplementary Table 2): whole hemisphere volume of α2δ-1/-3 double knockout mice was slightly reduced by 11% (Figure 4B), while brain size of ducky (Figure 4A), α2δ-1/-2 (Figure 4C) and α2δ-2/-3 (Figure 4D) double knockout mice was strongly decreased (25%, 27%, and 26%, respectively). Furthermore, the size of the cerebellum was markedly affected in α2δ-2/-3 (40%) and α2δ-1/-2 (37%) double knockout mice and to a lesser extent in ducky (29%) and α2δ-1/-3 mice (16%). Interestingly, cortical volume was decreased in all three mouse strains lacking the α2δ-2 isoform (ducky: 34%, α2δ-1/-2: 21% and α2δ-2/-3: 22%), while the corpus callosum was significantly reduced whenever α2δ-3 was absent (α2δ-1/-3: 23%, α2δ-2/-3: 29%). Of note, albeit some alterations were not significantly different to controls, which might be linked to low n-numbers caused by inherently difficult breeding strategies and phenotypes, they were consistently detected in all mutant animals analyzed (Supplementary Table 2: cerebellum in α2δ-1/-2; corpus callosum in ducky and α2δ-1/-2; hippocampus in α2δ-1/-3; neocortex in α2δ-1/-2; whole hemisphere in ducky, α2δ-1/-3 and α2δ-1/-2). Taken together, our data display concurrent effects on specific brain regions caused by deletion of distinct α2δ subunits: sizes of cerebellum and cortex were highly reduced when α2δ-2 was absent, and a lack of α2δ-3 specifically elicited a volume decrease in the corpus callosum. Therefore, our findings argue that the reduction in brain size is not just caused by a general effect on overall development.



Adult Ducky Mice Display a Reduced Thickness of Cortical Layers and Increased Cell Densities

A potentially underlying cause for a reduction in the volume of distinct brain regions in α2δ mutant mice could be on the one hand loss of cells or on the other hand a paucity of neuropil, which includes neuronal and glial cell processes, dendritic spines, and synaptic contacts (Dudanova et al., 2007). The neocortex provides an intriguing brain region to further address these possibilities and thus shed light onto the role of α2δ subunits in the normal and diseased brain in several aspects: first, we found that the cortical volume was decreased in all three mouse models lacking the α2δ-2 isoform (Figure 4, see ducky, α2δ-1/-2 and α2δ-2/-3), which has not been described in the original reports of young ducky mice (Meier, 1968). Second, abnormal structure and function of the cerebral cortex have been linked to neurodevelopmental and neurological disease, including autism spectrum disorders (Chen et al., 2015; Fenlon et al., 2015), motor dysfunction (Hong and Mah, 2015), and epilepsy (Toba and Hirotsune, 2012). Importantly, these phenotypes have been associated with aberrant α2δ expression both in mice and humans (reviewed in Geisler et al., 2015). Third, the cerebral cortex represents a six-layered structure that is generated during corticogenesis in a highly regulated manner: earlier born neurons reside in deeper layers, and later-born neurons migrate to superficial layers (Shao et al., 2017). Consequently, an effect of α2δ subunit mutations should also be examined during development.

Therefore, we next aimed to discern the relative contribution of cell densities to the cortical volume, which represents a reflection of spacing between cell somas (Chen et al., 2015). To this end, cortical cytoarchitecture of adult ducky and wild-type mice was analyzed measuring a battery of distinct parameters (Figure 5). Using sagittal cryosections counterstained with the nuclear marker Höchst (Figure 5A) we found that both anteroposterior length (Figure 5B) and thickness of the somatosensory cortex (Figure 5C) were significantly reduced by 10% compared to wildtype control littermates. These findings further validate the volume decrease observed on Nissl-stained cryosections (Figure 4A). Because total cortical volume was reduced by 34% in α2δ-2 mutant mice (Figure 4A), these data likely suggest that cortical length is decreased to a similar extent along the rostrocaudal (Figure 5B), ventrodorsal (Figure 5C), and possibly also the mediolateral axis, therefore displaying a rather general effect on cortical expansion. Importantly, measuring nuclear densities along the entire ventrodorsal axis showed that the effect of reduced thickness was accompanied by a 2.5-fold increase in cell density (Figure 5G, number of all Höchst positive cells/mm2 encompassing layer I to layer VI). Together, these results point towards a more compacted cortex in adult ducky mice compared to wild-type control littermates.
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FIGURE 5. Adult ducky mice display a reduced thickness of cortical layers and increased cell densities. (A–C) Representative micrographs of mid-sagittal cryosections obtained from adult (8–13-weeks-old) wildtype and α2δ-2 mutant (ducky) mouse brains (A). Slides were counterstained with the nuclear marker Höchst to analyze anterior-posterior length (yellow arrow and quantification in panel (B) and thickness (C) of the somatosensory cortex, which were both significantly decreased in ducky mice. Two (B) and three (C) mice per genotype were analyzed and bar graphs depict means of mice ± SEM. Statistics: unpaired t-test: (B) t(2):6.9, p = 0.02; (C) t(4):4.8, p = 0.009. Representative micrographs of triple immunofluorescence labelings of consecutive sagittal sections with layer-specific markers Ctip2 (red; layer V), Cux1 (green; layer II–IV) or Tbr1 (green; layer VI) and Höchst (blue) at the level of somatosensory cortex (see the boxed region in A), showing that cortical lamination is preserved in adult ducky mice (D,E). Quantification of the laminar thickness (F), total cell density (G), and percentage of marker positive neurons of total cells (H). The thickness of individual layers was reduced in ducky mice when compared to wild-type controls, the most affected being layer V (F, 23%). This effect was accompanied by a 2.5-fold increase in nuclear cell density (G) while the proportion of cells expressing individual markers remained unaffected (H). Two mice per genotype were analyzed and bar graphs depict means of mice ± SEM. Statistics: (F) Two-way RM ANOVA with Holm–Sidak posthoc analysis: genotype: F(1,6) = 17.9, p = 0.05, layer: F(3,6) = 150.5, p < 0.001, genotype x layer: F(3,6) = 1.4, p = 0.34, posthoc: **p < 0.001 between ducky and wildtype within layer 5; (G) unpaired t-test: t2:5.0, p = 0.038; (H) Two-way RM ANOVA with Holm–Sidak posthoc analysis: genotype: F(1,6) = 0.6, p = 0.5, marker: F(3,6) = 26.3, p < 0.001, genotype x marker: F(3,6) = 1.2, p = 0.39. Symbols in graphs indicate significance levels: *p < 0.05; **p < 0.01. Scale bars, 1 mm (A,B) and 100 μm (D,E).



To evaluate whether the reduction in cortical thickness was linked to an altered layer composition we subsequently examined cortical lamination using well-established markers for upper-layer (Cux1: layer II–IV; Figure 5D) and deep-layer neurons (Ctip2: layer V; Tbr1: layer VI; Figure 5E; Shao et al., 2017). Triple immunofluorescence labeling of consecutive sagittal cryosections with Ctip2 (red channel) and either Cux1 or Tbr1 (green channel), as well as Höchst (blue channel), revealed that cortical lamination appeared preserved in adult ducky mice (Figures 5D,E, right panel). However, laminar thickness at the level of the somatosensory cortex was generally reduced in ducky mice, albeit the most severely and consistently affected being layer V (23% reduction to control; Figure 5F). Because the proportion of marker positive cells relative to the number of Höchst+ cells was not apparently altered (Figure 5H and Supplementary Table 3) our data imply that cortical thinning in adult ducky mice is primarily caused by decreased spacing, possibly reflecting a reduction of dendritic arborization, axonal contacts, and synapses.



Cortical Thinning and Compaction Manifests During Postnatal Development in Ducky Mice

To assess whether cortex size was already affected at earlier postnatal stages which would point towards a growth deficit, we next examined juvenile ducky mice and compared them to wildtype control littermates (3–4-week-old). Surprisingly, we found that the anteroposterior length was only slightly reduced by 6% (Figures 6A,B, p = 0.06) and cortical thickness was unaltered compared to wildtypes (Figure 6C, p = 0.33). Together, these findings suggest that, in contrast to adult ducky mice, total cortical expansion was still unaffected in juvenile mice. Since also total nuclear cell density was comparable to wildtype control (Figure 6G, number of all Höchst positive cells/mm2 encompassing layer I to layer VI) our data further implicate that cortical thinning and compaction did not yet manifest in juvenile mice. Interestingly, however, immunofluorescence labeling of consecutive sagittal cryosections with layer-specific markers for upper-layer (Cux1: layer II–IV; Figure 6D) and deep-layer neurons (Ctip2: layer V; Tbr1: layer VI; Figure 6E) revealed differences in lamination: while layers I and II–IV showed a trend towards reduced thicknesses by 10%, layer VI displayed a concomitant increase of 25% (Figure 6E, right panel, and Figure 6F). Similar to adult ducky mice, we next assessed whether the increase in layer VI was linked to a relative increase in deep-layer neurons by calculating the fraction of marker positive cells relative to the number of Höchst+ cells (Figure 6H and Supplementary Table 3). Since the proportion was not altered, our findings indicate that increased laminar thickness might be a result of augmented spacing in juvenile α2δ-2 mutant mice.
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FIGURE 6. Juvenile ducky mice display altered cortical cytoarchitecture. (A–C) Representative micrographs of mid-sagittal cryosections obtained from juvenile (3-weeks-old) wildtype and α2δ-2 mutant (ducky) mouse brains (A). Slides were counterstained with the nuclear marker Höchst to analyze anterior-posterior length (yellow arrow and quantification in panel B) and thickness (C) of the somatosensory cortex. Both cortex length and cortical thickness of ducky mice did not significantly differ compared to wildtypes. Four mice per genotype were analyzed and bar graphs depict means of mice ± SEM. Statistics: unpaired t-test: (B) t6: 2.3, p = 0.06; (C) t(6): 1.1, p = 0.33. Representative micrographs of triple immunofluorescence labelings of consecutive sagittal sections with layer-specific markers Ctip2 (red; layer V), Cux1 (green; layer II–IV) or Tbr1 (green; layer VI) and Höchst (blue) at the level of somatosensory cortex (see the boxed region in A), indicating lamination is preserved in juvenile ducky mice (D,E). However, further quantitative analysis of laminar thickness (F), total cell density (G), and percentage of marker positive neurons of total cells (H) revealed a significant increase of layer VI in juvenile ducky mice (F, 25%) without apparent effects on total cell density (G) or proportion of marker positive cells (H). Four mice per genotype were analyzed and bar graphs depict means of mice ± SEM. Statistics: (F) two-way RM ANOVA with Holm–Sidak posthoc analysis: genotype: F(1,18) = 0.17, p = 0.7, layer: F(3,18) = 124.7, p < 0.001, genotype × layer: F(3,18) = 2.5, p = 0.095, posthoc: *p < 0.05 between ducky and wildtype within layer 6; (G) unpaired t-test: t(6): 5.0, p = 0.65; (H) two-way RM ANOVA with Holm–Sidak post hoc analysis: genotype: F(1,18) = 0.83, p = 0.4, marker: F(3,18) = 21.6, p < 0.001, genotype × marker: F(3,18) = 0.87, p = 0.48. Symbols in graphs indicate significance levels: *p < 0.05. Scale bars, 1 mm (A,B) and 100 μm (D,E).



Altogether, the above-described divergent observations in cortices of adult and juvenile ducky mice possibly reflect a reduction of spacing in adult mice which manifests after 3–4 weeks of age. Moreover, our results suggest that loss of neuronal α2δ subunits causes a paucity of neuropil, which includes neuronal and glial cell processes, spines, and synaptic contacts. Thus, the reduction of cortex volume cannot be solely explained by developmental retardation, further implicating the role of neuronal α2δ subunits in the stabilization of axonal and dendritic arborization.




DISCUSSION

This is the first study providing a general assessment of behavioral phenotypes and systemic analysis of different brain regions of three newly established α2δ double knockout mouse models (α2δ-1/-3, α2δ-1/-2, and α2δ-2/-3) and adult α2δ-2 mutant ducky mice. The findings described here provide evidence for general essential, but also individual roles of α2δ subunit isoforms in regulating survival, behavior, postnatal development, and the size of distinct brain regions. Importantly, we demonstrate for the first time that neurological disease phenotypes and the level of their severity critically depend on the type and quantity of α2δ isoforms.


Role of α2δ Isoforms in Premature Survival

Our offspring analysis on neonatal litters (P0–1) obtained by crossbreeding distinct α2δ-1, α2δ-2, and α2δ-3 genotype combinations revealed that genotypic distribution did not conform to Mendel’s law, thus suggesting embryonic or neonatal lethality of α2δ-1/-3, α2δ-1/-2, and α2δ-2/-3 double knockout mice. Together with the fact that α2δ single knockout or mutant mice are born at expected Mendelian ratios in litters obtained from heterozygous breeding pairs, this finding may indicate a significant degree of α2δ subunit redundancy in premature survival and/or early development (α2δ-1: Mastrolia et al., 2017; α2δ-2: Figure 1A, present study; α2δ-3: Neely et al., 2010; Landmann et al., 2018a, b). One intriguing observation presented here certainly is that not only the number of α2δ double knockout offspring but already the amount of single knockout pups was significantly reduced in double heterozygous breedings of all α2δ inter-crosses (Figures 1B–D, left graphs). This surprising discrepancy between single heterozygous and double heterozygous matings might suggest that even single knockouts display a decreased chance of survival if obtained together with a high number of heterozygous or wildtype siblings. Such premature mortality in offspring could result either from physiological and/or behavioral deficits in mutant parenting animals, pups themselves, or a combination of both.

In the first scenario, behaviorally affected female mice might display reduced parental care-taking abilities or even conduct infanticide (Kuroda and Tsuneoka, 2013), which is supported by the correlation of excessive grooming behavior with extraordinarily high infant mortality. Along these lines, a previous study found abnormal occurrences of infant mortality using α2δ-3 knockout mice as breeders, likely associated with reduced maternal care-taking due to deficits in vocalization and hearing (Landmann et al., 2018a). While we did not detect any obvious occurrences in our α2δ-3 single knockout mouse line, we specifically observed infant mortality in α2δ-1/-2 and α2δ-2/-3 matings, which often resulted in the loss of complete litters at P0–1. Therefore, we occasionally added BALB/c foster mothers to pregnant females, which helped to increase the premature survival chance of α2δ mutant offspring. Alternatively, given that α2δ-2 expression is also detected in the placenta (Klugbauer et al., 1999) and α2δ-3 is discussed as a tumor suppressor for breast cancer (Palmieri et al., 2012), deficits in nutrient supply during pregnancy or lactation might be another conceivable cause for the observed premature mortality (Watkin et al., 2008). As our husbandry strategies were adapted to facilitate analysis of juvenile and adult mice future studies should focus on more detailed behavioral investigations of paternal care-taking abilities, including video analysis of feeding behavior with and without the use of foster mothers.

Alternatively, mutant progeny may also suffer from organ dysfunction or so far unidentified defects in embryonic or early postnatal development, which could affect nutrient supply or the pup’s ability to compete with healthy siblings (Kuroda and Tsuneoka, 2013). This notion might be supported by α2δ isoform-specific effects we observed on premature survival (Figures 1B–D, left graphs): Mendelian ratios were exclusively reduced in α2δ-2 mutant ducky mice obtained from α2δ-1/-2 (Figure 1C) or α2δ-2/-3 (Figure 1D) double heterozygous breedings, while α2δ-1 and α2δ-3 single knockouts were born at expected probabilities. Similarly, α2δ-1 single knockout mice were detected at a significantly lower frequency than α2δ-3 single knockouts obtained from α2δ-1/-3 double heterozygous breedings (Figure 1B). These data implicate that α2δ-1 and α2δ-2 can partially compensate for the loss of α2δ-3 in α2δ-3 single knockout mice.

At present, our findings indicate a combination of the above-provided explanations for premature death. To ultimately determine the cause of infant mortality in α2δ single and double knockout mice in α2δ inter-crosses, the challenge of future investigations will be to elucidate the still incompletely understood α2δ isoform expression levels in distinct tissues during development. Currently, comparative analysis of α2δ protein expression levels is prevented by the limited quality of available isoform-specific antibodies. For example, antibodies against α2δ-1 are not suitable for detecting native proteins (Muller et al., 2010) and antibodies against α2δ-3 do not allow protein detection at the cellular and sub-cellular level (Stephani et al., 2019).



Loss of α2δ Isoforms Differentially Affects Neurological Disease

We observed that α2δ-2 mutant, α2δ-1/-2, and α2δ-2/-3 double knockout mice displayed the typical ducky phenotype described by an ataxic, wide-based gait and epileptic seizures. However, α2δ-1/-2 and α2δ-2/-3 double knockout mice showed a more severe disease progression than ducky individuals, which was best visualized by their highly reduced body weights (Figure 2C) and increased mortality during the first month after birth (Schoepf et al., 2019). In contrast, the α2δ-1 and α2δ-3 single knockout mouse strains used to generate α2δ-1/-3 double knockout mice displayed relatively mild neurological phenotypes (Landmann et al., 2018a, b; Zhou et al., 2018). Moreover, no effects on survival (α2δ-3), or less severely affected life expectancy (α2δ-1) have been demonstrated so far, whereas α2δ-1/-3 double knockout mice showed a decreased mean survival comparable to that of ducky mice (3 months; Schoepf et al., 2019). At a first glance, these data indicate redundant functions for α2δ isoforms in postnatal survival and development. This notion might be supported by their partly overlapping and relatively ubiquitous distribution in distinct adult organs: α2δ-1 and α2δ-2 are expressed in the heart, skeletal muscle, and pancreas (Ellis et al., 1988; Klugbauer et al., 1999; Gao et al., 2000; Mastrolia et al., 2017), and α2δ-1, α2δ-2, and α2δ-3 are detected in various regions of the brain (Cole et al., 2005; Schlick et al., 2010; Geisler et al., 2019). Therefore, simultaneous loss of two α2δ subunit isoforms might cause developmental defects or physiological dysfunction, which would be normally compensated by remaining isoforms in single knockout mice.

Alternatively, the reduced life spans of α2δ-1/-3, α2δ-1/-2, and α2δ-2/-3 double knockout mice could be related to a compound effect which is triggered by the combination of two α2δ isoforms deleted. This idea might be underpinned by the partially tissue-specific expression patterns and distinct disease phenotypes of individual single knockout mice. For instance, deletion of α2δ-1 impairs cortical excitatory synaptogenesis (Risher et al., 2018), cardiac function (Fuller-Bicer et al., 2009), and insulin release (Mastrolia et al., 2017) without apparently altering protein (Fuller-Bicer et al., 2009) or mRNA (Mastrolia et al., 2017) expression levels of other isoforms. These reports indicate that α2δ-1 either exerts specific functions or that low amounts of the remaining isoforms likely do not suffice to compensate for the loss of α2δ-1. Along those lines, the severe consequences of α2δ-2 mutations in animal models (Barclay et al., 2001; Brill et al., 2004; Ivanov et al., 2004; Donato et al., 2006) are likely caused by its predominant expression in the cerebellum (Schlick et al., 2010). Notably, α2δ-3 knockout mice display overexpression of CaV2 calcium channel subtypes in the brain, possibly resulting in enhanced neuronal excitability (Landmann et al., 2018b). Therefore, the increased postnatal lethality and severe neurological disease of α2δ-1/-3, α2δ-1/-2, and α2δ-2/-3 double knockout animals might be related to a synthetic lethal effect, as suggested previously for the synaptic cell adhesion molecules neuroligins (Varoqueaux et al., 2006). Here, α2δ isoform-specific mutant phenotypes in distinct tissues possibly accumulate, leading to dysfunction of organs or pivotal brain networks.

Several principal observations argue for distinct disease mechanisms in the individual mouse models: first, ducky, α2δ-1/-2, and α2δ-2/-3 double knockout mice showed apparent epileptic episodes, while similar seizures during handling were never observed in α2δ-1/-3 double knockout mice. Second, even though α2δ-1/-3 double knockout mice displayed abnormal locomotion, gait appeared different compared to the typical waddling gait of ducky, α2δ-1/-2, and α2δ-2/-3 knockout mice. Third, breeding pairs of distinct α2δ-2/-3 inter-crosses exhibited abnormal behavior including self-injurious repetitive grooming. Fourth, loss of α2δ isoforms differentially affected brain/body ratios in ducky, α2δ-1/-3 and α2δ-2/-3 double knockout mice (Figure 2): in all three analyzed mouse models juvenile mice showed a disproportionate body to brain growth, reflected as a highly decreased bodyweight together with a moderately reduced brain size. Whereas adult ducky mice displayed even higher brain/body ratios, this effect was normalized in α2δ-1/-3 double knockout mice until adulthood. Fifth, although direct comparison of the distinct mouse models was precluded as mice were maintained in different genetic backgrounds (see “Materials and Methods” section), the volumetric analysis demonstrated concurrent effects on specific brain regions caused by deletion of distinct α2δ subunits (Figure 4): cerebellum and cortex were significantly reduced when α2δ-2 was absent, and lack of α2δ-3 specifically elicited a volume decrease in the corpus callosum. Of note, the fact that α2δ-1/-3 and α2δ-1/-2 double knockout mice, which were both maintained in a mixed 129J × C57BL/6N background, displayed distinct disease phenotypes argues against unspecific effects related to the use of different background strains. Thus, these data suggest that loss of α2δ isoforms differentially affects postnatal survival, development, and neurological disease.



Roles of α2δ-2 in the Postnatal Brain and Implications for the Brain Motor Circuitry

Given the importance of α2δ subunits in synapse formation and wiring (Pirone et al., 2014; Fell et al., 2016; Risher et al., 2018; Geisler et al., 2019; Schoepf et al., 2019) a reduction of distinct brain regions could be either related to developmental impairment or neurodegenerative processes. Underdevelopment of selective regions of the CNS including the spinal cord, pons, and cerebellum was among the first documented features of young (<P26) α2δ-2 mutant ducky mice (Meier, 1968; Brodbeck et al., 2002). Notably, besides decreased cerebellar volume, which is most likely associated with smaller and atrophic Purkinje cells (Meier, 1968; Brodbeck et al., 2002), we additionally observed that cortex size was significantly reduced in adult ducky mice. These data are insofar interesting as no overt cortical abnormalities have been described in the original reports of young ducky mice (Meier, 1968). Moreover, cortical malformations have been previously associated with aberrant α2δ-1 signaling (Lau et al., 2017) and neurological disorders including epilepsy and autism (Chen et al., 2015; Fenlon et al., 2015; Hong and Mah, 2015). Because layer formation is largely complete by P7, and synapse formation and maturation stabilize until P21 in mice (Li et al., 2008; Farhy-Tselnicker and Allen, 2018), the cortex thus represents an intriguing model system to address possible neurodegenerative and neurodevelopmental processes in ducky mice.

Analyzing thickness, cell densities, and lamination in cortices of adult (8-week, Figure 5) and juvenile ducky mice (3-weeks, Figure 6) led us to draw several principal observations and conclusions: total cortex thickness and cell densities were not altered in juvenile ducky mice, thus corroborating previous studies detecting no obvious anatomical abnormalities in cortices of young mice (Meier, 1968). Importantly, however, adult ducky mice displayed a reduction in total thickness accompanied by a concomitant increase in cell densities. Moreover, cortical lamination was preserved both in juvenile and adult mice. Altogether, these data suggest a progressive decrease of cortical thickness, rather than atypical neuron migration or developmental retardation. Thus, we hypothesize that cortical thinning is likely associated with a reduction in spacing, which reflects the amount of neuronal and glial cell processes, spines, and synaptic contacts.

Notably, we found that the thickness of layer V was most severely and consistently reduced in somatosensory cortices of adult animals. What might be this finding’s relevance to the neuropathological ducky phenotype? In general, layer V pyramidal cells receive excitatory and inhibitory inputs from cortical and thalamic neurons (Slater et al., 2019), while they project their axons to major subcortical motor systems including thalamic nuclei, striatum, pons, and spinal cord (Thomson and Lamy, 2007; Yu et al., 2008). A previous study showed that α2δ-2 mRNA was specifically expressed within regions of the motor circuitry including the spinal cord, as well as GABAergic neurons of the cortex, brainstem, cerebellum, habenula, and nucleus reticularis of the thalamus (Cole et al., 2005), all of which are atrophic in young ducky mice (Meier, 1968). Together, these observations close the loop between the above-mentioned brain regions and the ducky phenotype: young ducky mice exhibit an ataxic gait (>P11) and spike-wave discharges (SWD) associated with aberrant thalamocortical oscillations (Meier, 1968; Barclay et al., 2001). We previously found that the presynaptic expression of α2δ-2 modulates synaptic connectivity and the localization of inhibitory postsynaptic receptors (Geisler et al., 2019). Thus, it is tempting to speculate that reduced cortical thickness occurs secondary to aberrant connectivity of excitatory/inhibitory imbalance within the brain motor circuitry, ultimately causing destabilization and loss of synapses.



CACNA2D as Risk Genes for Autism Spectrum Disorders?

Large brain volumes which normalize until adulthood, as well as altered size of white matter structures, are mentioned as specific traits of autism patients (Vidal et al., 2006; Chen and Van Horn, 2017) and animal models with autistic-like phenotypes (Brodkin, 2007; Kane et al., 2012; Wang et al., 2016). Such disease characteristics are suggested to underlie developmental defects causing an excess number of neurons (Courchesne et al., 2011), increased number of synapses (Tang et al., 2014), and aberrant structural/functional connectivity (Wang et al., 2016). Previous studies showed that dysfunction in autistic-brain circuitry leads to abnormal behavior, comprising impaired reciprocal social interaction, communication deficits, and repetitive behaviors (Kane et al., 2012; Wang et al., 2016). Notably, we exclusively detected abnormal behavior comprising signs of stress, anxiety, and repetitive actions in α2δ-2/-3 inter-crosses, whose severity was linked to a gradual decrease of the total amount of α2δ-2 and particularly α2δ-3 isoforms. The fact that all of the above-mentioned phenotypes demonstrated in the present study share similarities with other mutant mouse models displaying autistic-like characteristics (Peça et al., 2011; Kalueff et al., 2016; Wang et al., 2016), contributes to the accumulating evidence of CACNA2D3 as a potential risk gene for autism spectrum disorders (Iossifov et al., 2012; De Rubeis et al., 2014; Landmann et al., 2018a).



Future Perspectives

The neurological disease phenotypes described here are likely associated with different roles of α2δ isoforms associated with VGCC, NMDAR, and so-far unidentified interaction partners, which will inevitably influence each other. For instance, alterations in synapse differentiation will also affect VGCC expression and function, further influencing neuronal excitability and synaptic transmission (see discussion in Ablinger et al., 2020). Moreover, the partially severe phenotypes of existing single and double knockout mice further complicate the issue of addressing specific neuronal functions. In a nutshell, to study the roles of individual α2δ isoforms in the normal and diseased brain will require the development of conditional knockout animal models, which will further aid in assessing autism-like behavior in α2δ mutant mice.
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The loss of dopamine (DA)-producing neurons in the substantia nigra pars compacta (SN) underlies the core motor symptoms of the progressive movement disorder Parkinson's disease (PD). To date, no treatment to prevent or slow SN DA neurodegeneration exists; thus, the identification of the underlying factors contributing to the high vulnerability of these neurons represents the basis for the development of novel therapies. Disrupted Ca2+ homeostasis and mitochondrial dysfunction seem to be key players in the pathophysiology of PD. The autonomous pacemaker activity of SN DA neurons, in combination with low cytosolic Ca2+ buffering, leads to large somatodendritic fluctuations of intracellular Ca2+ levels that are linked to elevated mitochondrial oxidant stress. L-type voltage-gated Ca2+ channels (LTCCs) contribute to these Ca2+ oscillations in dendrites, and LTCC inhibition was beneficial in cellular and in vivo animal models of PD. However, in a recently completed phase 3 clinical trial, the dihydropyridine (DHP) LTCC inhibitor isradipine failed to slow disease progression in early PD patients, questioning the feasibility of DHPs for PD therapy. Novel evidence also suggests that R- and T-type Ca2+ channels (RTCCs and TTCCs, respectively) represent potential PD drug targets. This short review aims to (re)evaluate the therapeutic potential of LTCC, RTCC, and TTCC inhibition in light of novel preclinical and clinical data and the feasibility of available Ca2+ channel blockers to modify PD disease progression. I also summarize their cell-specific roles for SN DA neuron function and describe how their gating properties allow activity (and thus their contribution to stressful Ca2+ oscillations) during pacemaking.

Keywords: voltage-gated Ca2+ channels, Parkinson's disease, Ca2+ oscillations, Ca2+ channel blockers, L-type Ca2+ channels, R-type Ca2+ channels, T-type Ca2+ channels


INTRODUCTION

The primary motor symptoms of the neurodegenerative disorder Parkinson's disease (PD) are caused by a progressive loss of dopamine (DA)-producing neurons in the substantia nigra pars compacta (SN) and associated striatal DA depletion (Obeso et al., 2017). Although PD was first described in 1817 (Parkinson, 2002), to date only symptomatic treatments, but still no cure or disease-modifying therapy, exist (Schulz et al., 2016; Obeso et al., 2017). To develop an effective treatment, it is essential to understand the contributing factors and the disease-underlying cellular mechanisms. Next to globally acting factors (e.g., toxins, aging, and genetic mutations), cell-autonomous ones have also been proposed and widely studied (Poewe et al., 2017; Surmeier et al., 2017b). Neighboring DA neurons in the ventral tegmental area (VTA) share many of the intrinsic properties but are spared in PD (Dauer and Przedborski, 2003). Both are autonomous pacemakers, but in vulnerable SN DA neurons, large oscillations of intracellular Ca2+ levels accompany pacemaking (Wilson and Callaway, 2000; Chan et al., 2007; Guzman et al., 2009, 2018; Hage and Khaliq, 2015). In contrast, no or much smaller Ca2+ transients were detected in VTA neurons (Guzman et al., 2010, 2018; Benkert et al., 2019) that rely on a different pacemaking mechanism with less contribution of Ca2+ currents (Khaliq and Bean, 2010; Philippart et al., 2016). Ca2+ influx is important to modulate neuronal excitability and to activate Ca2+-dependent physiological processes, but the rhythmic Ca2+ load in SN DA neurons also triggers mitochondrial oxidative stress (Guzman et al., 2010, 2018; Surmeier et al., 2017a). Disrupted Ca2+ homeostasis and mitochondrial dysfunction are considered key players in PD pathophysiology (Schapira, 2008; Zaichick et al., 2017; Zampese and Surmeier, 2020), and many mutations causing inherited forms of PD affect proteins associated with mitochondrial homeostasis and stress responses (Park et al., 2018). Thus, reducing the activity-related Ca2+ load and associated mitochondrial stress in SN DA neurons represents a feasible strategy to increase their resistance to degenerative stressors. L-, R-, and T-type voltage-gated Ca2+ channels (LTCCs, RTCCs, and TTCCs, respectively) contribute to the stress-inducing cytosolic Ca2+ oscillations, and different approaches to decrease their activity produced promising protective effects in preclinical models of PD. However, a phase 3 clinical trial evaluating the efficacy of LTCC inhibition in early PD patients recently failed. This short review aims to give an overview of the (patho)physiological roles of Ca2+ channel activity in SN DA neurons and to (re)evaluate the therapeutic potential of Ca2+ channel inhibition (in light of novel preclinical and clinical evidence) and the availability of clinically applicable selective drugs.



VOLTAGE-GATED CA2+ CHANNELS IN SN DA NEURONS

Plasmalemmal voltage-gated Ca2+ channels mediate controlled Ca2+ influx in response to membrane depolarization and contribute to important functions within the sensory, cardiac, endocrine, and nervous systems (Zamponi et al., 2015). Three main families (Cav1/Cav2/Cav3) and 10 individual isoforms are distinguished based on the biophysical and pharmacological properties of the pore-forming α1 subunit: Cav1.1–Cav1.4 (LTCCs), Cav2.1 (P/Q-type), Cav2.2 (N-type), Cav2.3 (RTCCs), and Cav3.1–3.3 (TTCCs) (Catterall, 2011; Zamponi et al., 2015). They are further classified into high-voltage (HVA; Cav1 and Cav2) and low-voltage activated (LVA; Cav3), and only HVA channels require the association with auxiliary β- and α2δ subunits for proper function (Dolphin, 2016; Figure 1A). This functional complexity (further fine-tuned by alternative splicing), their distinct tissue distribution, and subcellular localization enable them to differentially contribute to cellular processes (Dolphin, 2012, 2016; Zamponi et al., 2015).


[image: Figure 1]
FIGURE 1. Contribution to stressful somatodendritic Ca2+ oscillations, gating properties, and Ca2+ current responses of different Ca2+ channel isoforms during SN DA neuronal pacemaking. (A) Schematic of a plasmalemmal Ca2+ channel complex consisting of the pore-forming α1 subunit and auxiliary β and α2δ subunits [only HVA α1 subunits require auxiliary subunits for proper function (Dolphin, 2016)]. Membrane depolarization triggers channel opening and subsequent Ca2+ influx. The middle panel shows mouse SN DA neuron pacemaking (top) with the associated intracellular Ca2+ transients (bottom; blue) recorded at the cell soma (taken from Ortner et al., 2017). Somatodendritic Ca2+ oscillations have been linked to increased mitochondrial oxidative stress, implicated in the high vulnerability of SN DA neurons in PD (Guzman et al., 2010). (B) Contribution of different Ca2+ channel isoforms to intracellular Ca2+ oscillations in distinct cellular compartments (soma and proximal and distal dendrites) (Ortner et al., 2017; Guzman et al., 2018; Benkert et al., 2019). With a higher isradipine concentration [5 μM (Guzman et al., 2018) compared to 1 μM, 10 nM, or chronic in vivo isradipine application resulting in plasma levels of ~5 nM isradipine in the abovementioned refs], a complete inhibition of distal dendritic Ca2+ transients was observed (Guzman et al., 2009, 2010). Hyphen indicates no contribution found and question mark indicates not determined. (C–E) The voltage-conductance (activation) curve describes at which potential a certain Ca2+ channel isoform opens (activation threshold) and is in a Ca2+ conductive state. The voltage dependence of inactivation gives the proportion of inactivated (non-available) channels at a certain membrane potential. The overlap of these two curves defines the window current (see E) that represents the voltage range at which the respective Ca2+ channel is steadily active and can thus create a constant background influx of Ca2+. (C) Cav1.2 or Cav1.3 α1 with β3 and α2δ1 (2 mM Ca2+; modified from Ortner et al., 2017). Alternative splicing of the Cav1.3 C-terminus results in functionally distinct long (Cav1.3L, black) and short splice variants (Cav1.3s, gray; Singh et al., 2008; Bock et al., 2011; Tan et al., 2011). (D) Cav2.3e α1 with β3 (black) or β2a (gray) and α2δ1 (2 mM Ca2+). Association with membrane-bound β2a shifts the voltage dependence of inactivation of Cav2.3 channels ~35 mV toward more positive potentials (Olcese et al., 1994; Jones et al., 1998; Yasuda et al., 2004; Miranda-Laferte et al., 2012). (E) Voltage dependence of activation and inactivation of TTCCs with indicated window current (blue area; taken from Weiss and Zamponi, 2019a). (F) Representative Ca2+ current traces (ICa, lower panel) through Cav1.3S in response to a murine SN DA neuron action potential command voltage shown above (2 mM Ca2+, tsA201 cells; modified from Ortner et al., 2017). Simulated pacemaking (2.5 Hz) resulted in a decrease of ICa to ~20% in steady state (cyan trace, arrow indicates decreased peak ICa) through all three investigated Cav1 subtypes (Cav1.2, Cav1.3S, and Cav1.3L). (G) Enlargement of the action potential spike region indicated in (F) (dotted rectangle). During the interspike interval (before the spike threshold indicated by the dotted vertical line), only Cav1.3 variants conducted Ca2+ while all LTCCs showed Ca2+ influx in response to the action potential spike. The horizontal current trace shows full LTCC inhibition at the end of the recording (3 μM isradipine).


Rodent SN DA neurons express all voltage-gated Ca2+ channel isoforms, except Cav1.1 and Cav1.4 (restricted to skeletal muscle and retina, respectively) (Cardozo and Bean, 1995; Chan et al., 2007; Sinnegger-Brauns et al., 2009; Dufour et al., 2014; Brichta et al., 2015; Shin, 2015; Philippart et al., 2016; Ortner et al., 2017; Guzman et al., 2018; Benkert et al., 2019; Verma and Ravindranath, 2019). The recording of individual current components in intact SN DA neurons is complicated, but in somatic nucleated outside-out patches from juvenile rat SN DA neurons, Ca2+ currents of all expressed isoforms were found, with a large LTCC contribution that was higher compared to VTA (Philippart et al., 2016). On the transcript level, RTCC Cav2.3 channels are most abundant in mouse SN DA neurons and levels increase with age (Benkert et al., 2019), while LTCCs (Cav1.2/Cav1.3) get downregulated in an age-dependent manner (Branch et al., 2014; Ortner et al., 2017; Benkert et al., 2019). Of the LVA TTCCs, Cav3.1, and Cav3.2 predominate in mouse SN DA neurons (Poetschke et al., 2015; Guzman et al., 2018; Benkert et al., 2019) and immunohistochemical stainings suggest a rise of somatodendritic TTCCs during development (Dufour et al., 2014) [also shown for Cav1.3, but antibody specificity was not demonstrated in brain (SN) tissue lacking Cav1.3]. SN DA neurons are constantly active and fire action potentials in a tonic single spike or transient high-frequency burst mode in vivo, resulting in axonal and somatodendritic DA release (Grace and Bunney, 1984a,b; Chiodo, 1988; Paladini and Roeper, 2014). Cav2 N- and P/Q-type channels drive fast presynaptic neurotransmission, but LTCCs, RTCCs, and TTCCs seem to also contribute to DA release from axonal and/or somatodendritic locations in rodent SN DA neurons (Bergquist and Nissbrandt, 2003; Chen et al., 2006; Brimblecombe et al., 2015; Yee et al., 2019). In vitro, even in complete synaptic isolation, SN DA neurons maintain an intrinsically generated regular pacemaker activity (0.5–4 Hz). Inhibition of Na+ channels by tetrodotoxin abolished spike generation and revealed slow oscillatory membrane depolarizations (“SOPs,” slow oscillatory potentials; Fujimura and Matsuda, 1989; Yee et al., 2019) that were absent in neighboring VTA neurons and abolished upon LTCC inhibition (Chan et al., 2007). However, LTCCs are not required for pacemaker generation but rather stabilize precision and robustness of pacemaking (Guzman et al., 2009, 2010; Poetschke et al., 2015; Ortner et al., 2017). Similarly, pharmacological inhibition of TTCCs decreased pacemaker precision (juvenile) and frequency (adult mice) (Wolfart and Roeper, 2002; Poetschke et al., 2015), while Cav2.3 knockout or its partial pharmacological inhibition reduced spike amplitude and afterhyperpolarization (AHP) (Benkert et al., 2019). Ca2+ influx through voltage-gated Ca2+ channels can drive depolarization, but its coupling to K+ conductances [e.g., Ca2+-sensitive small conductance K+ (SK) or A-type K+ channels] can also trigger the opposite—a functional coupling important for rhythmic activity (Wolfart and Roeper, 2002; Ji and Shepard, 2006; Duda et al., 2016). During in vivo high DA states, Cav1.3 can sensitize the DA-D2 autoreceptor response resulting in activation of G protein-coupled GIRK2 K+ channels and inhibition of spiking (Dragicevic et al., 2014). Moreover, voltage-gated Ca2+ channels can activate various cellular Ca2+-dependent signaling processes, including gene expression as shown for LTCCs (Catterall, 2011; Ma et al., 2012).



VOLTAGE-GATED CA2+ CHANNELS CONTRIBUTE TO STRESSFUL SOMATODENDRITIC CA2+ OSCILLATIONS

The slow SN DA neuron pacemaker activity with its broad action potentials triggers large fluctuations of intracellular Ca2+ levels throughout the somatodendritic compartment (Chan et al., 2007; Figure 1A, middle panel). Dendritic Ca2+ transients occur despite spike inhibition or failure (Chan et al., 2007; Guzman et al., 2018), and their rising phase starts before the action potential threshold (Guzman et al., 2018). This points to a contribution of a Ca2+ conductance that is active at subthreshold potentials. Cav1.3 and TTCCs activate well before the spike threshold (as shown for Cav1.3 in tsA201 cells; Ortner et al., 2017; Figure 1G), and their specific gating properties create a “window current” permitting a constant background Ca2+ influx through a small fraction of non-inactivated channels (Figures 1C,E) in the average membrane potential range of SN DA neurons (Figure 1F). Pharmacological experiments in mouse brain slices found that LTCCs mediate Ca2+ transients in the dendrites (with a higher contribution in distal compartments) (Guzman et al., 2009, 2010, 2018) but not in the soma (Ortner et al., 2017), while TTCCs account for ~25% of proximal dendritic transients (soma not tested) (Guzman et al., 2018; Figure 1B). LTCC dihydropyridine (DHP) inhibitors act on both LTCC isoforms (with higher potency for Cav1.2) (Koschak et al., 2001; Xu and Lipscombe, 2001) and thus cannot be used to discriminate Cav1.2- and Cav1.3-mediated effects. However, using a Cav1.3-specific shRNA-mediated knockdown approach (Guzman et al., 2018), Cav1.3 was identified as the major LTCC isoform underlying the Ca2+ oscillations. Similar effects were observed by knockdown and inhibition with DHPs, particularly before spike onset (Guzman et al., 2018) where Cav1.2 is not yet active (Ortner et al., 2017; Figures 1C,G). In the soma, HVA Cav2.3 channels mediate a large proportion of the Ca2+ oscillations [~50% in Cav2.3−/− mice; ~25% upon partial pharmacological inhibition by 100 nM SNX-482 (Benkert et al., 2019); dendrites not investigated; Figure 1B]. Cav1.2 and Cav2.3 start to activate at approximately−40 mV (Figures 1C,D) and conduct Ca2+ only in response to the strong depolarization of the action potential spike (shown for Cav1.2 in tsA201 cells; Ortner et al., 2017; Figure 1G). In contrast to Cav1.2, Cav2.3 channels typically inactivate at comparatively negative membrane potentials (black trace, steady-state inactivation curve in Figure 1D), which predicts almost complete channel inactivation during SN DA neuron pacemaking. Interaction with membrane-bound β2 splice variants (β2a and β2e) (Buraei and Yang, 2010) was shown to shift Cav2.3 voltage dependence of inactivation toward more positive potentials (Olcese et al., 1994; Jones et al., 1998; Yasuda et al., 2004; Miranda-Laferte et al., 2012, 2014) (gray trace, Figure 1D) and could thereby facilitate Cav2.3 steady-state availability during SN DA neuron activity. β2 accounts for ~30% of β subunits in mouse SN DA neurons (Brichta et al., 2015; Shin, 2015); however, if and to which extent these β2 splice variants are expressed in SN DA neurons and regulate Cav2.3 RTCCs is not known.

Experiments in transgenic mice (mito-GFP mouse) that allow to monitor the oxidation state of mitochondria established a link between Ca2+ oscillations and elevated mitochondrial oxidative stress (Guzman et al., 2010, 2018; Figure 1A). Dendritic Ca2+ transients and associated mitochondrial oxidation increased with age (Guzman et al., 2018) and were almost absent in neighboring resistant VTA DA neurons (Guzman et al., 2010, 2018; Benkert et al., 2019). In addition, the already high basal oxidant stress level in SN DA neurons was further exacerbated in a genetic PD mouse model (DJ-1 knockout) (Guzman et al., 2010). Interestingly, factors contributing to vulnerability described in SN DA neurons, i.e., slow pacemaking, cytosolic Ca2+ oscillations, low intracellular Ca2+ buffering (Foehring et al., 2009), and elevated levels of mitochondrial oxidant stress, are also found in other vulnerable non-DA neurons (Surmeier et al., 2017b; Zampese and Surmeier, 2020).

Besides the metabolic challenging pacemaker activity, burst firing is also associated with high Ca2+ influx and intracellular Ca2+ levels (Hage and Khaliq, 2015; Philippart et al., 2016; Ortner et al., 2017), and membrane hyperpolarizations (e.g., during post-burst pauses) allow channels to recover from inactivation, in particular TTCCs. This mechanism underlies the large TTCC-mediated Ca2+ currents and the resulting afterdepolarizations that facilitate rebound spiking (Evans et al., 2017; Tracy et al., 2018). Interestingly, in PD, cells in the ventrolateral part of the SN are particularly prone to cell death and lateral SN DA neurons also show high in vivo bursting (Schiemann et al., 2012; Farassat et al., 2019). In line, knockout of KATP K+ channels reduced in vivo burst firing and conferred protection in two PD mouse models (Liss et al., 2005; Schiemann et al., 2012).



NEUROPROTECTION BY LTCC INHIBITION: PRECLINICAL AND CLINICAL EVIDENCE

Over the last years, LTCCs (and particularly Cav1.3) were considered the main voltage-gated Ca2+ channel subtype underlying stressful Ca2+ oscillations and thus a major driver of SN DA neuronal cell death (Surmeier et al., 2017a; Guzman et al., 2018; Liss and Striessnig, 2019). Epidemiological studies found that the intake of brain-permeable DHP LTCC inhibitors (antihypertensives) reduced the risk to develop PD (Gudala et al., 2015; Lang et al., 2015; Mullapudi et al., 2016). DHPs have been extensively studied in preclinical PD models and showed promising protective effects in most (but not all) studies (Table 1; reviewed in Leandrou et al., 2019; Liss and Striessnig, 2019). The diverging outcomes of DHP treatment in toxin-based PD animal models have been recently discussed in great detail (Liss and Striessnig, 2019), but no definite explanation has been found. Briefly, in eight out of 13 reports, DHPs significantly reduced mitochondrial-targeting toxin-induced SN DA cell death in mice, rats, and primates (Table 1), but the experimental design of all studies varied, complicating an overall conclusion. Differences included the used PD model (6-OHDA and MPTP), animals (species, strain, age, and sex), treatment regimen (DHP, treatment onset, route of administration, and dosing interval), readout (approach and methodology), and plasma concentrations (if even reported) (Liss and Striessnig, 2019). Thus, a standardized approach in future studies would help to better interpret and compare obtained results. In addition, one recent study (not included in Liss and Striessnig, 2019) tested the DHP felodipine in a genetic PD mouse model (expressing the A53T mutant α-synuclein) and found protective effects on SN DA neuron survival and motor deficits and autophagy-induced clearance of disease-associated proteins from brain (Siddiqi et al., 2019). Noteworthy, in contrast to other DHPs like isradipine (Uchida et al., 1997), felodipine accumulated in the brain with ~2 to 5-fold higher brain levels compared to plasma (Siddiqi et al., 2019). Epidemiological and preclinical evidence, and the availability of safe and clinically approved LTCC DHP inhibitors, prompted the phase 3 STEADY-PD III clinical trial with the DHP isradipine as treatment in early PD patients (336 patients, randomized, double blind, and placebo controlled; Biglan et al., 2017), which however did not reach its primary endpoint (Parkinson Study Group STEADY-PD III Investigators, 2020). Several aspects may have contributed.


Table 1. Studies that directly tested neuroprotection by Ca2+ channel inhibition, knockdown, or knockout in cellular and animal PD models.

[image: Table 1]

Protective DHP effects might require an earlier treatment onset, since at the time when first PD symptoms occur, pathologic mechanisms and neurodegeneration already started—which however would require reliable PD biomarkers (Poewe et al., 2017). In addition, the age-dependent decrease of LTCCs (Branch et al., 2014; Ortner et al., 2017) could limit the therapeutic window of DHPs in PD (especially in elderly patients), although disease state seems to affect LTCC expression [SN neurons from MPTP-treated mice (Verma and Ravindranath, 2019) and post-mortem brains of early-stage PD patients (Hurley et al., 2015) showed robust Cav1.3 levels, despite profound neuron loss]. When considering Cav1.3 as the primary target, the used maximal tolerable isradipine dose [10 mg/day; limited by Cav1.2-mediated peripheral side effects (Parkinson Study Group, 2013)] might be too low to sufficiently engage Cav1.3 LTCCs in SN DA neurons due to their low apparent drug sensitivity (Ortner et al., 2017). This especially applies to C-terminally short splice variants (Huang et al., 2013; Ortner et al., 2017) that are associated with higher Ca2+ influx (Singh et al., 2008; Bock et al., 2011; Tan et al., 2011; Figure 1C) and account for ~50% of Cav1.3 transcript in mouse SN DA neurons (Ortner et al., 2017; Verma and Ravindranath, 2019) (higher compared to the cortex and striatum; Verma and Ravindranath, 2019). In this context, the use of an immediate-release isradipine formulation in the STEADY-PD III trial was unfavorable, since slow-onset continuous-release tablets [as used in the phase 2 trial (Parkinson Study Group, 2013), NCT00753636] result in higher average steady-state plasma levels (Liss and Striessnig, 2019). Thus, strategies to increase DHP brain concentrations (Yiu and Knaus, 1996; Ji et al., 2017) or DHPs that accumulate in the brain (e.g., nimodipine and felodipine; Kupsch et al., 1996; Siddiqi et al., 2019) could be an option. Noteworthy, microglia-specific Cav1.2 knockdown augmented MPTP-induced SN DA neurodegeneration and motor deficits in mice, associated with enhanced activation of “neuroinflammatory” M1 microglia (Wang et al., 2019). Thus, Cav1.2 inhibition might even be disadvantageous, which highlights the need for the development of reliable Cav1.3-selective inhibitory drugs. So far, only one putatively selective compound has been described (Cp8 in Kang et al., 2012 and cp-PYT in Cooper et al., 2020) but showed diverging results in follow-up studies from other laboratories (Huang et al., 2014; Ortner et al., 2014). Nevertheless, micromolar concentrations of cp-PYT could lower dendritic transients to a similar extent as isradipine and did not affect Ca2+ currents in Cav1.3 knockout mice (Cooper et al., 2020), suggesting Cav1.3-selective inhibition [lack of non-LTCC modulation was also shown in adrenal mouse chromaffin cells (Ortner et al., 2014)]. In the meantime, mice expressing DHP-insensitive Cav1.2 channels could be used to mimic selective pharmacological Cav1.3 inhibition in vivo (Sinnegger-Brauns et al., 2004). Lastly, another important aspect is a potential compensation by other Ca2+ channel isoforms during chronic isradipine treatment, as found in Cav1.3-deficient mice [upregulation of Cav3.1 TTCCs (Poetschke et al., 2015)]. However, this was not observed with systemic isradipine treatment for 7–10 days in mice [3 μg/g/day; ~5 nM plasma isradipine (Guzman et al., 2018)], but longer exposure has not been tested.



RTCCS AND TTCCS EMERGE AS NOVEL PD DRUG TARGETS

Global Cav2.3 knockout fully prevented SN DA neuron degeneration in the gold-standard chronic low-dose MPTP/probenecid PD mouse model (Table 1) and profoundly reduced somatic Ca2+ oscillations (~50%, dendrites not tested) (Benkert et al., 2019). Although a direct proof for knockout-induced lowering of high mitochondrial stress levels is missing, a similar inhibition of LTCC-mediated Ca2+ transients in proximal and distal dendrites (~35–60%) was sufficient to lower mitochondrial oxidation (Guzman et al., 2010, 2018). The high Cav2.3 levels in vulnerable SN DA neurons (compared to VTA) and their increase with aging further strengthen a possible involvement of RTCCs in PD pathology. Unlike what is observed for Cav1.3 (Poetschke et al., 2015), loss of Cav2.3 did not trigger compensatory upregulation of other Ca2+ channels in SN DA neurons (Cav1.2, Cav1.3, and Cav3.1 were tested) (Benkert et al., 2019). In light of these promising findings, it is unfortunate that to date (like for Cav1.3) no selective RTCC inhibitors exist (Schneider et al., 2013). Note that the peptide toxin SNX-482 is selective for Cav2.3 channels only at low concentrations and also inhibits other channels at elevated concentrations (“Cav2.3-prevalent”) (Newcomb et al., 1998; Bourinet et al., 2001; Schneider et al., 2013; Kimm and Bean, 2014). As mentioned above, association of Cav2.3 channels with membrane-bound β2 splice variants (β2a/β2e) may stabilize sustained Cav2.3 activity—a possible explanation for the large contribution of Cav2.3 channels to somatic Ca2+ oscillations (~50%, Benkert et al., 2019). Interrupting this putative interaction in SN DA neurons might represent an alternative approach to lower Cav2.3-mediated Ca2+ load; however, if these β2 splice variants are indeed expressed in SN DA neurons and modulate Cav2.3 in these cells has not been studied yet. Since β subunits regulate other HVA channels as well, this targeting approach should ideally be Cav2.3-selective [as recently shown for the Cav2.2/β interaction, successfully reducing heterologously expressed and native Cav2.2 currents (Khanna et al., 2019)].

Evidence for a role of TTCCs in PD pathology comes from a study employing DA neurons derived from PD patient-specific iPSCs as in vitro PD model (Tabata et al., 2018). Compared to controls, PD patient-specific DA neurons showed pathological signs including reduced neurite length, enhanced oxidative stress, and elevated resting intracellular Ca2+ levels and apoptosis. Interestingly, levels of all three TTCC isoforms were also increased. Treatment with the mitochondrial toxin rotenone (“PD trigger”) aggravated the observed effects on cell morphology and survival, which could be prevented by drugs targeting TTCCs as well as individual knockout of all TTCC isoforms. Two of the TTCC inhibitory compounds have complex mechanism of action besides inhibition of TTCCs, but one drug, ML218, specifically blocks TTCCs (Xiang et al., 2011). Interestingly, while LTCC inhibition (nifedipine and isradipine) had no effect, the DHP benidipine that acts on L-, N-, and T-type Ca2+ channels could prevent rotenone-induced apoptosis. Although promising, proof of SN DA neuroprotection in in vivo PD models is still missing. TTCC inhibition has been explored for the treatment of parkinsonism, but mainly based on their involvement in abnormal burst discharges within the thalamocortical circuitry and associated motor effects (Tai et al., 2011; Kopecky et al., 2014; Yang et al., 2014; Galvan et al., 2016). Zonisamide, an unselective TTCC inhibitor, ameliorated symptoms in PD patients (Murata, 2010), but due to its broad mechanism of action, it is difficult to assign observations to TTCC inhibition. Selective and clinically suitable TTCC inhibitors exist (analgesic/antiepileptic drugs) (Weiss and Zamponi, 2019a,b) and showed good tolerability and safety in phase 2 clinical trials (Richard et al., 2019, 2020), and one phase 2 trial plans to evaluate the selective blocker CX-8998 as treatment for PD-associated tremor (ClinicalTrials.gov #NCT03436953).



SUMMARY AND CONCLUSION

There is accumulating evidence that voltage-gated Ca2+ channels represent an attractive drug target for the therapy of PD. Their contribution to large somatodendritic Ca2+ oscillations, associated with increased mitochondrial oxidative stress, seems a likely mechanism by which their activity contributes to SN DA neuron degeneration. Pharmacological and genetic strategies to decrease the activity of LTCCs, RTCCs, and TTCCs showed promising neuroprotective effects in preclinical models of PD, but a phase 3 clinical trial found no slowing of disease progression in early PD patients upon treatment with the DHP LTCC inhibitor isradipine. Although DHPs are safe, brain permeable, and clinically available, their lack of selectivity for Cav1.3, the more likely LTCC target for neuroprotection, and adverse Cav1.2-mediated effects limit their potential for PD therapy. Selective TTCC blockers exist, show good tolerability and safety, and could be repurposed for the therapy of PD; however, evidence for neuroprotection in in vivo PD models is still missing. In contrast, no selective inhibitors for Cav1.3 and Cav2.3 exist. The convincing preclinical data described in this review and the discovery of activity-enhancing mutations in neurological diseases (Ortner et al., 2020; Schneider et al., 2020; Weiss and Zamponi, 2020) highlight the urgent need for isoform-selective blockers that are suitable for clinical application. Further studies with available TTCC or multiple Ca2+ channel targeting blockers and, if once available, Cav1.3- and Cav2.3-selective inhibitors will help to uncover the full therapeutic potential of Ca2+ channel inhibition for neuroprotection in PD.
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Dopaminergic (DA) midbrain neurons within the substantia nigra (SN) display an autonomous pacemaker activity that is crucial for dopamine release and voluntary movement control. Their progressive degeneration is a hallmark of Parkinson's disease. Their metabolically demanding activity-mode affects Ca2+ homeostasis, elevates metabolic stress, and renders SN DA neurons particularly vulnerable to degenerative stressors. Accordingly, their activity is regulated by complex mechanisms, notably by dopamine itself, via inhibitory D2-autoreceptors and the neuroprotective neuronal Ca2+ sensor NCS-1. Analyzing regulation of SN DA neuron activity-pattern is complicated by their high vulnerability. We studied this activity and its control by dopamine, NCS-1, and glucose with extracellular multi-electrode array (MEA) recordings from midbrain slices of juvenile and adult mice. Our tailored MEA- and spike sorting-protocols allowed high throughput and long recording times. According to individual dopamine-responses, we identified two distinct SN cell-types, in similar frequency: dopamine-inhibited and dopamine-excited neurons. Dopamine-excited neurons were either silent in the absence of dopamine, or they displayed pacemaker-activities, similar to that of dopamine-inhibited neurons. Inhibition of pacemaker-activity by dopamine is typical for SN DA neurons, and it can undergo prominent desensitization. We show for adult mice, that the number of SN DA neurons with desensitized dopamine-inhibition was increased (~60–100%) by a knockout of NCS-1, or by prevention of NCS-1 binding to D2-autoreceptors, while time-course and degrees of desensitization were not altered. The number of neurons with desensitized D2-responses was also higher (~65%) at high glucose-levels (25 mM), compared to lower glucose (2.5 mM), while again desensitization-kinetics were unaltered. However, spontaneous firing-rates were significantly higher at high glucose-levels (~20%). Moreover, transient glucose-deprivation (1 mM) induced a fast and fully-reversible pacemaker frequency reduction. To directly address and quantify glucose-sensing properties of SN DA neurons, we continuously monitored their electrical activity, while altering extracellular glucose concentrations stepwise from 0.5 mM up to 25 mM. SN DA neurons were excited by glucose, with EC50 values ranging from 0.35 to 2.3 mM. In conclusion, we identified a novel, common subtype of dopamine-excited SN neurons, and a complex, joint regulation of dopamine-inhibited neurons by dopamine and glucose, within the range of physiological brain glucose-levels.

Keywords: glucose-excited GE-neurons, dopamine excited neurons, dopamine inhibited neurons, dopamine-autoreceptor, neuronal calcium sensor NCS-1, GIRK channel, dopamine receptor desensitization, glucose-responsive neurons


INTRODUCTION

Dopamine and dopamine-releasing (DA) neurons are important for a variety of brain functions and processes like movement control, habit-formation, conditioning, cognition, novelty-related behavior, motivation, reward prediction, and glucose homeostasis (Dodson et al., 2016; Koekkoek et al., 2017; Berke, 2018; Ter Horst et al., 2018; Collins and Saunders, 2020). DA midbrain neurons in the Substantia nigra (SN) are particularly important for voluntary movement control, and their progressive degeneration causes the main motor-symptoms of Parkinson's disease (PD), the 2nd most common neurodegenerative disease (Kordower et al., 2013; Obeso et al., 2017; Poewe et al., 2017; Hernandez et al., 2019). SN DA neurons are particularly vulnerable to degenerative stressors, while neighboring DA neurons in the ventral tegmental area (VTA) are less affected (Fu et al., 2016; Vogt Weisenhorn et al., 2016; Surmeier et al., 2017). The causes for this differential vulnerability of DA neurons and for their selective degeneration in PD are still unclear. However, a variety of intrinsic and extrinsic factors have been identified, pointing to converging mechanisms, in particular cell-specific electrical activity patterns, calcium homeostasis and elevated metabolic stress (Duda et al., 2016; Giguere et al., 2018; Gonzalez-Rodriguez et al., 2020; Lebowitz and Khoshbouei, 2020).

SN DA neurons display a high level of intrinsic metabolic stress already under control conditions. This is due to the size and complexity of their unmyelinated axonal arbors in their striatal target regions, which is an order of magnitude greater than that of less susceptible dopamine neurons (Bolam and Pissadaki, 2012; Giguere et al., 2019; Wong et al., 2019), as well as their particular mode of electrical activity. SN DA neurons display an autonomous pacemaker activity that is crucial for axonal and somatodendritic dopamine release (Rice and Patel, 2015; Sulzer et al., 2016; Liu and Kaeser, 2019). This activity causes additional metabolic stress, as it is associated, in SN but not in VTA DA neurons, with oscillatory elevated levels of free intracellular Ca2+, due to the activation of voltage-gated Ca2+ channels (Cav) during action potentials (Zamponi et al., 2015; Philippart et al., 2016; Liss and Striessnig, 2019; Zampese and Surmeier, 2020). These activity-related Ca2+ dynamics stimulate electrical activity, ATP synthesis and dopamine release, and thus facilitate movement. But they also constitute an intrinsic metabolic burden that can trigger neurodegeneration. Consequently, the activity of SN DA neurons is tightly controlled by a variety of (still not fully understood) feed-back and feed-forward mechanisms (Dragicevic et al., 2015; Duda et al., 2016; Michel et al., 2016; Gantz et al., 2018).

Dopamine itself is modulating the activity of SN DA neurons in a negative feedback-loop by activation of inhibitory dopamine-autoreceptors of the D2-type (D2-AR) (Lacey et al., 1987; Beckstead et al., 2004; Ford, 2014). Somatodendritic D2-AR are best-known to activate G-protein coupled inwardly rectifying K+ channels (GIRK2), and leading to hyperpolarized membrane potentials, but other signaling mechanisms are described (Cardozo and Bean, 1995; Evans et al., 2017; Philippart and Khaliq, 2018; Chen et al., 2020). Inhibitory dopamine responses can desensitize, meaning that neuronal activity is regained although dopamine is still present (Gainetdinov et al., 2004). D2-receptor desensitization is modulated by many (incompletely characterized) processes (Bonci and Hopf, 2005; Robinson et al., 2017a). In particular by Ca2+ dependent processes (Beckstead and Williams, 2007; Liu et al., 2008; Perra et al., 2011; Evans et al., 2017; Gantz et al., 2018), like the Ca2+ dependent binding of the neuronal Ca2+ sensor NCS-1 to D2-ARs, as demonstrated for SN DA neurons from juvenile mice (Kabbani et al., 2012; Dragicevic et al., 2014; Poetschke et al., 2015). NCS-1 is of special interest as it stimulates mitochondrial function and promotes neuronal survival (Catoni et al., 2019; Nakamura et al., 2019). In SN DA neurons, NCS-1 regulates the expression of genes involved in mitochondrial function, and NCS-1 loss increased their vulnerability in a PD mouse model (Benkert et al., 2019; Simons et al., 2019). In remaining human SN DA neurons from post-mortem PD brains, NCS-1 mRNA levels are elevated (Dragicevic et al., 2014), pointing to a neuroprotective role of NCS-1 in PD. Dopamine, D2-receptors, and NCS-1 are also important for regulation of glucose homeostasis, pancreatic insulin secretion, and body weight (Gromada et al., 2005; Lopez Vicchi et al., 2016; Hassanabad and Fatehi, 2019; Ratai et al., 2019; Liu et al., 2020). SN DA neurons and pancreatic beta-cells (responsible for peripheral glucose sensing and insulin secretion) modulate each other's function and possess similar signaling mechanisms, like D2-receptors, K-ATP channels, and Cav mediated activity-modulation (Eberhard, 2013; Fiory et al., 2019; Farino et al., 2020; Liu et al., 2020). However, direct glucose sensing properties of SN DA neurons have not yet been reported. Glucose sensing neurons are best described in the hypothalamus, but also in other brain regions (Koekkoek et al., 2017; Alvarsson and Stanley, 2018). They alter their electrical activity with changes in extracellular glucose levels. Glucose-excited (GE) neurons increase their action potential frequency as glucose levels increase (similar to pancreatic beta cells), whereas glucose-inhibited (GI) neurons decrease their activity with rising glucose levels (Routh, 2010).

Here, we studied the modulation of SN DA neuron activity by dopamine, NCS-1, and glucose. As this analysis is complicated by the particularly high vulnerability of SN DA neurons toward metabolic stressors, we used optimized extracellular multi-electrode array (MEA) approaches to study neuronal activity in vital mouse brain slices. MEA recordings followed up by spike-sorting allowed us to analyze SN DA neurons without selection-bias and with much higher throughput compared to patch clamp techniques. Based on their dopamine-responses, we identified two types of SN neurons that were either dopamine-excited or dopamine-inhibited. Both SN populations were similar in size. The number of dopamine-inhibited SN DA neurons with desensitized responses was reduced by NCS-1 activity, and increased by elevated extracellular glucose, but the kinetics of inhibitory dopamine-responses were not altered. SN DA neurons displayed fast and reversible glucose-responsiveness in a dose-dependent manner, with higher electrical activity at elevated glucose levels, and within the physiological range of brain glucose levels. Thus, SN DA neurons display GE-neuron properties, similar as beta-cells.



MATERIALS AND METHODS


Animals

All mice were bred and housed in the facilities of the University of Ulm, according to the German Tierschutzgesetz and the directive 2010/63/EU. All animal procedures were approved by the Regierungspräsidium Tübingen (Reg. Nr. 0.147 and TV1043). Only male mice were analyzed. Wildtype mice are derived from C57BL/6J. NCS-1 KO mice (obtained by Olaf Pongs) were back-crossed at least 10 times into C57BL/6J (Ng et al., 2016), leading to a 99.9% analogy with C57BL/6J, and losing the 129/SvJ original background (Eisener-Dorman et al., 2009). Data from littermate NCS-1 +/+ were not significantly different from those of C57BL/6J and were pooled.



Patch Clamp Experiments

Coronal mouse brain slices were prepared (similar as detailed below for MEA experiments), and perforated patch clamp recordings were performed and analyzed, as previously described (Dragicevic et al., 2014; Poetschke et al., 2015).



Multi-Electrode Array (MEA) Experiments
 
Brain Slice Preparation

Juvenile and adult mice were deeply and terminally anesthetized with isoflurane, and decapitated. During slicing, for orientation, a tiny hole was punched into the left side of the brain using a blunted 21G cannula.

For juvenile mice (~PN 13), after decapitation, the brain was quickly removed from the cranial cavity, cooled and cut into 250 μm coronal midbrain slices in ice cold artificial cerebrospinal fluid (ACSF) using a vibratome (VibrosliceTM type: HA752, Campden Instruments, UK), and stainless steel blades (Campden Instruments Ltd.). ACSF contained (in mM): 125 NaCl, 2.5 KCL, 25 NaHCO3, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, and 25 glucose, bubbled with carbogen (95% CO2/5% O2) for pH adjustment (7.3) and oxygenation. Slices were allowed to recover for 30 min at room temperature in the same ACSF.

For adult mice, brain slice preparation was carried out utilizing a slightly altered version of the “slice it hot” protocol (Ankri et al., 2014). After brain removal, coronal midbrain slices (200 μm) were prepared using a vibratome (Leica VT1200S, amplitude 1.4 mm, speed 0.6 mm/s) with ceramic blades (Campden Instruments Ltd.) in ACSF at ~36°C. This ACSF contained (in mM): 124 NaCl, 3 KCl, 26 NaHC03, 1.2 KH2PO4, 1 MgCl2, 1 CaCl2, 10 glucose, bubbled with carbogen (95% CO2/5% O2) for pH adjustment (7.3) and oxygenation. Slices were allowed to recover for 1 h at 37°C in ACSF-recovery solution containing (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NH2PO4, 1 MgCl2, 1 CaCl2, 25 mM glucose.

All chemicals were obtained from Sigma, if not stated otherwise.



MEA Recordings

The ACSF for MEA-recordings (“recording-ACSF”) contained (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NH2PO4, 1 MgCl2, 1 CaCl2, with variable glucose concentrations (0.5–25 mM). We added 10 μM DNQX disodium salt (Tocris) and 10 μM Gabazine (Tocris) to block fast synaptic transmission. When glucose was below 25 mM, sucrose was added to get a total of 25 mM sugar in the solution to keep the osmolarity stable (300–315 mOsm/l). ACSF was bubbled with carbogen (95% CO2/5% O2) for pH adjustment (7.3) and oxygenation.

For MEA-recordings 3D-Biochips were used, manufactured by Qwane Biosciences SA (Switzerland). The electrode array layout of the MEA-chips was customized for covering the shape of the SN in coronal mouse brain sections. The MEA-chips contain 60 3D tip-shaped platinum electrodes, arranged in a 15 row × 4 column array. Interelectrode distance is 100 μm in rows and 90 μm in columns (measured from center to center). Each electrode is 30 μm in diameter, and the tip extends 25–40 μm from the base. The surface of the chips is covered by a 5 μm layer of SU-8 epoxy and has an electrical impedance of 500–800 kΩ. For optimized tissue to electrode contact, biochips were plasma cleaned every second week for 2 min under low vacuum (0.5 Torr, service of the Electron Microscopy Facility, University of Ulm). MEA chips were stored at 4°C, and reused for 3–6 months depending on the intensity of usage.

MEA recordings were carried out using either a USB MEA1060-Up-BC System or a MEA2100-2x60 System (Multichannel Systems, Germany). For the MEA1060-System, slices were mounted onto the MEA-chip under a stereoscope (Leica M165C). For the 2100 MEA System, slices were directly mounted on the amplifier with help of a video table (MEA-VMTC-2, Multichannel Systems). Slices were kept in place by a self-made grid, consisting of nylon strings affixed to a semi-circle platinum wire (3 mm diameter of the wire, 1.3 g total weight). Careful and correct positioning of the slice on the chip and placing the grid without moving or harming the slice was crucial for successful experiments. Before and after placing the grid, images were taken to document the MEA chip positioning (Figure 1).
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FIGURE 1. MEA analysis identified dopamine-inhibited and dopamine-excited Substantia nigra neurons in mouse midbrain slices. Recordings were obtained from C57BL/6J mouse brain slices in ACSF containing 2.5 mM glucose (A) Left panel: schematic channel layout of the used 3D MEA chip, containing 60 platinum 3D-electrodes. The red arrow marks the reference-electrode. The electrodes marked by green and blue arrows correspond to the respective recordings shown in (B–E). Middle panel: Image of a typical coronal midbrain slice, mounted on the 3D MEA biochip (scale bar: 1 mm). Right panels: Overlay of the image before recording with the respective image of the same slice, fixed and stained for tyrosine hydroxylase (TH), after MEA-recording. Magnification (far right) allows identification of the electrode array positioning within the SN (scale bars: 1 mm, and 250 μm, respectively). (B) Spike sorting analysis of MEA recordings from two individual electrodes (marked in A, left), with identified single unit activity (SUA, left) and multiunit activity (MUA, right) with inhibitory dopamine-responses (bath-application of 100 μM dopamine indicated by horizontal bars). Upper panel: 3D-spike templates after principal component analysis (PCA, left) and overlaid spike-waveforms (right). Lower panel: event-plots and original traces over time. Inserts display enlargements of 2 s, as indicated. (C) Histograms (event counts) of individual interspike-intervals (ISI, in 20 s bins) for the two electrodes from (A,B). Note one clear peak and no activity below 200 ms, only in the SUA. (D) Autocorrelation probabilities, plotted against ISI (using a Boxcar filter smoothing routine of three bins in width). Note that only the SUA shows clear regular activity exceeding the 99% confidence interval. (E) Firing rates (in Hz) plotted over time (in 20 s bins) for both recordings. Note fully inhibited activity by dopamine, typical for SN DA neurons, only for the SUA. (F) Upper panels: Exemplary SUA MEA-recording traces. Lower panels: Firing rates plotted over time (in 20 s bins) of a dopamine-excited (left) and a dopamine-inhibited (right) SN neuron (bath application of 100 μM dopamine as indicated). (G) Comparison of mean normalized firing rates of dopamine-inhibited SN DA neurons from adult mice, recorded with MEA (white squares), or with perforated-patch clamp techniques (black circles). Shown are normalized mean frequencies, plotted over time (20 s bins for MEA, 1 min bins for patch clamp; MEA: n = 76, perforated patch: n = 8). Data are given as mean ± SEM. All data and statistics are detailed in Supplementary Figures 1, 4A and Supplementary Tables 1, 2.


The recording chamber containing the MEA-chip was constantly perfused with the carbogenated recording-ACSF by a peristaltic pump (~4 ml/min, Ismatec, Germany). The temperature control of the inlet cannula (TC02 with PH01, Multichannel Systems, Germany) was set to 35°C and the inbuilt amplifier heating plate to 40°C, resulting in a bath temperature of 31–33°C (checked by a hand-thermometer before each experiment). After transfer into the recording chamber, slices were allowed to equilibrate in recording-ACSF for 30 min.

Data were sampled at 20 kHz using the MC_Rack software (version 4, Multichannel Systems, Germany). Data was recorded using a low pass (3,000 Hz) and a high pass (200 Hz) butterworth 2nd order filter. The software allows simultaneous recordings and online analysis. The so-called spike analyzer tool was used to identify the electrodes displaying activity directly during recordings: This tool is an in-built spike sorter that detects spikes within the signals, recorded by each electrode. The threshold for spike detection is set automatically by the software and individually for each electrode depending on the signal to noise ratio. Detected spikes were continuously displayed in the spike analyzer display. Electrodes showing a reaction to DA application (i.e., change of event-rate, either elevated or reduced) were marked for further data analysis (see below).

The basic experimental design, carried out in recording-ACSF, was as follows (with 2.5 mM glucose if not stated otherwise): 10 min baseline recording of pacemaker-activities (for determining basal frequency and CV-ISI-values), followed by bath-application of 100 μM dopamine hydrochloride for 15 min, and a 20 min wash-out phase of dopamine. For DNIP (D2R/NCS-1 interaction prevention) experiments the DNIP peptide, or its scrambled (srDNIP) control, were synthesized by Genscript according to the published amino acid sequences (Saab et al., 2009; Kabbani et al., 2012). Peptides were dissolved in recording-ACSF, and bath-applied at a final concentration of 10 μM. DNIP-experiments were carried out as follows: after 10 min baseline recordings, slices were incubated for 30 min with recording-ACSF containing DNIP/srDNIP, followed by recording of 10 min baseline activity, 15 min dopamine application, and 20 min washout of dopamine (all in recording-ACSF with DNIP/srDNIP). For glucose sensing experiments, different glucose concentrations were bath-applied by switching recording-ACSFs with respective different glucose concentrations. Delay-time until dopamine/peptides/altered glucose reached the recording chamber was about 120 s. For NCS-1 experiments, results for adult mice (~PN90) are shown, but SN DA neurons from juvenile mice displayed similar responses (data not shown; and see Dragicevic et al., 2014; Poetschke et al., 2015). For glucose sensing experiments, results for juvenile mice are shown (~PN13) as they coped better with very low glucose concentrations, but SN DA neurons from adult mice displayed similar qualitative glucose responses.




Data Analysis
 
Spike Sorting

MEA-recording files were saved as mcd-files. Electrodes that recorded a response to dopamine (i.e., change of event-rate) were already marked during the recording, based on the online analysis options in the MC_Rack software. To minimize file sizes, recording files were re-recorded containing only the electrodes displaying a response to dopamine (either increased or decreased event-rate). The generated second mcd file was imported into Spike2 and converted to a smrx file.

Spike sorting of MEA recordings was carried out with Spike2 software (8.02e x64, Cambridge Electronic Design Ltd.). A threshold trigger was manually set by the experimenter, depending on the signal to noise ratio of the respective recording. The detected spikes displayed an amplitude of ~25-50 μV with a background noise of 15-25 μV. Via principal component analysis (PCA), Spike2 generates so-called spike templates, by matching and grouping spikes according to their principal components. These principal components are distinct features of the spikes like shape, amplitude, and length. The algorithm tries to separate the spikes in a direction of the largest variance. Meaning that the principal components with the highest variation in-between are chosen to generate the final spike templates. Spikes were separated by the software choosing the first two or three principal components (Lewicki, 1998). Templates were then automatically plotted in a 3D coordinate system as clusters, where every spike is displayed as a single dot and the chosen principal components represent the three axes x, y, and z. This enables manual reassignment of spikes, if necessary. For further details see manual “Spike2 version 9 for Windows.”



Identification of Single Unit Activity (SUA) With Spike2 Software

If spike sorting by automatic Spike2 analysis was successful, the activity will be split into separate single unit activities. This means, that each activity, recorded from the individual electrodes, can be assigned to a single neuron. Since this was not always the case, after the automatic principal component analysis by Spike2 software, manual cluster analysis optimization by the experimenter is often necessary, to sort out appropriate SUAs out of automatically classified multi unit activity (MUA).

For identification of a single unit activity (SUA), the sorted activity was manually checked in Spike2 for the following pre-selection criteria: (a) a lack of events occurring during the first 200 ms (short ISI range) shown in an interval histogram: the number of events before the first big peak of the interval histogram must not exceed 15% of this peak. (b) A clear and regular pacemaker activity, belonging to one unit, as judged by autocorrelation. The autocorrelation is defined as the correlation of the activity of a unit with a delayed copy of itself. (c) A lack of cross-correlation with other units recorded from the same electrode (for multi unit activity, only). (d) The appropriate typical shape of the waveform average of the unit. Supplementary Figure 1 shows a typical example of a SUA, derived from a single SN DA neuron. Only units fulfilling these criteria were further analyzed. Clusters representing obvious multi unit activity, meaning that they very likely contain activities of more than one neuron, were excluded from further analysis. These criteria are used only for pre-selection of possible SUAs. Statistical analysis is carried out subsequently with Neuroexplorer, as the options offered by Spike2 are limited, but pre-selection is carried out to reduce the amount of data that has to be imported to Neuroexplorer later.



Verification of Single Unit Activity With Neuroexplorer Software, Exclusion of Multi Unit Activity (MUA), and of Duplicate Recordings

After Spike2 analysis, smrx files containing traces, including timepoints of each spike of potential SUAs, were imported into the Neuroexplorer software (vers. 4.032, Nex Technologies, USA) to further analyze spontaneous activities of all recorded units for all electrodes. For this, autocorrelation as well as cross-correlation probability histograms were generated and analyzed. As before, autocorrelation histograms correlate a unit with a delayed copy of itself, while cross-correlation analysis allows to identify if the same SUA is recorded by more than one electrode, as all units recorded on one slice are analyzed for correlation. For both, 10 min of baseline activities were analyzed using a Boxcar filter smoothing routine of 3 bins (30 ms) in width (Berretta et al., 2010). Auto-correlation probability had to exceed the 99% confidence interval to be identified as SUA and included into the dataset. All identified SUAs, recorded with the same MEA-chip were tested for synchrony via their cross-correlation probability plots. In case units display a peak cross-correlation probability exceeding the maximal 99% confidence interval, the electrode with the better sorted signal (better signal to noise ratio) was included, the other was excluded from the dataset, as this high correlation is typical if the same neuron had been recorded from two different electrodes (Berretta et al., 2010). However, we cannot exclude that this approach occasionally eliminates SUAs from different cells with highly synchronized firing-patterns.



Further Analysis of Verified SUA

For further analysis, the mean firing rate (in 20 s bins) of each verified SUA was exported into excel from Spike2. To define the basal firing rate, the mean firing rate of a stable 10 min control period at the beginning of each recording was calculated. For describing pacemaker-regularity, the mean interspike-interval (ISI = 1/frequency) and its standard deviation (SD) were determined for this 10 min control period, to calculate the coefficient of variation (CV) of the ISI:
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Cells displaying a pacemaker frequency above 6 Hz or CV-ISI values higher than 30% were excluded from further analysis in all data-sets, as typical SN DA neurons in mouse brain slices in synaptic isolation display slower and very regular pacemaker activities in the range of ~1–4 Hz with CV-ISI between about 5 and 15% (Wolfart and Roeper, 2002; Lammel et al., 2008; Poetschke et al., 2015). VTA DA neurons display a faster (still under 10 Hz) and a less regular pacemaker (Lammel et al., 2008; Khaliq and Bean, 2010; Morales and Margolis, 2017). Note that MEA-derived CV-ISI values can differ from those derived from patch clamp experiments, due to the automated spike-sorting process and missed spikes.

For analysis of relative firing-rates in dopamine, firing-rates in the last minute in dopamine (i.e., minute 15) were normalized to the mean firing rate during the 10 min control period. An inhibitory dopamine D2-AR response was classified as desensitized if the mean frequency in the last minute of dopamine was higher than 5% of the respective basal firing rate.

Cumulative glucose dose-response curves were fitted and EC50 values were determined by using the hill equation (in PRISM, equation type: log(agonist) vs. response-variable slope, according to Goutelle et al., 2008):
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With y = normalized firing rate, x = glucose concentration, hillslope = steepness of the curve, top = upper plateau of the curve, bottom = lower plateau of the curve. Top and bottom were set to 1 and zero, respectively. The hillslope was freely fitted. EC50 values are given as the mean of individual EC50, derived from individual fits for each analyzed cell (mean of individual fits), as well as from the fit of the mean values (fit of means, population analysis).



Statistical Analysis

Data are given as mean ± standard error of mean (SEM) if not stated differently. Standard Error (SE) or Standard Deviation (SD) are given as indicated. The number of identified SUAs (i.e., individual cells) is given by n, number of mice is given by N. Data were probed for normal distribution by using the Shapiro-Wilk normality test. As some datasets were not normally distributed, for most comparisons, non-parametric tests were used for probing for significant differences. For statistical comparisons of basal firing rate, CV-ISI and relative activities at minute 15 in dopamine, a two-tailed, unpaired, non-parametric Mann-Whitney-test (for pair-wise comparisons) was used. Differences in the ratios of sensitized to desensitized D2-AR responses were assessed by chi-square test for pair-wise group comparisons. To evaluate differences in firing rates over time, two-way repeated-measures ANOVA (with Sidak's multiple comparison post-hoc test) was used. For comparison of mean firing rates and CV-ISI in different glucose concentrations, repeated-measures one-way ANOVA tests were used (Friedman test with Dunn's multiple comparison post-hoc test). For comparison of mean firing rates, CV-ISI and relative activities at minute 15 of DA between NCS-1 KO/WT and DNIP/srDNIP as well as DA-excited and -inhibited SN neurons unpaired Kruskal-Wallis tests with Dunn's multiple comparison were used. To detect differences in the change of firing-rate and the CV-ISI between decrease and increase of glucose concentration the Wilcoxon matched-pairs signed rank test was used. A single asterisk (*) denotes a p < 0.05, two (**), three (***), and four asterisks (****) denoting p < 0.01, 0.001, and 0.0001, respectively. All statistical analysis and data transformations were performed in Prism (GraphPad Software Inc., USA).




Immunohistochemistry and Anatomical Maps

To reconstruct the position of the electrodes, after MEA recording, slices were immunostained for tyrosine hydroxylase (TH), similar as previously described (Lammel et al., 2008; Benkert et al., 2019). Therefore, after recordings, the grid was removed carefully using a forceps, and slices were transferred, via a suction pipette, into a small glass containing recording ACSF. Slices were immediately fixed with 4% PFA (Thermofisher Scientific) in 1 × PBS (phosphate buffered saline, Thermofisher Scientific, tablets, dissolved according to instructions) for 1 h at room temperature. Slices were then transferred into a storing solution containing (in %): 0.05 sodium azide, and 99.95 PBS, and stored at 4°C. Slices were washed three times (10 min each) with PBS, and kept on a microplate shaker (300 rpm, VWR). Slices were then incubated in blocking solution containing (in %): 10 goatserum (Vector Labs), 0.2 BSA (Roth), 0.5 Triton X in PBS, for 2 h to prevent unspecific binding of the antibody. Afterwards, slices were washed one time (10 min) with PBS followed by an overnight incubation with the primary antibody (1: 1000, mouse anti-TH, Merck Millipore). Slices were then washed three times for 10 min with PBS, followed by incubation with the secondary antibody (1:1000, Alexa Fluor 488 goat anti-rabbit, Thermofisher Scientific) for 3 h at room temperature, under light protection, while shaking. The following steps were performed in darkness using tinfoil to cover the well plates: The slices were washed three times for 10 min with PBS. Afterwards, the slices were mounted on superfrost glass slides (VWR), dried for 10 min, and covered with Vectashield Antifade Mounting Medium (Vector Laboratories, United States), and stored in the dark at 4°C. Images were taken with an epifluorescent microscope (Leica DM6500 microscope with a Leica DFC7000 T camera), and documented with LAS-X software.

Graphical overlays of images taken before the recordings and of images after TH-staining were created using the GNU Image Manipulation Program (GIMP vers. 2.8.14). Neuroanatomical positioning in maps was based on a mouse brain atlas (Paxinos and Franklin, 2001).



Data Availability

All datasets presented in this study are available from the corresponding author upon request.




RESULTS


MEA Analysis Identifies Dopamine-Inhibited and Dopamine-Excited Substantia nigra Neurons in Mouse Midbrain Slices

To allow a comprehensive analysis of neuronal activity patterns, without compromising intracellular signaling and with high throughput, we established a suitable protocol for extracellular brain slice recordings using multi-electrode arrays (MEA). The utilized MEA-chip (custom-build by Qwane Biosciences SA) contained 60 3D tip-shaped platinum electrodes (30 μm tips), arranged in a 15 row × 4 column array (Figure 1A). Coronal midbrain slices were mounted on these chips, so that the electrodes were covering the SN region, and chip positioning was documented. For verification of correct positioning of the electrodes within the SN, after recordings, slices were PFA-fixed and stained for tyrosine hydroxylase (TH), a marker for DA neurons in the midbrain (Figure 1A right panels). Electrodes located outside of the TH-positive SN, according to picture-overlays, were excluded from further analysis.

Electrodes can record activity from more than one neuron (multi unit activity MUA), but only electrodes with identified single unit activity (SUA) were further analyzed. SUA and MUA were identified after spike-sorting and principal component analysis (PCA). Figure 1B shows examples of a typical SUA and MUA, derived from SN DA neurons. MUA were discriminated from SUA by a high number of events in the range before 200 ms (Figure 1C; >15% of big peak), an irregular pacemaker activity, assessed by a higher variation of the inter-spike interval (ISI, Figure 1D), and an only partial inhibition by dopamine (100 μM, bath-applied for 15 min; Figure 1E). These criteria can be used for identifying SUA derived from SN DA neurons, as they display in vitro in synaptic isolation a slow, very regular pacemaker-activity (~0.5-5 Hz, CV ISI: ~5–10%), and a well-described full inhibition of pacemaker-activity in response to extracellular dopamine (Lacey et al., 1987; Mercuri et al., 1994; Beckstead et al., 2004; Lammel et al., 2008). SUA derived MEA recordings from SN DA neurons displayed a clear peak in the event count histogram, low number of events in the 1-200 ms range, an autocorrelation probability exceeding the 99% confidence interval (CI), and a full inhibition of spontaneous activity by dopamine (Figures 1C–E, Supplementary Figure 1). To identify and exclude recordings of the same neuron from more than one electrode, cross-correlation histograms were generated for all electrodes on one slice. For electrodes displaying a cross-correlation probability exceeding the 99% confidence interval, the one with lower signal was excluded (Supplementary Figure 1C). We excluded about 4 ± 1 electrodes as presumed MUA per recorded slice, and less than one in 10 slices based on the cross-correlation analysis. With this MEA recording and data analysis approach, we detected about 5 ± 1 SN neurons per brain-slice that showed a response to dopamine (~5 lower activity, ~3 higher activity, 33 experiments).

Electrodes that did not respond to dopamine with altered event-rates were not further analyzed, but we analyzed all electrodes that displayed responses to dopamine (higher or lower event-rate). Interestingly, we detected a large population of SUAs that were excited by dopamine (Figure 1F, Supplementary Table 1). We never saw these dopamine-excited neurons in our data-sets from perforated patch clamp or on-cell recordings, while pacemaker activity and responses of the dopamine-inhibited SN neurons, recorded with perforated patch clamp recordings, were not significantly different from those recorded with our MEA approach (Figure 1G, Supplementary Figure 4A, Supplementary Table 2) (Liss et al., 2005; Lammel et al., 2008; Dragicevic et al., 2015; Poetschke et al., 2015).

With MEA recordings, we robustly identified DA-excited SN cells in juvenile and adult mice, in a similar frequency as we detected DA-inhibited cells (Figure 2, Supplementary Table 1, juveniles: 44% of all dopamine-responsive cells; ~3 cells/slice; n = 30 from 11 slices, N = 7 mice; adults: 42% of all dopamine-responsive cells; 3 cells/slice; n = 42 from 14 slices, N = 7 mice). In most recordings from juveniles (87%, n = 26 of 30), and in about 50% from adults (n = 22 of 42), these dopamine-excited SN cells showed no activity at all before dopamine application but got transiently excited by dopamine (juveniles: 3.39 ± 0.97 Hz, adults: 4.2 ± 2.6 Hz; mean ± SD). The subpopulation of adult dopamine-excited cells that did display pacemaker activity before dopamine-application (3.21 ± 2.99 Hz, mean ± SD) increased its frequency almost 3-fold during dopamine application to 8.8 ± 6.7 Hz (mean ± SD). Pacemaker frequencies in dopamine were significantly higher in neurons that displayed activity before dopamine-application compared to those without activity (about 50%). The baseline pacemaker-activity of dopamine-excited cells compared to that of dopamine-inhibited cells appeared a bit faster but was not significantly different. However, the pacemaker (before dopamine) was less precise in adults (CV-ISI inhibited: 9.70 ± 5.28%, excited: 16.07 ± 10.48%; p = 0.0137). We also mapped the anatomical location of dopamine-excited and dopamine-inhibited cells (Figure 2). However, we identified no specific localization of either of these cell-types.
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FIGURE 2. Mouse SN neurons displayed four different types of dopamine responses. Relative frequencies of four identified different dopamine-responses, and anatomical locations of MEA-recorded neurons from juvenile (A) and adult (B) mice. Experiments, MEA recordings, and data analysis described in Figure 1. Data were derived from juvenile (~PN13) and adult (~13W) C57BL/6J mice, recorded in ACSF containing 2.5 mM glucose. Left panels: SN neurons were classified according to their dopamine responses in DA-excited (44%, juveniles, 42% adults) and DA-inhibited (56% juveniles, 58% adults) cells. DA-excited cells were subclassified in neurons with (blue) and without (“silent,” red) spontaneous activity before DA-application. DA-inhibited cells were subdivided in neurons with (“desens,” grey) and without (white) prominent desensitization of dopamine responses over time. Numbers of DA-excited neurons with activity before DA-application was significantly higher in adults (p = 0.0025). Right panels: Maps displaying the anatomical locations of the DA-excited (upper) and DA-inhibited (lower) neurons within the SN, on caudal (left), medial (middle), and rostral (right) coronal slices. Maps are derived form the Paxinos mouse brain atlas (reproduced with permission from Elsevier Ltd.), figures 56, 57, 60 (Bregma: −3.08, −3.16, −3.52), respectively (Paxinos and Franklin, 2001). All data and statistics are detailed in Supplementary Table 1.


For our further analysis, we focused on dopamine-inhibited SN neurons, as this response is well-described for SN DA neurons. In juveniles and adult, SN DA neurons with inhibitory dopamine-responses displayed prominent desensitization in <50% of analyzed neurons (Figure 2, Supplementary Table 1). Basal pacemaker-frequencies were ~20% higher in SN DA neurons with desensitized D2-AR compared to those with sensitized responses. This difference was significant, when pooled datasets were analyzed (juveniles: sens: 1.54 ± 0.07 Hz, desens: 1.81 ± 0.09 Hz, n = 75/141, p = 0.027, pooled analysis of WT data from Supplementary Tables 1, 3; adult: sens: 1.64 ± 0.08 Hz, desens: 2.15 ± 0.11 Hz n = 50/119, p = 0.0005, pooled analysis of WT data from Supplementary Tables 1, 5). In SN DA neurons from juvenile mice, we have previously shown by perforated patch clamp experiments, that this desensitization depends on free intracellular Ca2+ and binding of NCS-1 to the D2-AR (Dragicevic et al., 2014; Poetschke et al., 2015). As SN DA neurons from adult mice are even more vulnerable than those of juveniles, we were not successful in addressing desensitization mechanisms with perforated patch clamp experiments.



The Neuronal Calcium Sensor NCS-1 Reduces the Number of SN DA Neurons With Desensitized Inhibitory Dopamine-Responses by Binding to D2-Receptors

We used our MEA-approach to address if the presence and the degree of desensitization of dopamine autoinhibition of SN DA neurons from adult mice also depended on NCS-1 binding to D2-AR. We analyzed adult NCS-1 KO mice and wildtype controls. In addition, we analyzed in adult wildtype the responses to a so-called DNIP peptide that prevents NCS-1 binding to D2-ARs, and scrambled DNIP for controls (Figure 3, Supplementary Figures 2, 4B, Supplementary Tables 3, 4). As before, in response to dopamine bath-application, we detected a full and reversible inhibition of pacemaker activity of SN DA neurons from adult wildtype mice, with desensitization of the response in about 65% (Figure 3A, Supplementary Table 4) of recorded neurons. The absence of NCS-1 or the prevention of its binding to the D2-AR in adult SN DA neurons increased the amount of desensitized dopamine-responses, as evident from plotting mean normalized frequencies over time, and from comparing relative activities at the last minute in dopamine (Figures 3B,C, Supplementary Figures 2B,C, Supplementary Tables 3, 4). As the MEA approach allowed us to analyze responses of a large number of neurons, we compared mean basal frequency between neurons with sensitized and desensitized dopamine-responses and analyzed the ratio of the responses (Figures 3C,D, Supplementary Figures 2C,D, Supplementary Tables 3, 4). This analysis revealed that a general knock out of NCS-1, as well as prevention of NCS-1 binding to D2-AR specifically in SN DA neurons, massively increased the number of SN DA neurons displaying desensitized D2-AR responses (about 60% in NCS-1 KO, and over 100% in DNIP). However, the time-course and degree of dopamine inhibition was neither altered by general NCS-1 knock out nor by the DNIP peptide. Hence the observed faster desensitization (Figure 3B, Supplementary Figure 2B) is only caused by higher numbers of SN DA neurons with desensitizing DA-responses and no change in the overall kinetic of the response. Moreover, these results indicate that SN DA neurons might switch between desensitized or sensitized dopamine responses, and that NCS-1 is stimulating sensitized responses.
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FIGURE 3. Loss of NCS-1 function increases the number of SN DA neurons with desensitized inhibitory dopamine-responses. Experiments, MEA recordings, data analysis, and presentation similar as in Figure 1. Data were derived from adult NCS-1 WT, NCS-1 KO, and C57BL/6J mice (for DNIP experiments; D2/NCS-1 interacting prevention peptide), recorded in ACSF containing 2.5 mM glucose. (A) Exemplary traces of a SN DA neuron with desensitized (upper) and with sensitized (lower) inhibitory dopamine responses (mediated by D2-autoreceptors, D2-AR). Bath application of 100 μM dopamine indicated by horizontal bars. Inserts display enlargements of 2 s during control period, DA application and wash-out phase. (B) Normalized mean firing rates plotted over time for all analyzed SN neurons from NCS-1 WT (black, n = 63) and NCS-1 KO (red, n = 138) mice. (C) Left panel: Mean relative firing frequencies in the last minute of dopamine. Right panel: Percentages of cells with desensitized dopamine-responses (grey), for SN DA neurons from NCS-1 WT and KO, and in the presence of 10 μM DNIP (n = 64), or 10 μM srDNIP (n = 96; scrambled DNIP, as control), as indicated. (D) Data from (B), plotted separately for SN neurons with desensitized (upper, WT: n = 22, KO: n = 77) and with sensitized inhibitory dopamine responses (lower, WT: n = 41, KO: n = 61). Data are given as mean ± SEM. Significances/p-values according to unpaired Kruskal-Wallis test with Dunn's multiple comparison, Chi-square, and unpaired Mann-Whitney-test. All data and statistics are detailed in Supplementary Figures 2, 4B, Supplementary Tables 3, 4.


Sensitized D2-autoreceptor responses by NCS-1 would reduce electrical activity, Ca2+ load and metabolic stress in SN DA neurons, while desensitized D2-AR responses would increase dopamine-release and thus facilitate movement—but also elevate Ca2+ load and metabolic stress levels. Hence, we hypothesized that general activity and the number of SN DA neurons with desensitized D2-AR responses could be higher at optimal metabolic conditions, and lower in metabolic stress situation. To test this, we analyzed pacemaker activity and dopamine-responses at different glucose concentrations.



Elevated Glucose Levels Increase the Number of SN DA Neurons With Desensitized Inhibitory Dopamine Responses and Their Pacemaker Firing-Rate

We performed similar experiments, as described before, but now comparing activity and the inhibitory dopamine response of SN DA neurons in 2.5 mM glucose with those in 25 mM glucose (Figure 4). In line with our hypothesis, the number of SN DA neurons with a desensitized D2-AR response was significantly higher in 25 mM glucose (~50%, Figures 4A,B, Supplementary Tables 5, 6). Again, the mean time-course and degree of dopamine inhibition was not altered, neither in the group of neurons with sensitized nor desensitized responses (Figure 4C). Moreover, we observed that the mean pacemaker-frequency of SN DA neurons before dopamine application was significantly higher in 25 mM dopamine (~20%; Figure 4A, Supplementary Table 5). Pacemaker precision (CV-ISI) was not different in 25 mM glucose.
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FIGURE 4. More SN DA neurons with desensitized dopamine D2-AR responses, and with higher pacemaker frequencies in elevated glucose. MEA recordings, data analysis and presentation similar as in Figures 1, 3. Data were derived from juvenile C57BL/6J mice, recorded in ACSF containing either 2.5 mM (n = 45) or 25 mM (n = 58) glucose. (A) Left panel: Normalized mean firing rates of all analyzed SN neurons, plotted over time. Right panel: activity at minute 15 in dopamine. (B) Left panels: Mean pacemaker frequencies and pacemaker precision (displayed as CV-ISI), during first 10 min of recordings. Right panel: Percentages of SN DA neurons with desensitized D2-AR responses (grey) in 2.5 and 25 mM glucose. (C) Data from (A), plotted separately for SN neurons with desensitized (upper, 2.5 mM glucose: n = 20, 25 mM glucose: n = 38) and with sensitized inhibitory dopamine responses (lower, 2.5 mM: n = 25, 25 mM: n = 20). Data are given as mean ± SEM. Significances/p-values according to two-way ANOVA with Sidak's multiple comparison, Chi-square and unpaired Mann-Whitney-test. All data and statistics are detailed in Supplementary Tables 5, 6.


These results suggested that SN DA neurons might display glucose sensing properties, similar as pancreatic beta-cells, with higher activity at higher glucose concentrations (termed GE-neurons; MacDonald et al., 2005).



Transient Glucose Deprivation Reversibly Reduces Pacemaker Activity of SN DA Neurons

To systematically address GE-properties of SN DA neurons, we carried out a set of MEA experiments, where we continuously recorded pacemaker activities of SN DA neurons while changing extracellular glucose levels, by switching recording-ACSF solutions. As glucose sensing neurons have been described in a wide range of glucose concentrations, with so-called high-GE neurons sensing glucose above 5 mM up to over 20 mM (Fioramonti et al., 2004; Routh, 2010; Alvarsson and Stanley, 2018), we chose 25 mM as an optimal glucose concentration, and switched to 1 mM to induce transient glucose deprivation and metabolic stress.

As illustrated in Figure 5A, after recording baseline pacemaker activity for 10 min in 25 mM glucose, we switched to 1 mM for 15 min (until frequencies were stable again) and back to 25 mM glucose for another 20 min, followed by application of dopamine (and wash-out), for identification of SN DA neurons. With this paradigm, spontaneous activity of SN DA neurons was reduced in all tested neurons by switch to 1 mM glucose, by about 25% (from a mean of 1.9 to 1.5 Hz), and pacemaking was less precise (~40%; Figures 5B,C, Supplementary Tables 7A,B). Furthermore, we detected with about 75% a high amount of SN DA neurons with desensitized D2-AR responses (Figure 5C, Supplementary Table 7). We also analyzed the effect of transient glucose-deprivation separately for sensitized and desensitized neurons (Supplementary Figures 3A, 4C, Supplementary Table 7). As before, firing rates were higher in SN DA neurons with desensitized D2-AR response (~20%; Supplementary Figures 3A, 4C, Supplementary Table 7).
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FIGURE 5. SN DA neurons display fast and reversible glucose-sensitivity in the range of brain glucose levels. Experiments, MEA recordings, data analysis and presentation similar as in Figures 1, 3. (A) Exemplary traces, recorded from a mouse SN DA neuron, while glucose was transiently reduced from 25 to 1 mM, as indicated by red horizontal bars. Bath application of 100 μM dopamine indicated by black horizontal bars. (B) Normalized mean firing rates of all analyzed SN DA neurons are plotted over time (n = 28). (C) Left/middle panel: Mean non-normalized firing rates (left) and pacemaker precision (given as CV-ISI, middle) during the first 10 min of the recording in 25 mM glucose, in 1 mM (last 10 min), and back in 25 mM glucose (last 10 min). Right panel: Number/percentage of SN DA neurons from (B,C) with desensitized D2-AR responses (grey). (D) Exemplary trace, recorded from a mouse SN DA neuron, while glucose concentrations were altered as indicated (0.5–25 mM). Bath application of different glucose concentrations (red) and of 100 μM dopamine (black) indicated by horizontal bars. (E–G) Dose-response curves and derived EC50 values for all analyzed SN DA neurons (n = 13). EC50 values were calculated according to the Hill-equation. Values are given as mean ± SE. The range of physiological brain glucose levels is indicated in green, [0.7–2.5 mM], according to Routh et al. (2014). (E) EC50 values were derived from fitting the mean relative firing rates of all cells at each concentration (blue), and by the mean fit of the fits for each individual neuron (red). Values are given as mean ± SE. (F) Left panel: Scatterplot of individual EC50 values, derived from individual fits for each cell (gray dots: cells with desensitized D2-AR responses; white dots: cells with sensitized responses). Right panel: Number/percentage of SN DA neurons from (E) with desensitized D2-AR responses (grey). (G) Separate dose-response curve fits; cells from (E,F) were subdivided into neurons with EC50 higher (n = 5) or lower (n = 8) than 1 mM glucose. Data are given as mean ± SEM. Significances/p-values according to paired Friedman test with Dunn's multiple comparison and Chi-square test. All data and statistics are detailed in Supplementary Figures 3, 4C,D, Supplementary Tables 7, 8.




SN DA Neurons Display Glucose Sensitivity Within the Physiological Range of Brain Glucose Levels

The transient glucose-deprivation experiments demonstrated for SN DA neurons glucose-sensing properties of the GE-type. To further quantify glucose sensitivity within the (patho-) physiological range of brain glucose levels, we carried out MEA experiments where glucose concentrations were stepwise elevated from 0.5 mM up to 25 mM to determine dose-response curves and EC50 values. Experimental design and a typical response of a SN DA neuron is given in Figure 5D. We also tried concentrations lower than 0.5 mM, however, SN DA neurons were not stable enough over the required long recording time (each recording took more than 2 h). To determine half maximal effective (EC50) glucose-concentrations for individual SN DA, we fitted dose-response curves for each individual neuron, as well as the mean values at each concentration of all analyzed neurons (population analysis). Both approaches resulted in similar EC50 values, slightly below 1 mM glucose (mean ± SE: 0.87 ± 0.01 and 0.66 ± 0.1, n = 13 Figure 5E, Supplementary Table 8). As indicated by the high standard deviation (±1.04) and as evident in Figure 5F, the individual EC50 values varied substantially and were not homologous distributed (p = 0.777). Thus, we separated the analyzed cells into two groups (>1 mM, <1 mM) and fitted them separately. Indeed, the dose-response curves were better fitted by these two fits, than by one over-all fit and resulted in EC50 values of 2.23 mM (n = 8) and 0.35 mM (n = 5) glucose (Figure 5G, Supplementary Table 8), indicating the possibility of GE-neurons with different glucose sensitivities.

We also determined EC50 values separately, for sensitized and desensitized neurons, leading to EC50 values of 0.35 ± 0.05 mM (n = 3) and 0.85 ± 0.17 mM (n = 10; mean ± SE Supplementary Figure 3B, Supplementary Table 8), respectively. All three SN DA neurons with sensitized DA-responses fell into the group of neurons <1 mM, and separate fittings indicated a trend for higher EC50 in the desensitized group that was however not significant (Supplementary Figure 3B, Supplementary Table 8).

These data demonstrated fast and reversible glucose-sensing in SN DA neurons, and they indicate two populations of SN DA neurons, according to their glucose-responsiveness: one with an EC50 in the euglycemic (0.7–2.5 mM) range of brain glucose-levels, another one in the hypoglycemic range (<0.7 mM) (Routh et al., 2014).




DISCUSSION

By using an optimized MEA recording and data analysis approach, we analyzed spontaneous pacemaker activities and dopamine-responses of SN neurons in mouse brain slices, along with their modulation by NCS-1 and glucose. Tyrosine-hydroxylase immunostainings of brain slices after recordings allowed to map localizations of individual recording-electrodes within the SN. This approach enabled us to analyze several hundreds of neurons, covering the full SN, without selection bias by the experimenter, and without disturbing the intracellular integrity. Thereby, we identified novel subtypes and physiological functions of SN neurons, in relation to their responses to dopamine, to loss of NCS-1 function, and to changes in extracellular glucose.


MEA Approaches for Analyzing SN Neurons in Brain Slice Preparations

The principal difference between MEA and patch clamp recordings is that either extracellular spikes or intracellular action potentials are recorded. The major advantage of the MEA approach is its relatively easy and fast execution, and the recording of multiple neurons in parallel, compared to perforated patch clamp or on-cell recordings (Spira and Hai, 2013). MEA allows a more unbiased analysis of all cellular populations in a region of interest, as choosing the cells to analyze by the experimenter is omitted. However, analysis of data from MEA recordings is more complicated compared to patch clamp recordings (Negri et al., 2020). This is due to the sheer size of data received from MEA recordings that needs to be further processed for automated spike detection and further downstream-analysis (Stevenson and Kording, 2011; Rey et al., 2015; Mahmud and Vassanelli, 2016, 2019). The file-size from our raw unprocessed MEA recordings was up to ~16 GB, depending on the length of the recordings. A crucial issue is to extract those signals that reflect cell-derived single unit activities (SUAs), while avoiding analysis of the same cell recorded from more than one electrode. The fact that SN DA neurons display in vitro, even in full synaptic isolation, a regular low-frequency pacemaker activity (~0.5–3 Hz with a maximal firing rate ~10 Hz) and broad action potentials (>2 ms) (Wolfart and Roeper, 2002; Lammel et al., 2008; Khaliq and Bean, 2010; Poetschke et al., 2015) facilitates their identification. However, pacemaker-activity can be less regular, due to physiological variation (Marinelli and McCutcheon, 2014), and in particular in MEA recordings as spike detection can fail to recognize all spikes belonging to a single neuron. A disadvantage of MEA approaches is that it is not exactly clear from which cell a recording is derived, but only the placement/coordinates of the respective electrode that recorded its activity (Obien et al., 2019). Hence, the maps given here (Figure 2) reflect the location of the electrodes that recorded the respective SUAs with the responses, as indicated. We cannot rule out that our collectives of analyzed SN cells do also contain a fraction of VTA neurons and/or VTA-like calbindin-positive dorsal tier SN DA neurons, as their locations and their in vitro electrophysiological properties are partly overlapping (Margolis et al., 2006; Lammel et al., 2008; Khaliq and Bean, 2010; Krashia et al., 2017).

The number of neurons we recorded with our MEA approach are comparable to other MEA brain slice studies, e.g., in the hypothalamus (Hanna et al., 2019). Our general findings in respect to the dopamine-response are in line with other studies of SN neurons in horizontal brain slices from ~1 month old rats (Geracitano et al., 2005; Berretta et al., 2010), and with a recent MEA study, where cultured DA neurons were analyzed, derived from dissected embryonal (E15) TH-GFP mouse brains, expressing the enhanced green fluorescent protein (GFP) under the tyrosine-hydroxylase promoter (Tomagra et al., 2019). In the latter study, micro-graphitic single crystal diamond Multi Electrode Arrays (μG-SCD-MEAs) were used, that allow, in addition to recording of electrical activity, amperometric analysis of dopamine release. We utilized 3D tip-shaped electrodes that entered the tissue and thus got closer to the neurons in the slice (Heuschkel et al., 2002).



Dopamine-Excited Cells in the SN

While with our MEA recordings we detected a large population of SN DA neurons that increased their electrical activity in response to dopamine, we never saw this type of response in our datasets of perforated patch clamp and on-cell recordings. However, pacemaker activities and dopamine-responses of the dopamine-inhibited SN neurons, recorded with perforated patch clamp recordings were not significantly different from those recorded with our MEA approach (Figure 1G, Supplementary Table 2), and (Liss et al., 2005; Lammel et al., 2008; Dragicevic et al., 2014; Poetschke et al., 2015). To our knowledge, dopamine-excited neurons have also not been reported in other brain slice patch clamp studies. Possible explanation might be e.g., a preferential selection by the experimenter or differential accessibility of subpopulations of SN DA neurons with patch clamp approaches, or methodological impacts of either approach.

DA-excited neurons were also described in a similar brain slice MEA study, analyzing rat SN DA neurons in horizontal brain slices in response to 30 μM dopamine, applied for 1–2 min (Berretta et al., 2010), and in the MEA study analyzing cultured, embryonal, TH-GFP mice derived neurons (Tomagra et al., 2019). In the latter, L-DOPA (20 μM), the precursor of dopamine, was given, and it also either excited or inhibited DA neurons. Further, they found TH-GFP positive neurons that were excited by dopamine with MEA as well as with patch clamp whole-cell recordings (personal communication, Valentina Carabelli). However, in another MEA brain slice study of TH-GFP mice (PN17–PN30), almost all SN neurons in horizontal slices were inhibited by dopamine (30 μM for 2-3 min), dopamine-excited cells were not reported (Krashia et al., 2017). The proportion of dopamine (or L-DOPA)—inhibited and—excited SN neurons was about 50:50% in our study, 81:2% (remaining 17% were insensitive) and 80:17% (remaining 3% were insensitive) in the other MEA slice, and MEA DA culture study, respectively (Berretta et al., 2010; Tomagra et al., 2019). Discrepancies in the detection of dopamine-excited SN cells are likely caused by different ages and/or types of analyzed neurons, or technical differences.

What is the anatomical and neurochemical nature of the dopamine excited SN cells? By mapping the electrodes that recorded DA-excited cells, we found no specific anatomical localization. With our approach, we could neither identify the projections of DA-excited cells, nor whether they were dopaminergic or non-dopaminergic—or even neurons. However, the L-DOPA/dopamine excited SN cells in Tomagra et al. (2019) displayed a positive fluorescence TH-GFP signal, indicating these cells were indeed dopaminergic neurons—or at least tyrosine-hydroxylase positive cells. Together with the high number of dopamine-excited SN cells detected, we conclude that they are dopaminergic, and a subpopulation of SN DA neurons exists that is excited by dopamine. The mechanism for the dopamine-mediated stimulation of presumed SN DA neurons is unclear. Several ways are possible. It could be mediated directly, via stimulatory D1-type dopamine receptors [a small population of D1/D5 expressing SN DA neurons is described (Liss and Roeper, 2004; Hetzel, 2008; Jang et al., 2011)]. Or D2-AR could stimulate depolarizing low threshold T-Type Cav channels, as described for calbindin-negative ventral tier SN DA neurons (Evans et al., 2017). Also, depolarization by the electrogenic dopamine-transporter (DAT, co-importing netto one positive charge with each dopamine molecule), in the absence or full desensitization of inhibitory D2-AR, offers a possible mechanism (Sonders et al., 1997; Ingram et al., 2002; Carvelli et al., 2004). Or stimulation could be mediated more indirectly, e.g. by D2-receptor inhibition of inhibitory interneurons that control the activity of DA neurons, as described for VTA DA neurons (Nestler, 2005; Morales and Margolis, 2017; Bouarab et al., 2019). Identity, mechanisms, and functions of DA-excited neurons will be addressed in future studies.



Two Types of Dopamine Inhibited SN DA Neurons: Loss of NCS-1 Function and Elevated Glucose Promote Desensitized D2-AR Response

We identified SN DA neurons with either sustained or desensitized dopamine inhibition of spontaneous activity. As MEA allowed us to record much more neurons, compared to our previous patch clamp studies, n-numbers were high enough to allow separate analysis of neurons with sensitized and desensitized D2-AR responses as two populations. This analysis revealed that time course and degree of desensitization were surprisingly very similar in all analyzed neurons with desensitized responses, in all conditions. Hence, SN DA neurons do not display a spectrum of autoreceptor responses with different degrees of desensitization, as previously assumed (Dragicevic et al., 2014; Poetschke et al., 2015), but only two states of D2-AR responses: sensitized or desensitized. The dopamine-responses when NCS-1 function was lost and when extracellular glucose was elevated support this binary view, as again, the kinetics of individual desensitization was not altered, but only the number of SN DA neurons with desensitized dopamine responses. We propose that SN DA neurons switch between these two distinct states, rather than gradually change desensitization of D2-AR responses.

Accordingly, we conclude that the previously reported less pronounced desensitization of dopamine responses—in adult vs. juvenile mice, in cocaine vs. saline treated mice, in Cav1.3 KO vs. wildtype mice (Dragicevic et al., 2014; Poetschke et al., 2015; Robinson et al., 2017b)—identified by analysis of SN DA neurons as one population, is reflecting a reduction of the number of SN DA neurons with desensitized responses, not a change in desensitization-kinetics, similar as reported here for loss of NCS-1 function and elevated glucose. An alternative explanation could be that due to NCS-1 function or at lower glucose levels SN DA neurons with desensitized D2-AR responses die, or were no longer recorded by MEA, and thus we detect more neurons with sustained dopamine responses. However, our very long and metabolically stressful glucose experiments for dose-response curves that ended with dopamine-application and still showing ~75% desensitized responses, argue against this.

We have not yet addressed the mechanism of the proposed switch from desensitized to sensitized D2-AR responses. Mechanisms of D2-receptor desensitization have been identified mainly in heterologous systems. Best described is receptor-phosphorylation and subsequent beta-arrestin mediated internalization (Beaulieu et al., 2015; Chen et al., 2020). However, for D2-ARs, an internalization-independent, Ca2+ involving desensitization mechanism is described (Gantz et al., 2015; Robinson et al., 2017a). Our data would support the latter mechanism. The electrogenic DAT (importing 2 Na+ and 1 Cl− ion with each dopamine molecule), could also be involved in mediating desensitization of inhibitory dopamine responses in SN DA neurons, possibly in interplay with D2-receptors and other conductances, as already described (Sonders et al., 1997; Ingram et al., 2002; Carvelli et al., 2004; Aversa et al., 2018).

What is the physiological function of altered somatodendritic D2-AR responses? The physiological function of somatodendritic local dopamine-release in general is still unclear. However, it creates activity-related increases in extracellular dopamine in the SN that inhibit autoactivity and the activity of neighboring neurons, and could contribute to synchronization (Joshua et al., 2009; van der Velden et al., 2020). D2-AR function reduces SN DA neuron activity, and thus also excitotoxicity related processes (Rice and Patel, 2015; Duda et al., 2016). A lower number of SN DA neurons with desensitized D2-AR response would prolong these effects of dopamine, and thus reduce the overall-activity of SN DA neurons and related metabolic stress. Accordingly, SN DA neurons from NCS-1 KO mice with less sensitized SN DA responses should be more vulnerable to degenerative stressors—and this is indeed the case in a PD model (Benkert et al., 2019; Simons et al., 2019).

In this context, it is noteworthy that in general, the number of SN DA neurons with desensitized inhibitory dopamine responses appeared to be decreased when the brain slices were not in optimal condition, e.g., due to suboptimal slice-preparation, mounting, or perfusion. D2-AR responses of SN DA neurons from adult mice were particularly sensitive to these kinds of stressors.



SN DA Neurons Are Glucose Sensors (GE-Neurons)

SN DA neurons are particularly vulnerable to metabolic stressors (Dragicevic et al., 2015), express insulin receptors, and are regulated by insulin (Figlewicz et al., 2003; Fiory et al., 2019), but physiological glucose sensing had not yet been reported. We show here for the first time that most SN DA neurons (75%) display glucose sensing properties, with higher pacemaker-activities at higher glucose levels (as defined for glucose-excited GE-neurons), independently from their D2-AR responses. GE-neurons are typically found in the hypothalamic and brainstem nuclei (Fioramonti et al., 2017; Guemes and Georgiou, 2018; Lopez-Gambero et al., 2019). We demonstrated here in individual SN DA neurons a fast and reversible decrease of activity with lower glucose, and an increase in response to higher glucose, with EC50 values in the (patho-) physiological range of brain glucose levels. Individual dose-response curves indicate that SN DA neurons might display different glucose sensitivities, with one population displaying EC50 values in the euglycemic range (EC50: ~2.0 mM) and another one within hypoglycaemic (EC50: ~0.35 mM) brain glucose levels. These values correspond well with those described for GE neurons in the lateral hypothalamus, with an EC50 of ~0.8 mM glucose (Burdakov et al., 2005) and in the nucleus arcuatus, with ~2 mM (Wang et al., 2004).

What is the physiological function of glucose sensing in SN DA neurons? Brain glucose-levels are lower compared to blood glucose levels (~2 mM and 7–8 mM, respectively; Routh et al., 2014; Fioramonti et al., 2017). Glucose is the primary fuel for the brain, and its levels remain relatively constant, even when plasma levels are fluctuating (Dunn-Meynell et al., 2009; Hwang et al., 2019). However, brain glucose levels can reach locally much higher levels, and corresponding so-called high-GE-neurons are described, sensing glucose above 5 mM, up to 10, or even over 20 mM (Routh, 2010; Fioramonti et al., 2017; Alvarsson and Stanley, 2018), reflected by our chosen glucose concentrations (ranging from 0.5 to 25 mM).

Reduced activity at lower glucose levels will reduce the activity of the Na+/K+ ATPase, and thus ATP consumption and metabolic stress in metabolic demand. Similar as it has been described for SN DA neurons in horizontal brain slices from juvenile rats, where glucose levels were drastically reduced from 10 mM down to zero mM (Marinelli et al., 2000, 2001). But what could be long term consequences? A number of studies indicate that activity of SN DA neurons is not only crucial for dopamine release and related functions, but also for their maintenance and survival, in line with the classical “use it or lose it” principle of neuronal loss (reviewed e.g., in Swaab et al., 2002; Duda et al., 2016; Michel et al., 2016). Thus, while reduced activity of SN DA neurons at low glucose levels likely has acute beneficial effects, in the long run it could contribute to degeneration and PD, similar as shown for K-ATP channel activity (Liss et al., 2005; Schiemann et al., 2012; Duda et al., 2016).

The molecular mechanisms of glucose sensing in SN DA neurons is currently unclear. However, for GE- and GI-neurons in other brain regions mechanisms have been identified, involving plasmalemma glucose transporters for glucose uptake (GLUT1-14, SGLT1-6), hexokinases/glucokinase (GK) for intracellular glucose phosphorylation, and a variety of downstream ion channels and receptors (reviewed e.g., in Routh et al., 2014; Fioramonti et al., 2017; Lopez-Gambero et al., 2019; Stanley et al., 2019; Hirschberg et al., 2020). GE-neuron glucose sensing is best described in neurons of the ventromedial hypothalamus (VMH), and it is similar to the mechanism in pancreatic beta cells, involving GK, GLUT2, KATP, and Cav channels (Pozo and Claret, 2018; Rorsman and Ashcroft, 2018), all of them expressed in SN DA neurons. Other proteins involved in GE-neuron glucose sensing are metabolically sensitive chloride channels, purinergic receptors, sweet taste receptors (T1R2/3) and transient receptor potential channels (TRPC3, TRPM). For GI-neuron glucose sensing mechanisms, in particular the Na+/K+ ATPase, as well as AMP Kinase, nNOS/nitric oxide, CFTR chloride channels, glutamate receptors, or two-pore-domain potassium channels (K2P, TASK) have been described (Marinelli et al., 2000, 2001) Kv7 potassium channels and volume regulated anion channels (VRAC) have also been linked to glucose sensing (Stuhlmann et al., 2018; Di Fulvio and Aguilar-Bryan, 2019; Manville and Abbott, 2020).

Future studies will address the molecular mechanisms of glucose sensing in SN DA neurons. Our first experiments indicate a complex mechanism that is not simply explained by activation of K-ATP channels or A-type K+ channels, as described for pathophysiological reduction of SN DA activity in response to PD stressors (Liss et al., 1999, 2005; Subramaniam et al., 2014; Dragicevic et al., 2015; Subramaniam and Roeper, 2017). Dissecting these mechanism is particularly relevant in view of the high vulnerability of SN DA neurons in PD, and the emerging link between pancreatic beta cells and SN DA neurons, as well as between type II diabetes (T2DM) and PD (Eberhard, 2013; Hassan et al., 2020; Sportelli et al., 2020). T2DM, with elevated blood glucose levels and increasing insulin resistance, seemingly increases the risk for developing PD later in life, and both diseases share similar pathomechanisms (Camargo Maluf et al., 2019; Cheong et al., 2020). Understanding physiological and pathophysiological glucose sensing of SN DA neurons, also in context of T2DM, will lead to a better understanding of the high vulnerability of these neurons to degeneration in PD. It could help identifying early changes in SN DA neurons, before they degenerate, and thus help identifying PD patients before motor systems manifest and most SN DA neurons are already lost—a prerequisite for neuroprotective PD therapies.
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The ability to extinguish fear memories when threats are no longer present is critical for adaptive behavior. Fear extinction represents a new learning process that eventually leads to the formation of extinction memories. Understanding the neural basis of fear extinction has considerable clinical significance as deficits in extinction learning are the hallmark of human anxiety disorders. In recent years, the dopamine (DA) system has emerged as one of the key regulators of fear extinction. In this review article, we highlight recent advances that have demonstrated the crucial role DA plays in mediating different phases of fear extinction. Emerging concepts and outstanding questions for future research are also discussed.
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INTRODUCTION

Learning to associate stimuli and situations with danger or safety is critical for survival and adaptive behavior. In the laboratory, these forms of learning are typically studied using Pavlovian fear conditioning and extinction. Fear conditioning is an example of associative learning in which an initially neutral stimulus such as a tone (conditioned stimulus, CS) comes to elicit fear responses after being paired in time with an aversive outcome such as a foot shock (unconditioned stimulus, US). Once the CS-US association is learned, subsequently repeated presentations of the CS in the absence of the aversive US result in a gradual decrease in conditioned fear responses, a process known as fear extinction. In the last decades, fear extinction has attracted much interest in part because deficits in extinction learning are thought to underlie human anxiety disorders, such as post-traumatic stress disorder (PTSD) and phobias (Graham and Milad, 2011; Pitman et al., 2012; Craske et al., 2017), and thus, understanding the neural basis of fear extinction has high clinical significance. Decades of research has revealed that a distributed network of brain structures including mainly the amygdala and the medial prefrontal cortex (mPFC) mediates the acquisition and consolidation of fear extinction memories (Pape and Pare, 2010; Sotres-Bayon and Quirk, 2010; Maren et al., 2013; Duvarci and Pare, 2014; Tovote et al., 2015).

In recent years, the dopamine (DA) system has also emerged as an important mediator of fear extinction. DA is a neurotransmitter critically involved in a wide range of functions including reward learning, motivation, motor control, and cognitive functioning. DA neurons that are mainly located in the ventral tegmental area (VTA) and substantia nigra (SN) in the midbrain. DA receptors are metabotropic receptors that can be classified into two main types with the DA D1-type receptors (Gs-coupled) comprised of D1 and D5 and the DA D2-type receptors (Gi-coupled) comprised of D2, D3, and D4 subtypes (Missale et al., 1998). Systemic administration of DA precursor L-DOPA or D1-type receptor agonists before or right after extinction enhances acquisition and retention of fear extinction, respectively (Haaker et al., 2013; Abraham et al., 2016; Whittle et al., 2016), indicating the involvement of DA during both acquisition and consolidation of extinction memories. In particular, DA neurons located in the VTA, through their projections to the structures involved in fear extinction such as the amygdala and mPFC, are implicated in fear extinction. In this review, we highlight recent findings that have revealed the role DA plays in mediating different phases of fear extinction. We focus the discussion on the extinction of cued fear conditioning in rodents where recent progress has been made. We begin by discussing how fear extinction learning is initiated and driven by the activity of VTA DA neurons. We also discuss the emerging concept that fear extinction may be an appetitive learning process mediated by the brain’s reward circuitry. We next focus on how DA regulates the acquisition and expression of fear extinction in the amygdala. We consider the possible targets in the amygdala microcircuitry that DA can act on to mediate fear extinction. Finally, we discuss the role of DA in the mPFC in mediating the consolidation of extinction memories.



A DOPAMINE PREDICTION ERROR SIGNAL INITIATES FEAR EXTINCTION LEARNING

Considerable evidence indicates that fear extinction represents new learning rather than forgetting or erasure of the original fear memory (Bouton et al., 2006; Myers and Davis, 2007). During extinction, the animal learns the new association between the presence of the CS and an unexpected safe outcome (i.e., the absence of the expected aversive US). Classical theories of associative learning postulate that learning is initiated by prediction errors (PE) that signal the discrepancy between expected and actual outcomes (Rescorla and Wagner, 1972) and new learning happens when outcomes do not match predictions. In fear extinction, the unexpected omission of the US induces a PE signal that leads to an update in the prediction associated with the CS so that it comes to be recognized as signaling safety. This in turn leads to a decay of conditioned fear responses.

Because not receiving an expected aversive US may be experienced as a rewarding event, the prediction error caused by the US omission during extinction (extinction prediction error, EPE) could be conceptualized as an appetitive or reward-like prediction error. Thus, fear extinction may be mediated by the reward learning system (Abraham et al., 2014; Josselyn and Frankland, 2018; Kalisch et al., 2019). It is well established that midbrain DA neurons encode reward prediction error (RPE) signals to drive reward learning (Schultz, 2006). Consistently, recent studies demonstrate that a subset of DA neurons, located in the VTA, is activated by the omission of the aversive US during fear extinction, and this increased DA neuron firing is indeed necessary to initiate fear extinction learning (Luo et al., 2018; Salinas-Hernández et al., 2018). Importantly, the timing of this DA signal fulfills the requirements of a prediction error: (i) it is specific to the time of the US omission; and (ii) it is observed during the early, but not late, trials of extinction learning indicating that it occurs specifically when the US omission is unexpected (Salinas-Hernández et al., 2018). Interestingly, a more recent study has further shown that although DA neurons located in both the medial and the lateral VTA, but not the SN, are activated by the omission of the US, particularly the medial VTA DA neurons encode an EPE signal to drive fear extinction. On the other hand, DA neurons that are found in the lateral VTA signal salience but not EPE (Cai et al., 2020). Together, these studies demonstrate that a PE signal encoded by a subset of DA neurons in the medial VTA is crucial to initiate and drive fear extinction learning (Figure 1A). If the PE encoded during fear extinction is an RPE signal, it is expected that the same DA neurons and DAergic circuits mediate these two signals. In support of this hypothesis, a recent study in fruit flies has shown that fear extinction is driven by the same distinct population of DA neurons that also mediates reward, but not fear, learning (Felsenberg et al., 2018). Whether in mammals the same DA neurons encode extinction and reward PE signals and whether these two distinct signals share similar properties are important questions for future research.
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FIGURE 1. Dopaminergic modulation of the neural circuitry underlying fear extinction. Schematic of the three major projections of the ventral tegmental area (VTA) dopamine (DA) neurons likely involved in fear extinction are shown. BLA, basolateral amygdala; EPE, extinction prediction error; IL, infralimbic cortex; ITCs, intercalated cell masses (dm: dorsomedial, vm: ventromedial); LC, locus coeruleus; NA, noradrenalin; NAc, nucleus accumbens. Question marks (?) indicate possible DAergic projections mediating fear extinction. The involvement of these projections in extinction remains to be tested. (A) A subset of VTA DA neurons encodes an EPE signal that is necessary to initiate fear extinction learning. The projection target of EPE encoding DA neurons is currently unknown. NAc constitutes an ideal candidate however the exact subregion of NAc receiving the EPE signal remains to be determined. (B) Activation of DA receptors in the BLA mediates the acquisition of fear extinction memories. However, the source of DA input to the amygdala during extinction has not directly been demonstrated. Whether VTA DA projections to the BLA and also likely to dmITCs, are involved in fear extinction is an important outstanding question. (C) DA is crucial for the consolidation of extinction memories in the IL. The source of DA input to IL during fear extinction has remained elusive, however, IL receives its main DA input from the VTA and IL-projecting VTA DA neurons are thus plausible candidates. However, recent studies suggest that this DA projection is pro-aversive; and thus, DA released from other sources, such as NA neurons located in the LC might be more likely to mediate fear extinction.



How and through which neural circuits this DA signal initiates extinction learning and ultimately leads to the plasticity underlying formation of extinction memories is currently unknown. The first step in addressing these questions is identifying the projection target of DA neurons that encode the EPE signal. Since DA neurons projecting to the nucleus accumbens (NAc), the main DA output region in the rodent ventral striatum, form the canonical reward circuitry (Wise, 2002), NAc constitutes a good candidate to fulfill this role (Figure 1A). Supporting this, an increase in DA release during fear extinction has been observed in the NAc (Badrinarayan et al., 2012) and the pharmacological blockade of DA receptors in the NAc impairs fear extinction learning (Holtzman-Assif et al., 2010). Furthermore, fear extinction learning in humans is accompanied by a prediction error-like activation in the ventral striatum (Raczka et al., 2011). However, in contrast with these findings, inhibition of DA terminals in NAc at the time of the US omission surprisingly does not affect extinction learning, although it does impair consolidation of extinction memory (Luo et al., 2018). Notably, single-unit recordings demonstrate that a small subpopulation of DA neurons mediate the EPE signal (Salinas-Hernández et al., 2018). It is therefore possible that this subpopulation of DA neurons projects to a specific and restricted subregion of NAc that was not targeted by Luo et al. (2018). In addition to NAc, other possible candidates include DA neurons projecting to the amygdala and/or mPFC. However, at odds with these possibilities, inhibition of DA terminals in the amygdala or mPFC during EPE signaling does not impair extinction learning (Luo et al., 2018). How a DA PE signal initiates extinction learning and leads to the acquisition and consolidation of extinction memories within the fear extinction circuitry is one of the key questions towards understanding the neural basis of fear extinction. Future research determining the exact projection target of EPE encoding DA neurons will be an important step in addressing this question (Figure 1A).



DOPAMINE IN THE AMYGDALA MEDIATES THE ACQUISITION OF FEAR EXTINCTION MEMORIES

The amygdala is a key structure underlying the acquisition and expression of fear extinction memories. Specifically, two subregions within the amygdala microcircuitry, the basolateral amygdala (BLA) and the intercalated cell masses (ITCs) are critically involved in fear extinction (Herry et al., 2010; Duvarci and Pare, 2014). Much evidence indicates that the BLA, consisting of the lateral and basal nuclei, is particularly required for the acquisition of extinction memories (Herry et al., 2008; Amano et al., 2011; Sierra-Mercado et al., 2011). A subpopulation of BLA neurons termed “extinction neurons” increases their firing to the CS during fear extinction, specifically late in the extinction session right before the animals show a decrease in conditioned fear responses (Herry et al., 2008; Amano et al., 2011). Furthermore, considerable evidence implicates GABAergic inhibition in the BLA during fear extinction. Both strengthening and also weakening of GABAergic transmission has been shown in the BLA during extinction (Marsicano et al., 2002; Chhatwal et al., 2005; Heldt and Ressler, 2007; Sangha et al., 2009; Kasugai et al., 2019), suggesting that particular subtypes of GABAergic interneurons are likely differentially recruited during extinction (Duvarci and Pare, 2014; Krabbe et al., 2018). However, the involvement of different subtypes of BLA interneurons in extinction has remained elusive. Importantly, GABAergic neurons are critical targets of DA in the amygdala and DAergic signaling has been demonstrated to suppress feedforward inhibition onto principal BLA neurons and facilitate synaptic plasticity in the BLA through activation of both D1 and D2 receptors (Bissière et al., 2003; Marowsky et al., 2005). For more detailed information on how DA regulates activity in the amygdala circuitry, the reader is referred to prior reviews (Abraham et al., 2014; Lee et al., 2017). Pharmacological studies show that blockade of both D1 and D2 receptors in the BLA impairs fear extinction. Notably, DA receptor antagonism in the BLA selectively affects the acquisition, but not consolidation, of fear extinction memories (Hikind and Maroun, 2008; Shi et al., 2017). Whether DA exerts its effects on fear extinction in the BLA through regulation of GABAergic interneurons is a critical question for further research. Furthermore, it will also be important to determine whether and how DA controls the activity of different subtypes of GABAergic interneurons in the BLA during extinction.

While pharmacological studies indicate the important role DA plays in the BLA during fear extinction, exactly how DA modulates extinction-related neuronal activity is not well understood. Research investigating reward learning in the BLA may provide some clues. Indeed, recent studies demonstrate that a genetically distinct and projection-defined subpopulation of BLA neurons mediates reward learning (Namburi et al., 2015; Kim et al., 2016). Intriguingly, supporting the hypothesis that fear extinction is an appetitive learning process, “reward neurons” overlap with “extinction neurons” in the BLA and these two types of neurons are functionally interchangeable (Zhang et al., 2020), suggesting that reward learning and fear extinction are indeed mediated by the same population of neurons in the BLA. Thus, studies investigating the role of DA in BLA during reward learning can provide valuable insights. In keeping with this, a recent study showed that VTA DA terminals in the BLA are activated during reward learning. Specifically, these terminals are activated by rewards and also reward-predicting CSs (Lutas et al., 2019). Whether VTA DA neurons projecting to BLA are also activated by CSs following fear extinction and whether DA input is critical for the CS responsiveness of “extinction neurons” will be key questions to address for future studies (Figure 1B).

As mentioned earlier, the second component of the amygdala microcircuitry crucial for fear extinction is the intercalated cell masses (ITCs), which are a network of interconnected GABAergic cell groups located in the external and intermediate capsules surrounding the BLA. Notably, the ITCs located within the intermediate capsule are comprised of the dorsomedial (dmITCs) and ventromedial (vmITCs) clusters where dmITCs exert a unidirectional inhibitory control over vmITCs (Paré et al., 2003; Ehrlich et al., 2009). Mounting evidence indicates that particularly the vmITCs, located between the BLA and the centromedial nucleus of the amygdala (CeM) are necessary for acquisition and expression of fear extinction memories (Jüngling et al., 2008; Likhtik et al., 2008; Amano et al., 2010; Busti et al., 2011). CeM constitutes the main output station of the amygdala necessary for fear expression (Ciocchi et al., 2010); and hence, vmITCs are indeed in an ideal position to suppress the expression of fear responses during fear extinction. They receive excitatory input from BLA and send inhibitory projections to CeM, and thus mediate feedforward inhibition of CeM (Paré et al., 2003; Mańko et al., 2011; Gregoriou et al., 2019). Anatomical studies show that D1 receptors are abundantly expressed in the ITCs (Jacobsen et al., 2006), suggesting an important role for DA in regulating the activity of these neurons. D1 receptors are typically Gs-coupled receptors and when activated they are expected to function in an excitatory fashion (Missale et al., 1998). Interestingly, D1 receptor signaling is unusual in ITCs, that is, DA through activation of D1 receptors hyperpolarizes ITCs and thus inhibits these neurons (Marowsky et al., 2005; Mańko et al., 2011). Furthermore, a recent study shows that the ITCs within the vmITC cluster are likely connected (Gregoriou et al., 2019; but also see Mańko et al., 2011) and activation of D1 receptors inhibits these local connections suggesting a general reduction in the output of the vmITCs (Gregoriou et al., 2019). Together, these studies indicate that dopamine inhibits the activity of ITCs and hence reduces the output of these neurons. Dopamine is therefore anticipated to reduce vmITC mediated feedforward inhibition of CeM. Because vmITCs are expected to be excited during extinction, whether DA plays a role in regulating the activity of vmITCs to mediate fear extinction is questionable. One plausible scenario is that DA might regulate the activity of vmITCs indirectly by inhibiting dmITCs and thereby disinhibiting vmITCs during extinction. According to this scenario, DA neurons are expected to differentially innervate and modulate these two distinct clusters of ITCs (Figure 1B). It will therefore be important for future studies to investigate whether and how DA input regulates the activity in distinct ITC clusters during fear extinction.



DOPAMINE IN THE MEDIAL PREFRONTAL CORTEX MEDIATES CONSOLIDATION OF FEAR EXTINCTION MEMORIES

The mPFC, in particular the infra-limbic (IL) subregion of mPFC, is crucial for the consolidation of fear extinction memories (Sotres-Bayon and Quirk, 2010). Since dopaminergic signaling enhances signal-to-noise ratios and modulates synaptic plasticity in the mPFC (Seamans and Yang, 2004; Weele et al., 2019), DA is expected to play a vital role in the formation of extinction memories. Consistent with this, DA levels increase in the mPFC during fear extinction and remain elevated following extinction learning (Hugues et al., 2007). Conversely, selective ablation of mPFC-projecting catecholaminergic neurons has been found to impair retention of extinction (Morrow et al., 1999; Fernandez Espejo, 2003). Supporting these earlier findings, pharmacological studies have further revealed the role of prefrontal DA receptors in fear extinction. Administration of a D4 receptor antagonist in the IL following extinction impairs extinction retention the next day (Pfeiffer and Fendt, 2006). In addition, studies investigating the role of D1 and D2 receptors have found that inhibition of both D1 and D2 receptors in the IL during extinction learning impairs retention of extinction while acquisition remains intact (Hikind and Maroun, 2008; Mueller et al., 2010). Together, these findings suggest that activation of both D1- and D2-type receptors are required for consolidation, but not acquisition, of fear extinction memories in the IL.

Long-lasting plastic changes in the activity of IL neurons underlie extinction memories (Sotres-Bayon and Quirk, 2010). However, how different DA receptors contribute to the extinction-related changes in IL neurons is not yet well understood. Studies combining pharmacological manipulations with electrophysiology can provide some clues. Notably, IL neurons exhibit increased firing to the CS during retention of extinction (Milad and Quirk, 2002) and administration of a D2 receptor antagonist in the IL has been shown to attenuate these extinction-related CS responses (Mueller et al., 2010). Furthermore, consolidation of extinction memories requires NMDA receptor-dependent burst firing of IL neurons shortly after extinction learning, that is, during the period when memory consolidation takes place (Burgos-Robles et al., 2007). Since activation of D1 receptors enhances neuronal excitability in the mPFC (Seamans and Yang, 2004), activation of these receptors may play a role in the increased burst firing of IL neurons Investigating the effect of D1 receptor antagonists on the extinction-related activity of IL neurons may define the exact role these receptors play during fear extinction. In the mPFC, D1- and D2-type receptors are expressed in both glutamatergic and GABAergic neurons (Vincent et al., 1993; Gaspar et al., 1995; Benes and Berretta, 2001). An important question is therefore how DA modulates activity in the IL microcircuitry to mediate consolidation of extinction memories. Future studies combining DA receptor pharmacology with cell-type-specific recordings of IL neuronal activity during extinction will be essential to address this question.

In line with findings in rodents, a recent study in humans shows that fMRI activity patterns observed in the vmPFC (the human analog of the IL) during extinction learning are reactivated shortly after extinction during memory consolidation and the number of these reactivations predicts extinction memory strength when tested the next day. Importantly, systemic administration of L-DOPA enhances vmPFC reactivations in parallel to improving extinction memory (Gerlicher et al., 2018) suggesting a critical role of DA in this process. Whether the vmPFC activity pattern reactivations in humans are related to burst firing of IL neurons observed in rodents during the consolidation of extinction memories and whether DA receptor activation in the IL/vmPFC mediates these extinction-related neuronal activity patterns in rodents and humans are open questions for further research.

While the studies summarized above highlight the crucial role DA plays in extinction memories, the source of DA release in the mPFC during fear extinction has not yet been identified. Anatomical studies demonstrate that the mPFC-projecting DA neurons are mainly located in the VTA (Lammel et al., 2008; Beier et al., 2015). Yet, the activity patterns of mPFC-projecting VTA DA neurons during consolidation and retrieval of extinction memories have remained elusive (Figure 1C). Interestingly, recent studies show that mPFC-projecting DA neurons are involved in encoding aversive events (Lammel et al., 2011, 2012; Vander Weele et al., 2018) and optogenetic activation of VTA DA terminals in the mPFC biases behavior toward aversion (Vander Weele et al., 2018). Further supporting the aversive nature of this DA input, optogenetic inhibition of VTA DA terminals in the IL enhances, rather than impairs, fear extinction (Luo et al., 2018). Together, these studies suggest that VTA DA input to mPFC is pro-aversive and therefore is unlikely to play a role in fear extinction. This raises the question of whether fear extinction is mediated by another source of DA input to mPFC. Supporting this idea, recent studies show that noradrenaline (NA) neurons located in the locus coeruleus (LC), in addition to NA, also co-release DA in the mPFC (Devoto et al., 2020). Furthermore, memory consolidation in the hippocampus is regulated by DA released from the LC, but not VTA, neurons (Kempadoo et al., 2016; Takeuchi et al., 2016). Therefore, the source of DA release in mPFC during fear extinction could be LC NA neurons (Figure 1C). Consistent with this possibility, LC projections to mPFC are indeed critical for the consolidation of extinction memories (Uematsu et al., 2017). Identifying the source of DA release in IL during fear extinction is an important outstanding question for further research.



CONCLUDING REMARKS

Considerable progress has been made towards understanding the role DA plays in fear extinction. The studies reviewed above provide insights into how DA mediates different phases of extinction through its actions in the distinct components of the neural circuitry underlying fear extinction. The main conclusions and outstanding questions permitted from these studies are summarized in Figure 1. Overall, these findings highlight DA as a key regulator of fear extinction. An important implication of these findings is that enhancing DA signaling during extinction-based exposure therapy can be utilized as a therapeutic strategy in the treatment of anxiety disorders in humans. In line with this, systemic application of L-DOPA following fear extinction enhances extinction memories in humans (Haaker et al., 2013; Gerlicher et al., 2018); however, this enhancement depends on successful extinction learning (Gerlicher et al., 2019) indicating a boundary condition for facilitating the consolidation of extinction memories. Notably, in a genetic mouse strain with deficient extinction, systemic L-DOPA administration before extinction enhances extinction learning and memory (Whittle et al., 2016). Whether pre-extinction administration of L-DOPA can facilitate extinction learning in humans with deficient fear extinction and resistance to exposure therapy will be essential to investigate. Nevertheless, it is important to emphasize that DA is also a crucial mediator of fear learning and memory as well as aversive processing (Abraham et al., 2014; Lee et al., 2017; Likhtik and Johansen, 2019; Weele et al., 2019; Verharen et al., 2020), and hence systemic administration of pharmacological agents that enhance DA signaling globally in the brain can influence aversive processing and the strength of fear memories, as well. Caution is therefore required when systemically enhancing DA signaling. The development of more specific therapeutic approaches in the treatment of anxiety disorders would benefit from a deeper circuit-level understanding of how DA regulates different phases of fear extinction in distinct brain circuits.
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This review summarizes our current knowledge of human disease-relevant genetic variants within the family of voltage gated Ca2+ channels. Ca2+ channelopathies cover a wide spectrum of diseases including epilepsies, autism spectrum disorders, intellectual disabilities, developmental delay, cerebellar ataxias and degeneration, severe cardiac arrhythmias, sudden cardiac death, eye disease and endocrine disorders such as congential hyperinsulinism and hyperaldosteronism. A special focus will be on the rapidly increasing number of de novo missense mutations identified in the pore-forming α1-subunits with next generation sequencing studies of well-defined patient cohorts. In contrast to likely gene disrupting mutations these can not only cause a channel loss-of-function but can also induce typical functional changes permitting enhanced channel activity and Ca2+ signaling. Such gain-of-function mutations could represent therapeutic targets for mutation-specific therapy of Ca2+-channelopathies with existing or novel Ca2+-channel inhibitors. Moreover, many pathogenic mutations affect positive charges in the voltage sensors with the potential to form gating-pore currents through voltage sensors. If confirmed in functional studies, specific blockers of gating-pore currents could also be of therapeutic interest.
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INTRODUCTION

Decreasing cost for next-generation sequencing (NGS) has allowed to diagnose pathogenic mutations in an increasing number of patients affected by genetic diseases. Genome-wide association studies mainly identify disease-associated common genetic variants, which explain only a very small proportion of overall phenotypic variance. In contrast, trio-based whole-exome or whole-genome sequencing genetic studies in well-phenotyped patient cohorts can detect rare, recurrent damaging variants of large effect size that can account for most phenotypic variance and can be considered causative (Sullivan and Geschwind, 2019). Such variants explain a wide variety of symptoms, especially in early-onset sporadic pediatric genetic disorders (Consortium et al., 2013; Allen et al., 2017; Satterstrom et al., 2020). This informs not only diagnosis and genetic counseling, but can also refine a patients’ prognosis, initiate surveillance for other symptoms in multisystem disorders and guide therapeutic decision-making (Helbig et al., 2016; Weber et al., 2017; Noebels, 2019). In addition, the identification of multiple risk genes within defined signaling networks provides valuable novel insight into dysregulated molecular pathways underlying a pathology.

Disorders that have strongly benefited from NGS – based genetic diagnostics are neuropsychiatric and neurodevelopmental disorders, including epilepsies, in particular childhood epilepsies, autism spectrum disorders (ASD), and intellectual disability (ID) with a large collective contribution of rare, large-effect pathogenic variants (Allen et al., 2017; Howard and Baraban, 2017; Weber et al., 2017; Myers et al., 2020; Satterstrom et al., 2020). Rare large-effect variants in the same gene may not be specific for one of these disorders (e.g., ASD, Myers et al., 2020) and other sources of genetic variation, such as polygenic risk from common variants or genetic mosaicism, as well as environmental factors can affect phenotypic expression. Whereas the significance of a novel de novo mutation identified only in a single individual is difficult to interpret, the identification of a recurrent pathogenic variant strongly supports a large genetic contribution to the phenotype in an individual within this disease spectrum. In some cases, this can even guide therapies either with new drugs or by repurposing drugs already licensed for other indications. Although often experimental in nature and mainly symptomatic, such individualized therapies can enhance the quality of life for affected individuals and their caregivers. For example, everolimus has been repurposed for the treatment of Tuberosclerosis TSC1 and TSC2 (Krueger et al., 2016; Samueli et al., 2016), and 5-hydroxytryptophan is used to treat patients with DOPA-responsive dystonia (DRD, OMIM #128230) caused by Sepiapterin Reductase Deficiency (Bainbridge et al., 2011). Among patients with epilepsy referred to diagnostic whole exome sequencing the diagnostic yield of characterized disease genes is > 30% (Helbig et al., 2016; Symonds and McTague, 2020) and genetic diagnosis has significant impact on patient management, such as choosing or avoiding certain antiepileptic medications (Symonds and McTague, 2020).

Some rare disease phenotypes are associated with only a single or a few defective genes (like TSC or DRD). More common, pathophysiologically more complex, and clinically often overlapping phenotypes such as ASD, childhood epilepsies, ID or cardiac arrhythmias are associated with a larger number of risk genes (e.g., over 100 in ASD and more than 650 in ID; Kochinke et al., 2016; Satterstrom et al., 2020). However, most of them account only for a very small fraction of affected individuals. This increases the probability that a new sporadic variant of unknown pathogenicity is found in one of these genes. In the case of de novo mutations (DNMs, newly formed during gamete development or very early in embryonic development, not inherited from the parents), bioinformatics pipelines can help to separate likely disease - causing from other variants. This involves eliminating variants exceeding a defined allele frequency in likely unaffected control populations as, for example, available in the gnomAD database (Karczewski et al., 2020). Validated DNMs can then be classified according to the predicted impact of the genetic variation on gene and protein function. A protein loss of function (pLOF) can reliably be predicted from de novo deleterious, likely gene-disrupting mutations, such as nonsense, stop gain, splice site or frameshift variants. In contrast, missense DNMs change the amino acid composition of a protein but usually do not prevent its complete translation. Therefore, their functional consequences are more difficult to predict: they can be functionally silent, induce a decrease (loss-of-function, LOF) or an increase (gain-of-function, GOF) of protein function. On average each offspring harbors at least one de novo protein – coding missense variant (Gratten et al., 2013; Krumm et al., 2015). Therefore, in diseases with many risk genes (see above) the probability of observing a new missense DNM in one of them by chance is high but its pathogenicity remains often unclear, even if present in a known high risk gene. Therefore, standards and guidelines for the interpretation of sequence variants have been developed by the American College of Medical Genetics (ACMG, Richards et al., 2015) to classify variants according to their predicted pathogenicity (“pathogenic”, “likely pathogenic”, “uncertain significance”, “likely benign”, and “benign”). Ideally, functional assays are available to test for GOF or LOF changes, which can support classification as is the case for voltage-gated Ca2+-channel (Cavs, see section “Functional Analysis of Protein-Coding Missense Variants”).

This review summarizes our current knowledge of disease-relevant genetic variants within the family of voltage gated Ca2+-channels. A special focus will be on missense DNMs in their pore-forming α1-subunits, which are increasingly reported in NGS studies and can help to explain sporadic cases of Ca2+-channel-associated pathologies. These include epilepsies, ASD, ID, developmental delay, cerebellar ataxias, severe cardiac arrhythmias, sudden cardiac death and endocrine disorders such as congential hyperinsulinism and hyperaldosteronism. Since potential personalized therapeutic approaches depend on whether a missense DNM induces a loss- or gain of channel function, we will discuss the complex question of how altered gating of these ion channels can translate into such functional changes.

First, this review provides a brief overview about the ten members of the Cav-channel family and highlights the most common macroscopic gating changes induced by single amino acid substitutions. Finally, the spectrum of variants known to cause Ca2+-channelopathies is described. Since the protein structures of the pore-forming Ca2+-channel α1-subunits are highly conserved (Wu et al., 2016; Zhao et al., 2019a,b; Catterall et al., 2020), we will also discuss if the location and functional effects in one of the Cav family members can help to predict pathogenicity of a novel variant in another Cav. This could refine predictions based on the ACMG guidelines and thus help in genetic counseling.



THE VOLTAGE-GATED Ca2+-CHANNEL FAMILY

Excellent reviews have recently been published on this topic (Zamponi et al., 2015; Catterall et al., 2020; Dolphin and Lee, 2020; Ablinger et al., 2020) and valuable detailed information on the physiology, tissue distribution and pharmacology of these channels can be found in the NC-IUPHAR Guide to Pharmacology1 (Alexander et al., 2019).

Cavs are found in all electrically excitable cells. Voltage-dependent Ca2+ influx through Cavs serves a dual function in cell signaling. It generates intracellular Ca2+ signals controlling Ca2+-dependent cellular processes. In addition, Ca2+ ion inward current also drives membrane depolarization and thus directly contributes to a cell’s electrical activity (Zamponi et al., 2015). Consequently, Cavs are essential for key physiological functions, such as learning and memory, neurotransmitter and hormone release, muscle contraction, cardiac pacemaking and sensory functions, including hearing and visual function (Zamponi et al., 2015; Nanou and Catterall, 2018; Pangrsic et al., 2018). Ten types of Cavs are formed by different pore-forming α1-subunits (Figure 1), each encoded by a separate gene (Zamponi et al., 2015; Alexander et al., 2019) (Table 1). Differences in their biophysical properties, tissue expression, subcellular targeting, association with other interacting proteins in signalosomes and in their modulation by other signaling pathways generates the functional diversity required for the many physiological functions they support (Zamponi et al., 2015; Nanou and Catterall, 2018; Liu et al., 2020). Extensive alternative splicing and association with various modulatory accessory subunits (β1-β4, α2δ1-α2δ4), posttranslational modifications and RNA-editing (Huang et al., 2012; Zamponi et al., 2015; Li et al., 2017; Loh et al., 2020) further fine-tunes their biophysical and pharmacological properties (Buraei and Yang, 2010; Zamponi et al., 2015; Ablinger et al., 2020). This requirement for tight functional control explains why even minor changes in the activity of these channels induced by genetic variants can cause human disease.
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FIGURE 1. Subunit structure of voltage-gated Ca2+ channels and their mutation-sensitive regions. (A) The pore-forming α1-subunit determines most of the biophysical properties of voltage-gated Ca2+ channels and also carries the binding domains for subtype-selective drugs and toxins. β-and α2δ-subunits associate with α1-subunits of Cav1 and Cav2 channels but not with Cav3 T-type channels. They support channel trafficking to the membrane, fine-tune gating properties but appear to have also channel-independent functions. Here we only discuss pathogenic mutations in α1-subunit genes. (B) Transmembrane folding topology of α1-subunits. Four homologous domains (I-IV) each form a voltage sensing domain (VSD, S1-S4; dotted box). The S6 helices together with the connecting S5-S6 linkers of each domain contribute to the formation of a single central Ca2+-selective pore. The S4-S5 linkers in each domain transmit the voltage-dependent conformational changes of the S4-helix movements to the cytoplasmic side of the pore by interactions with adjacent S4-S5 – linkers (Hofer et al., 2020) and S6 helices (Wu et al., 2016; Catterall et al., 2020). Mutations neutralizing the voltage-sensing positive charges in each voltage sensor can open an additional ion conducting pathway (termed ω-pore) through the voltage –sensing domain, which can conduct pathogenic gating pore currents (see Figure 5 and text for details). P1 and P2 are helices contributing to the formation of the external part of the pore. They coordinate the formation of the Ca2+-selectivity filter formed by four negatively charged amino acid residues indicated by the red circles. (C) Cryo-electron microscopy structure of the Cav1.1 calcium channel complex purified from rabbit skeletal muscle (PDB 5GJV). Only a top view of the pore-forming α1-subunit is shown to illustrate the position of the four voltage-sensing domains (VSD I – IV, highlighted in different colors). The voltage-sensing positively charged S4 helices of the VSD domains are shown in green (positive charges are not indicated). The central pore-forming region including the intracellular activation gate are formed by the S6 helices indicated in orange. P indicates the ion conducting pathway. The structure is in a presumably inactivated state with S4 voltage-sensors “up” and the activation gate closed (Wu et al., 2016). (D) Most of the missense mutations (in particular GOF mutations) causing Ca2+-channelopathies occur in regions important for voltage-dependent channel gating. These functional modules consists of S4 (green) and the cytoplasmic S4-S5 linkers (light green), which are tightly coupled through multiple interactions (not illustrated) to the activation gate formed by the four S6 helices (orange). For clarity the VSD (gray), S4 and S4-S5 linker are only shown for domain I together with all 4 S6 helices (orange). Positions where pathogenic mutations occur in all Cavs (Figures 3, 4) are indicated in blue. In IS4-S5 this represents the position of the FHM1 mutation S218L (CACNA1A) and the CSNB2 mutation S229P (CACNA1F), which both cause GOF (type 2 gating; see text for details). The position of the Timothy Syndrome mutation G402R/S (CACNA1C) is indicated in light blue. Note that pathogenic GOF mutations at the same position also occur in Cav1.3, Cav1.4, and Cav2.3 (Figure 3). The schemes in (C,D) were generated using UCSF Chimera 1.13.1 (Pettersen et al., 2004). The position of mutations in the Cav1.1 α1-subunit is shown based on the sequence alignments in Figures 3, 4 and does not account for potential differences in the folding structure of the different α1-subunits.



TABLE 1. Voltage-gated Ca2+ channels: classification and human genetic diseases.
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Based on sequence homology between their pore-forming α1-subunits (Figure 1) as well as their functional and pharmacological properties, three Cav families are distinguished: Cav1, Cav2 and Cav3 (Table 1; Alexander et al., 2019).

Cav1.1-Cav1.4 α1- subunits form the family of L-type Ca2+-channels (Cav1). They have unique sensitivity to low nanomolar concentrations of dihydropyridine (DHP) Ca2+-channel blockers (Alexander et al., 2019; Table 1). Cav1.2 and Cav1.3 are expressed, often together, in most electrically excitable cells (Zamponi et al., 2015). In contrast, Cav1.1 and Cav1.4 expression and function is largely restricted to skeletal muscle (Cav1.1) and the retina (Cav1.4). Cav1.2 controls cardiac inotropy and arterial vascular tone (Zamponi et al., 2015). It is the main therapeutic target for Ca2+-channel blockers (such as amlodipine, felodipine), which are approved since decades for the treatment of angina and hypertension (Striessnig and Ortner, 2020). Cav1.3 activates at more negative voltages than Cav1.2 (Koschak et al., 2001; Zamponi et al., 2015). Therefore it serves as a pacemaker channel in the sinoatrial and AV-node (Marger et al., 2014) and is essential for cochlear inner hair cell function and hearing (Zamponi et al., 2015). Cav1.2 and Cav1.3 are both present in central neurons, predominantly postsynaptically at dendritic spines. Both channels control the short- and long-term regulation of neuronal activity in several brain circuits, and contribute to different types of learning, memory and emotional behaviors (Zamponi et al., 2015; Kabir et al., 2017; Nanou and Catterall, 2018).

Members of the Cav2 family (Cav2.1-Cav2.3, giving rise to P/Q-, N- and R-type voltage-gated Ca2+ currents) are also located at pre-synaptic active zones and support fast neurotransmitter release in neurons. Together with L-type channels they also trigger hormone release in endocrine cells (Zamponi et al., 2015).

Low-voltage activated Cav3 channels (Cav3.1-Cav3.3) comprise the family of T-type Ca2+-channels. They activate and inactivate at more negative membrane potentials than Cav1 (including Cav1.3) and Cav2 (Perez-Reyes and Lory, 2006; Zamponi et al., 2015). This negative operation range allows them to be active at subthreshold voltages, and provides them with a prominent role for integration and control of neuronal firing patterns (Kim et al., 2001; Zamponi et al., 2015).

Recently, the cryo-EM structures of the pore-forming α1-subunits of two members of the Cav family have been solved in complex with selective channel blockers: Cav1.1 (Wu et al., 2016; Zhao et al., 2019b; Gao and Yan, 2020) and the evolutionary more distantly related Cav3.1 (Zhao et al., 2019a) channel. Together with previous work on related channels (Catterall et al., 2020), these structures provide exciting new information about the molecular details involved in voltage-sensing, channel gating (Figures 1C,D, based on the cryo-EM structure of Cav1.1; Wu et al., 2016) and ion permeation as well as isoform-specific functional and pharmacological differences. As will be discussed below, these common structural features can be instrumental for predicting functional consequences of disease-causing mutations across different α1-subunits.



GAIN- AND LOSS- OF Ca2+-CHANNEL FUNCTION INDUCED BY MISSENSE MUTATIONS

For proper function and subcellular targeting Cav1 and Cav2 channels require association with one of four different β- and one of four different α2δ-subunits (Figure 1A; Buraei and Yang, 2010; Zamponi et al., 2015; Ablinger et al., 2020). Therefore, genetic variants in any of these accessory subunits can indirectly affect channel function. Signaling changes resulting from genetic variation in these subunits are mechanistically more complex to interpret, because any of the four different β- and of the four different α2δ isoforms may associate with the different Cav1 and Cav2 α1- subunits in a given cell (such as a neuron). Moreover, these subunits also appear to serve functions independent of Cavs (Hofmann et al., 2015; Dolphin, 2018; Striessnig, 2018). This review therefore exclusively focuses on channelopathies resulting from genetic variants in the pore forming α1-subunit genes. These can be directly related to the known physiological functions of a particular channel type and thus provide more specific hints for molecular disease mechanisms.


Functional Analysis of Protein-Coding Missense Variants

As mentioned above, the functional consequences of protein-coding missense DNMs (including in-frame deletions/insertions) are more difficult to predict and different amino acid substitutions at the same position may even cause opposite functional effects (Hofer et al., 2020). While missense DNMs may also induce a LOF by generating functionally silent channels (e.g., by an in-frame glycine insertion in Cav1.3 α1; Baig et al., 2011), they can have more complex effects by affecting channel gating or ion conductance. In this case, it is difficult to predict if a given gating change enhances or reduces channel activity in the context of a cell’s characteristic firing pattern. It is very important that we keep this in mind when referring to a “GOF” phenotype. It only implies that functional changes induced by a mutation can permit enhanced channel activity and Ca2+ influx under certain circumstances, such as during a given electrical firing pattern of a cell. As outlined below, it does not necessarily exclude that the same “GOF” variant can also reduce channel activity in a different functional context.

Analysis of mutation-induced functional changes in cells expressing Cavs is complicated by the fact that tissues cannot be routinely obtained from patients (skeletal muscle biopsies are an exception). Moreover, individual Cavs are difficult to study in native tissues, because often currents of many different Cav types contribute to the total Ca2+ current in a cell. This requires isolation of the current component of interest, which is possible for some (e.g., Cav2.1-mediated P/Q-type currents in cerebellar Purkinje cells, Cav1.2-mediated L-type currents in cardiomyocytes; see below) but very difficult for others (e.g., Cav1.3-mediated L-type currents, Cav2.3-mediated R-type currents; Forti and Pietrobon, 1993; Sinnegger-Brauns et al., 2004). Moreover, currents recorded in native cells expressing heterozygous variants are “contaminated” by wildtype currents, making subtle changes of mutant current components more difficult to detect than in a heterologous system (Miki et al., 2008).

These restrictions require expression of missense variants in mammalian heterologous systems, such as HEK-293 or baby hamster kidney cells, and quantification of functional changes in patch-clamp experiments. In general, it appears that macroscopic gating changes observed in heterologous expression systems reproduce the changes observed in native cells reasonably well. This is evident from animal models harboring specific human mutations (Drum et al., 2014; Rose et al., 2014; Calorio et al., 2019) or from human cells differentiated from patient-derived induced pluripotent stem cells (iPSCs; e.g., neuron-like or cardiomyocyte-like cells; Yazawa et al., 2011; Krey et al., 2013; Song et al., 2017; Estes et al., 2019; Chavali et al., 2019). In contrast, it is less clear how well changes of current density and of channel protein expression observed in heterologous overexpression systems reflect changes of current density in native tissues (Chavali et al., 2019). Obviously, many other regulatory factors absent in heterologous expression systems, in particular cell-type specific protein-protein interactions, affect channel protein stability and its plasma membrane-targeting in their native environment.

Special attention should also be paid to missense mutations located in alternatively spliced exons, which may restrict the mutation only to channels expressing this exon. Conversely, a single missense mutation may even promote the expression of the exon in which it is located. This has recently been shown in iPSC-derived neural progenitor cells and neurons (Panagiotakos et al., 2019) generated from patients with Timothy syndrome (see below). The GOF mutation G406R in exon 8a of CACNA1C (Cav1.2α1; see section on CACNA1C below) inhibits the developmental splicing switch to exon 8 – containing Cav1.2 channels, which do not harbor the mutation. This favors extended use of the mutant, exon 8a-containing channel permitting enhanced mutant channel activity during brain development. This is likely due to the position of the mutation in the splice acceptor site of exon 8a (Panagiotakos et al., 2019).



Channel Loss of Function Mutations

Like for other proteins (see above), genetic variants can cause disease (or increase disease risk) by disrupting channel function. This can be predicted for likely gene-disrupting mutations expected to prevent the synthesis of functional α1-subunit proteins (pLOF). If no protein is made from the defective allele, heterozygous LOF mutations may cause disease resulting from haploinsufficiency. However, if a defective (e.g., truncated) protein is still synthesized it may even exert a dominant negative effect on the wildtype channel produced from the unaffected allele. This requires a mechanism enabling functional coupling between (wildtype and mutant) α1-subunits. In addition, the mutant RNA must escape nonsense-mediated RNA decay (Holbrook et al., 2004). In the case of Cavs such dominant negative effects appear likely: substantial expression of mRNA transcripts from mutated alleles of both frameshift and nonsense mutations (in the case of Cav2.1) has been reported in humans (Sintas et al., 2017; Balck et al., 2018). Moreover, binding of misfolded mutants to wildtype α1-subunits occurs in vitro thereby promoting channel degradation (Mezghrani et al., 2008; Page et al., 2010). It is therefore possible that some heterozygous LOF mutations will reduce channel activity even below 50%, a consideration especially important for understanding the pathology of Cav2.1 channelopathies (see below). However, it should be kept in mind that the in vitro studies were carried out with cDNA constructs in heterologous overexpression systems with yet unclear relevance for the in vivo situation, and the detection of transcripts of the mutant alleles is still very indirect evidence.



Common Macroscopic Gating Changes Induced by Protein-Coding Missense Mutations

Missense-mutations can affect the macroscopic gating properties of Cavs in a complex manner, evident as changes of the voltage-dependence of current activation and inactivation. These alterations are very similar across different Cavs. For further discussion Figure 2 illustrates the most frequently observed gating changes in a simplified manner as type 1 – 4, although overlaps exist between them (Pinggera et al., 2018; Ortner and Striessnig, 2020). A gating change unambiguously interpretable as a phenotype permitting enhanced channel function (GOF) is illustrated in panel A (“type 1”). Its hallmark is an almost complete failure of a large fraction of current to inactivate during depolarization. This is often quantified in whole-cell patch-clamp experiments during square pulse depolarizations (ΔV) from a negative holding potential (hp) to the maximum of the voltage of maximal inward current (Vmax, Figure 3A, right panel). This failure to inactivate can even prevent meaningful measurements of steady-state inactivation. At the same time, the half-maximal activation voltage (V0,5,act) can be either unchanged or shifted to more negative voltages (blue curves, Figure 2A, left panel). Note that the time course of inactivation is controlled by Ca2+-dependent as well as voltage-dependent inactivation. The latter occurs in the absence of Ca2+ and with Ba2+ as charge carrier (for reviews see Ben-Johny et al., 2015; Hardie and Lee, 2016). For L-type channels the differential effects on Ca2+- and voltage-dependent inactivation have been quantified for some mutations, showing that this pronounced slowing of inactivation is mainly due to reduced voltage-dependent inactivation (Splawski et al., 2004; Pinggera et al., 2018). Why can we be confident that this type of macroscopic gating change in HEK-293 cells can also translate to enhanced cellular Ca2+ signaling in vivo? As mentioned below, a type 1 gating change has been reported for Cav1.2 channels in LQT8 and explains the prolongation of the cardiac action potential driven by the failure of the channel to inactivate (Yazawa et al., 2011; Drum et al., 2014; Estes et al., 2019). Moreover, in Cav1.3 channels type 1 gating is associated with ASD (G407R, Pinggera et al., 2015) and a more severe neurodevelopmental syndrome (G403D, Scholl et al., 2013; Figure 3A) which cannot be explained by a Cav1.3 channel LOF (Ortner and Striessnig, 2020). In addition, the GOF phenotype is supported by somatic mutations in Cav1.3 (G403R,G403D) in aldosterone-producing adenomas (APAs), in which enhanced Ca2+ entry is known to drive excess Ca2+-dependent aldosterone production (Boulkroun et al., 2020). When expressed in HEK-293 cells, some type 1 mutations result in smaller current amplitudes but, due to slow inactivation, mutant currents exceed the amplitude of wildtype currents upon prolonged depolarization (Figure 2A, right panel, dashed line; Pinggera et al., 2018). Accordingly, expression of such a type 1 Cav1.3 channel mutant (G407R) in cultured GLT muscle cells enhanced intracellular transients (Pinggera et al., 2015).
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FIGURE 2. Typical gain-of-function macroscopic gating changes described for inherited or de novo missense mutations in voltage-gated Ca2+ channel α1-subunits. To facilitate discussion the most frequently observed gating changes are classified into types 1-4. For details see text. Mutant current properties are indicated in blue (A–C) or green curves (D), wildtype current in black. (A) Type 1 is characterized by the appearance of a large fraction of a non-inactivating current component (as e.g., during long depolarizations from a negative holding potential to the potential of maximal inward current; right panel). Changes in the voltage-dependence of activation gating (left) may or may not be present (blue curves, left). Note that even if maximal inward current is reduced by a mutation, current amplitude may exceed wildtype current later during depolarization due to the slowly inactivating current component (right, dotted curve). (B) The main feature of type 2 changes is a strong shift of the voltage-dependence of activation to more negative voltages independent of smaller effects on current inactivation during depolarizations. The voltage-dependence of inactivation may or may not be shifted to more negative voltages (left). The voltage range in which steady-state inward current (“window current”) may be observed (i.e., the overlap of voltage-dependence of activation and inactivation curves) is indicated for mutant current (shaded) (C). Some mutations do not affect the voltage-dependence of gating (left) but cause a slowing of inactivation (weaker than in type 1). (D) As described in Figure 5, gating pore currents are enabled by mutations of an S4 gating charge (green lines). The position of the mutation relative to the hydrophobic constriction site (HCS, Figure 5) determines if the pore is open during the hyperpolarized “down”-state of the S4 helix at negative voltages (left) or during the depolarized “up”-state at positive voltages (right). In the “down” state, at potentials near the K+-equilibrium potential, inward gating-pore currents would be primarily carried by Na+. In the “up” state, at potentials positive to the activation threshold of the channel, potassium outward gating-pore current predominates. However, upon fast repolarization of the action potential to negative potentials Na+ inward gating-pore current may predominate until the voltage sensor moves back to the “down” position” (especially relevant in “slowly inactivated” Na+-channels,” for details see ref. Sokolov et al., 2008). G/Gmax, normalized conductance (steady-state activation); I/Imax, normalized inward current (steady-state inactivation). V0.5,act, V0.5,inact, half maximal voltages of activation and inactivation; hp, holding potential; ΔV, depolarization from a negative holding potential to the voltage of maximal inward current (Vmax).
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FIGURE 3. Position of pathogenic mutations within S6 helices of the ten different Ca2+ channel α1-subunits. Sequence alignment and labeling is as described in legend to Figure 4.


Figure 2B illustrates another typical pathological pattern, termed “type 2” for further discussion. Its characteristic feature is a shift of the activation voltage range to more negative voltages. The steady-state inactivation voltage range is either unchanged (e.g., Cav1.3-V401L, Cav2.1-S218L; Tottene et al., 2005; Pinggera et al., 2017) or is shifted to more negative potentials (e.g., Cav1.3-S652L, Cav3.1-A961T, Cav3.2-M1549V; Scholl et al., 2015; Chemin et al., 2018; Hofer et al., 2020) (Figures 3, 4). As a consequence, the voltage-range at which channels can conduct a steady-state Ca2+ inward current (the so-called “window current”, i.e., the voltage range at which the steady-state activation and inactivation curves overlap) is also shifted to more negative voltages (see legend to Figure 3B). The time course of Ca2+-current inactivation may be accelerated (e.g., Cav1.3-S652L, Cav2.1-V714A; Kraus et al., 1998; Hofer et al., 2020) or slowed (Cav1.3 –V401L, Cav2.1-S218L, Cav3.1-A961T, Cav3.2-M1549V; Tottene et al., 2005; Scholl et al., 2015; Pinggera et al., 2017; Chemin et al., 2018). A slowing of current deactivation upon repolarization can also occur but is not illustrated here (Cav1.3-S652L, Cav1.3-A749G, Limpitikul et al., 2016; Hofer et al., 2020) (Figures 3, 4). In L-type channels, this type of gating change appears to be associated with reduced Ca2+-dependent inactivation (as shown for Cav1.3 mutations V401L, S652L, A749G; Limpitikul et al., 2016; Pinggera et al., 2017; Hofer et al., 2020). While the negative shift of activation voltage is compatible with a GOF, more negative steady-state inactivation and the faster current inactivation time course can can lead to reduced channel activity. This LOF will be mainly relevant in cells, which, on average, rest at a membrane potential positive enough to allow more channels to inactivate along the more negative steady-state inactivation voltage-dependence. In addition, the faster inactivation time course would mainly be relevant if the cell’s firing pattern involves prolonged depolarized states. Therefore, it appears that more negative activation and window current are sufficient to induce GOF disease phenotypes, like in Cav2.1 for Familial hemiplegic Migraine Type I (FHM1; e.g., V714L, T501M, Hans et al., 1999; Carreño et al., 2013), in Cav1.3 for severe neurodevelopmental disorders (e.g., S652L, A749G, Ortner and Striessnig, 2020), in Cav1.2 for Timothy Syndrome (e.g., I1166T, Boczek et al., 2015) and in other Cavs (see below).
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FIGURE 4. Position of pathogenic mutations within S4, the S4-S5 linkers and S5 helices of the ten different Ca2+ channel α1-subunits. The sequence alignment for the human α1-subunits was generated using Clustal omega and Jalview software (www.jalview.org; Waterhouse et al., 2009). Conserved residues are highlighted in blue. The accession numbers are identical to the alignment in Wu et al. (2016): CACNA1S (S, Cav1.1): Q13698; CACNA1C [C, Cav1.2; contains exon 8 (Splawski et al., 2005)]: Q13936; CACNA1D (D, Cav1.3): Q01668; CACNA1F (F, hCav1.4): O60840; CACNA1A (A, Cav2.1): O00555; CACNA1B (B, Cav2.2): Q00975; CACNA1E (E, hCav2.3): Q15878; CACNA1G (G, hCav3.1): O43497; CACNA1H (H, hCav3.2): O95180; CACNA1I (I, hCav3.3: Q9P0 × 4. All amino acid positions in the text are numbered according to the above Uniprot accession numbers and may differ in the original publications or other databases. Arrows indicate the position of positively charged residues (gating charges) in S4 helices, asterisks indicate the presence of pathogenic gating pore mutations in human Nav1.4 (SCNA4) or Nav1.5 (SCNA5) Na+-channels. Numbers on the right indicate the amino acid position of the last residue in each line, blue circles are 10 residues apart. Red lines on the bottom denote secondary structural elements of the rabbit Cav1.1 channel (Wu et al., 2016) with labels placed at the start of a feature. Residues affected by a mutation are highlighted in red. Note that not all highlighted mutations are discussed in the text. For information on mutations in all Ca2+ channels refer to the Uniprot-database and to reviews cited in the text.


Type 3 changes refer to slowing of the inactivation time course alone as a GOF feature without detectable changes in the voltage-dependence of gating (Figure 2C) and has also been found for some pathogenic mutations (e.g., Cav1.3-P1336R, Azizan et al., 2013).

In addition to macroscopic gating changes, protein-coding missense variants can also alter ion permeation through the channels by affecting unitary conductance or ion selectivity. Especially mutations close to the channels’ selectivity filter can alter single channel conductance, open probability and the voltage-dependence of single channel gating. The selectivity filter is formed by four conserved negatively charged residues (red dots in Figure 1B) held in place by two supporting pore helices (P1, P2 in Figure 1B, Wu et al., 2016; Catterall et al., 2020) in the S5-S6 linker of each domain. This has been studied for the Cav2.1 FHM1 variant T666M (2 residues N-terminal of the selectivity filter glutamate; Hans et al., 1999; Tottene et al., 2002). Mutations in the activation gate formed by the cytoplasmic ends of the S6 helices also affect ion selectivity and single channel conductance (e.g., Cav2.1-V714L, Cav1.4-I756T in IIS6; Figure 3; Hans et al., 1999; Tottene et al., 2002; Williams et al., 2020). A dramatic effect on ion selectivity has recently been reported for CACNA1F mutation I756T (Figure 3), which depends on C-terminal splicing and the associated β-subunit isoform (Williams et al., 2020).

Pathogenic variants directly hitting the negative charges forming the Ca2+ selectivity filter are rare but have been reported for Cav1.2 (E1135K) associated with LQT8 and Cav2.1 associated with a Spinocerebellar Ataxia Type 6 (SCA6) phenotype (not illustrated; see below). This can create a channel population permeable for monovalent cations with Na+-mediated inward currents and K+-mediated outward currents. It can explain the prolongation of the cardiac action potential in cardiomyocyte-like cells derived from human induced pluripotent stem cells expressing the E1135K LQT8 variant (Ye et al., 2019).



Pathogenic Gating Pore Currents

In addition to altering the ion flow through the canonical central pore, missense mutations can even generate a new ion-conducting pathway theoretically within each of the four VSDs (Figure 1C; Cannon, 2017; Groome et al., 2017; Jiang et al., 2018; Männikkö et al., 2018; Jiang D. et al., 2019). Whereas the pore-lining S6 helices of all four homologous α1-subunit domains together form the single, central Ca2+-selective pore (orange helices in Figures 1C,D), the voltage-sensing apparatus consists of four separate but cooperatively gating VSDs (Pantazis et al., 2014; Catterall et al., 2020). Each of the VSDs exists as a four-helix bundle (S1-S4 helices; Catterall et al., 2020). The S4 helix contains at least 4 positively charged arginine or lysine residues (gating charges, Figure 5; arrows in Figure 4) spaced at three (or four) residue intervals. These charges sense changes in transmembrane voltage and depolarization drives them outward across the transmembrane electric field (Figure 5; Catterall et al., 2020). The intracellularly connected S4-S5 linkers (illustrated for domain I in Figure 1D) open the pore by transmitting the S4 movements to the so-called “activation gate”, the narrow part of the pore formed by the S6 helices on their cytoplasmic ends (Figures 1C,D; Wu et al., 2016; Catterall et al., 2020). While moving through the membrane, the S4 positive charges are stabilized by ion pairs formed with negative countercharges from neighboring helices (NC in Figure 5) in- and outside of a hydrophobic constriction site (HCS in Figure 5) whereby ion pair partners are exchanged dynamically during this “sliding helix movement” (Figure 5; Wu et al., 2016; Catterall et al., 2020). The HCS helps to shield the structure from the extracellular hydrophilic milieu and prevents transmembrane flux of water and ions through the VSD. Positive charges are stabilized around the HCS and thereby also prevent ion flux (Figure 5). However, if one of these positive charges is mutated and replaced by a smaller or hydrophilic amino acid this seal can open, allowing water molecules to enter. The resulting pore can be large enough to conduct either measurable Na+ and K+ currents or proton currents if a positive gating charge is replaced by a protonable histidine (Figure 5). When open, this artificial pore (“gating-pore” or “ω-pore”) can conduct outward or inward current depending on the driving forces imposed by transmembrane voltage. Depending on the position of a mutation within the S4 helix a “gating pore current” can develop in the resting state when the outermost gating charges are affected. As illustrated in Figure 5, these residues are close to the HCS when the S4 helix is “down” and, when mutated, allow formation of a water wire through which ions can pass. In contrast, inner gating charges are close to the HCS when the S4 helix is “up.” Their neutralization can support gating pore current when S4 is “up,” which is the case during the open and inactivated state until repolarization forces S4 helices again into their “down” state (Sokolov et al., 2008; Cannon, 2017; Groome et al., 2017; Jiang et al., 2018; Männikkö et al., 2018; Jiang D. et al., 2019). Notably, also variants outside the S4 helix can induce gating pore currents by inducing conformational rearrangements within the VSD (Fuster et al., 2017; Monteleone et al., 2017; Flucher, 2020; see section on CACNA1S below).
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FIGURE 5. Membrane potential dependent conformations of the voltage-sensor allow pathogenic gating pore current. Simplified scheme illustrating the membrane potential dependent conformations of a single voltage-sensor and the effects of a mutation in gating charge R2. Membrane-spanning S4 helices are shown in green, positively charged residues (mostly arginines spaced at three residue intervals) as blue spheres. Clusters of extracellular and intracellular negative counter-charges (NC) forming ion pair interactions with the gating charges are shown in red. The hydrophobic constriction site is indicated in yellow (HCS). (A) In the resting state, the positively charged S4 helix is pulled inside by the negative resting potential (A, S4 “down”). (B) Upon depolarization, the S4 segment moves outward according to a sliding-helix model (Catterall et al., 2020; B, S4 “up”), and transports positive gating charges through the HCS. Inside and outside the HCS the arginine side chains are stabilized by forming ion pairs with negative charges within the VSD (gray lines). Upon S4 movement the ion pair partners are exchanged and the large arginine side chains seal the VSD and prevent formation of a water filled space through which ions can flow (Catterall et al., 2020). Replacement of a positive gating charge by a smaller or hydrophilic residue can disrupt this seal as exemplified here for a neutralizing mutation in R2 (C). This position of the mutation permits an inward gating-pore current during the hyperpolarized “down”-state of the S4 helix at negative voltages but not during the depolarized “up”-state at positive voltages (D). In contrast, mutations of one of the inner gating charges would permit gating pore current to flow in the activated but not the resting position of S4 (for X-ray structures of mutant voltage-gated Na+-channels see Jiang et al., 2018; Jiang D. et al., 2019).


In addition to pathogenic gating pore current, S4 mutations can also impair voltage-sensor movement thus affecting channel gating and Ca2+ inward current through the canonical central pore (Jurkat-Rott et al., 2012). However, in the case of Periodic Paralysis mutations in Cav1.1 Ca2+- (CACNA1S) and Nav1.4 Na+- channels (SCN4A) only the gating-pore currents are disease-relevant (see section on CACNA1S below). The function and structure of VSDs is highly conserved among voltage-gated ion channels, including Cavs, Na+- (Navs) and K+-channels. Therefore, S4 mutations in Cav1.1 or in Nav1.4 VSDs can both cause Periodic Paralysis in humans (Cannon, 2017; Groome et al., 2017; Jiang et al., 2018). Notably, this has important implications also for the discussion of the functional consequences of variants found in other Ca2+-channelopathies, since VSD mutations in the same conserved position of different Cavs may cause similar gating-pore currents and perhaps even similar phenotypes. Indeed, when discussing a number of gating charge mutations for the individual channels below, we need to consider the possibility that gating pore currents may explain the pathogenic phenotype better than alterations of macroscopic Ca2+ currents (e.g., Cav1.3 – R990H, Cav3.1 – R1715H, Cav3.2 R890H; Figure 4). As a take home message, for gating charge missense variants the possibility of a gating pore current leading to abnormal channel function should always also be considered as a pathogenic mechanism independent of the mutation’s effect on the macroscopic Ca2+ current.



Other Mechanisms

Especially for variants outside the classical regions responsible for ion permeation, gating and voltage-sensing other molecular pathogenic mechanisms have to be considered. This includes sites for protein interactions with one of the channel’s accessory subunits or with other proteins. Several examples exist: the (expected) LOF phenotype of the Episodic Ataxia CACNA1A variant L437F may be explained by reduced affinity for β-subunits (which are essential for channel function, Buraei and Yang, 2010), because this mutation occurs within the α1-subunit’s cytoplasmic I-II linker where β-subunits bind (Van Petegem et al., 2004). In LQT8 families Cav1.2 channel variants were found to cluster within four-residues (857-860, a PRPR-motif, not illustrated) in the cytosolic II–III loop region and enhance channel activity through a so far unknown mechanism. Recently, crystal structures and homology modeling provided compelling evidence that this region binds SH3-domain-containing proteins (e.g., STAC) and LQT8 variants are expected to weaken this interaction (Mellor et al., 2019). Another example is the slow inactivation of the Cav1.2-G406R type 1 mutation, which appears to be mediated by cyclin-dependent kinase 5 (CDK-5; Song et al., 2017).

These examples highlight another weakness of heterologous expression systems in which mutations affecting protein-protein interactions are less likely to be detected.



CA2+-CHANNELOPATHIES

How do these GOF or LOF mechanisms translate into different clinical syndromes? As mentioned above, we only focus on disorders in which rare single missense variants explain high disease risk. We will not discuss variants weakly contributing to polygenic disease risk.


Cav1.1 (CACNA1S)

Cav1.1 is the only relevant Cav species expressed in adult skeletal muscle. Due to the slow activation kinetics of the adult splice variant and its positive activation voltage-range (Tuluc and Flucher, 2011) Ca2+ entry through the channel does not directly contribute to fast excitation-contraction coupling in skeletal muscle (Zamponi et al., 2015). Instead, fast conformational changes of its VSDs open the ryanodine receptor and induce fast SR Ca2+ release through the cytoplasmic linker connecting domains II and III (Figure 1) and the associated essential EC-coupling protein STAC3 (for review see Flucher and Campiglio, 2019).

Heterozygous LOF mutations in the Cav1.1 α1-subunit appear clinically silent, unless variants on the second allele reduce function further. This is the case in recessively inherited CACNA1S-associated Congenital Myopathy (Schartner et al., 2017; Flucher, 2020), a disorder characterized by marked neonatal hypotonia, generalized weakness with pronounced axial involvement, variable symptoms such as respiratory and swallowing issues, delayed motor development and peculiar histological features in muscle biopsies (Schartner et al., 2017). Interestingly, heterozygous, dominantly inherited protein-coding missense mutations were also identified in 3 unrelated families located in functionally sensitive regions of the channel (with P742Q and P742S in the II-III linker; not illustrated) expected to weaken channel coupling to the ryanodine receptor (Schartner et al., 2017). Like with recessive mutations, Western blots of patient muscle biopsies showed that the dominant missense variants also induced a strong decrease in overall Cav1.1 protein expression below a level expected from haploinsuffiency. This suggests a dominant-negative effect on wildtype protein expression (Schartner et al., 2017). It is therefore tempting to speculate that, as described for CACNA1A LOF variants (see section on CACNA1A below; Mezghrani et al., 2008), this may result from the interaction of wildtype with mutant Cav1.1 α1-subunits and the formation of complexes susceptible to early protein degradation.

As mentioned above, CACNA1S variants causing Hypokalemic (HypoPP1, familial autosomal dominant inheritance or sporadic de novo) and Normokalemic Periodic Paralysis (NormoPP, Table 1) are the most relevant also for our understanding of the potential functional effects of gating charge mutations in other Cav isoforms. HypoPP1 mutations affect arginines of S4 voltage sensors in domains II–IV and produce an anomalous gating pore leak current (the positions of the mutations are highlighted in red in Figure 4). Like gating pore currents in Nav1.4, these currents, and not changes in the function of the central pore, cause attacks of weakness in HypoPP1 (Cannon, 2017; Flucher, 2020). Seven of the 9 known variants affect arginines. Exceptions are V876E in IIIS3, which also produces gating pore currents (Fuster et al., 2017; Monteleone et al., 2017) and H916Q in the IIIS4-S5 linker (Flucher, 2020; Figure 4). In addition to CACNA1S arginine mutations (Flucher, 2020), gating pore currents have so far only been investigated and confirmed experimentally for Cav1.3-R990H, which therefore is expected to induce a GOF phenotype (see section on CACNA1D below) despite a LOF gating change (Monteleone et al., 2017). It is therefore possible that S4 gating charge variants in other Cav isoforms also generate disease-relevant gating pore currents. Figure 4 illustrates that outside of Cav1.1 α1, disease-associated mutations were reported in a total of at least 17 S4 gating charges in 5 different Cav isoforms (Cav1.2, Cav1.3, Cav2.1, Cav3.1, Cav3.2). Many of them are located in the same homologous positions as Cav1.1 HypoPP1 mutations or pathogenic Nav1.4 (HypoPP2) or Nav1.5 (arrhythmias and dilatated cardiomyopathy) mutations (indicated by asterisks in Figure 4; Groome et al., 2017; Jiang D. et al., 2019; Kubota et al., 2020).

For missense variants causing other skeletal muscle disorders (Malignant Hyperthermia Susceptibility) the disease-inducing mechanism is less well understood. Malignant Hyperthermia Susceptibility mutations sensitize RyR1 Ca2+ release to activation by caffeine and volatile anesthetics but their location in different regions of the channel currently provides no clue about the molecular mechanism (see reference Flucher, 2020 for details).



Cav1.2 (CACNA1C)

Cav1.2 GOF mutations can cause both a syndromic (Timothy syndrome, TS) and non-syndromic form of long-QT syndrome (LQT8). In contrast, LOF mutations shorten the cardiac action potential and are associated with Brugada syndrome and short-QT syndrome (LQTS; Antzelevitch and Yan, 2015; Priori et al., 2015; Antzelevitch et al., 2017). Excellent articles have reviewed this topic recently (Antzelevitch et al., 2017; Marcantoni et al., 2020). Like in other Cavs, GOF mutations are located preferentially in the functionally most sensitive regions of the gating apparatus, the S4 helices, the coupling machinery of the S4-S5 linker and the activation gate formed by the S6 helices (Figure 1D). Examples for regions affected by mutations in different Cavs are indicated in blue in Figure 1D.

Timothy syndrome is a rare systemic disorder originally described as the heart-hand syndrome (Reichenbach et al., 1992). This refers to the typical diagnostic findings of LQTS, often leading to fatal arrhythmias at young age, and unilateral or bilateral cutaneous syndactyly of fingers or toes. In surviving individuals other characteristic clinical features were described compatible with a multi-organ disease. In most cases facial anomalies (including depressed nasal bridge, low-set ears, thin vermilion of the upper lip), congenital heart defects and developmental delay (language, motor, and generalized cognitive impairment) are present. Autism, seizures, and intellectual disability as well as hypoglycemia were also reported (Splawski et al., 2004). These symptoms are in accordance with the known role of Cav1.2 for cardiac function, neuronal development and plasticity (Krey et al., 2013; Zamponi et al., 2015), craniofacial development (Ramachandran et al., 2013), and insulin secretion (Sinnegger-Brauns et al., 2004; Zamponi et al., 2015).

Classical TS is caused by GOF mutations in Cav1.2. Originally, only mutations in alternatively spliced exons 8a (G406R, TS1) and 8 (G406R, G402S, TS2) had been described (Splawski et al., 2004; Splawski et al., 2005) (Figure 3; exon 8a sequence). All of them cause GOF by a pronounced reduction of (voltage-dependent) channel inactivation (type 1, Figure 2A). This can explain a sustained depolarizing Ca2+ influx with broadening of the action potential and QT-prolongation. A more severe LQT phenotype (QTc > 620 ms) has been reported in TS2. This was explained by the higher abundance of exon 8 in heart and brain. Interestingly, the first two TS2 patients had no syndactyly, one of the diagnostic features of the syndrome, but were affected by facial dysmorphism and developmental delay. The phenotype in the patient with the G402S mutation was milder. It was attributed to somatic mosaicism with the mutation being much less abundant in oral mucosa than in blood DNA (Splawski et al., 2005). This was an important observation because it shows that the severity of the phenotype is also determined by mutation load. Mosaicism is also evident from severely affected TS1 and TS2 cases who inherited the mutation from a parent with germline mosaicism. The parent had either no symptoms (Splawski et al., 2004), or, upon full medical work-up, revealed diagnostic features, such as syndactyly with and without LQT8 (Etheridge et al., 2011; Dufendach et al., 2013; Fröhler et al., 2014; Baurand et al., 2017). Therefore mosaicism has to be considered in the interpretation of phenotype-genotype relationships (Lim et al., 2017; Myers et al., 2018; Cao et al., 2019) not only of CACNA1C-associated disorders but also of other Ca2+-channelopathies (e.g., CACNA1A, Cao et al., 2019; see below).

In addition to the classical TS mutations, four mutations outside exon 8 and 8a were reported. A GOF phenotype has either been proven in functional experiments or can be assumed based on their locations in S6 or the S4-S5 linkers. The affected individuals presented as atypical TS with LQT8 but some other clinical features of TS missing, such as syndactyly (S643F, type 1; Figure 4; Ozawa et al., 2018), or facial dysmorphisms (E407A, adjacent to G406R, Figure 3; Colson et al., 2019). In other cases, an even broader phenotypic spectrum was reported, including osteopenia, cerebral and cerebellar atrophy, intractable irritability (I1186T, type 2; Figure 3; Boczek et al., 2015) or intractable seizures and stroke (A1521G, type 2, Figure 3; Gillis et al., 2012).

Two additional variants deserve attention because their clinical phenotypes are even more distinct, R1024G and E1135K: R1024G (Figure 4) was reported in a 5-year-old girl with profound developmental and speech delay, TS-like craniofacial dysmorphism and syndactyly but without LQTS upon repeated ECG measurements (Kosaki et al., 2018). Pulmonary hypertension was also diagnosed. Although no functional studies have been performed, the position of this variant is intriguing. It neutralizes one of the positive gating charges in voltage sensor IIIS4. It corresponds to the R990G and R990H mutations in Cav1.3 (Figure 4; somatic mutations in APAs, see section on CACNA1D below). In Cav1.3 R990H destabilizes the VSD and can conduct a depolarizing gating pore current at negative membrane potentials (Monteleone et al., 2017). VSD mutations R1135H and R1135C in Nav1.4, which cause HypoPP2 (see above, position indicated by asterisk in Figure 4C) also occur in the equivalent positions. One possible scenario therefore is that R1024G also induces a gating pore current in Cav1.2. Assuming that it destabilizes the VSD in a similar manner as R990H in Cav1.3 it could contribute depolarizing current at more negative potentials. In arterial smooth muscle cells increased arterial muscular tone could explain pulmonary hypertension, whereas in neurons enhanced subthreshold neuronal depolarization could drive abnormal neuronal firing underlying the severe neurodevelopmental phenotype. However, upon activation of the Cav1.2 voltage-sensors (S4 “up” in open and inactivated channels) during the plateau of the cardiac AP, this gating pore current is expected to turn off and may thus not affect AP duration and QT-interval.

E1135K (not illustrated) was found in a 14-year-old male proband with idiopathic QT prolongation, autism spectrum disorder and unexplained hyperglycemia (Ye et al., 2019). This mutation reverses one of the four essential negative charges of the channel’s selectivity filter. Functional expression in tsA-201 cells confirmed the expected conversion of a Ca2+-selective channel into a non-selective cation channel with marked increase in both peak and persistent inward Na+- and outward K+-currents (Ye et al., 2019). Its expression in human iPSC-derived cardiomyocytes prolonged the cardiac AP. By favoring membrane depolarization, it can therefore be considered a GOF variant in the heart and likely also in neurons, which could affect neuronal excitability and underlie the autism phenotype. The mutation may also account for the “unexplained” hyperglycemia reported in this patient due to reduced insulin secretion. An increased membrane depolarization of the pancreatic β-cell could result in an increased basal intracellular Ca2+ level and reduced glucose-induced insulin secretion as observed upon genetic deletion of the KATP K+-channel subunits (Miki et al., 1998). Alternatively, while mediating a non-selective pore current, the mutated channels are not expected to conduct Ca2+. This could impair Ca2+-dependent processes depending on Cav1.2, including insulin secretion (Zamponi et al., 2015; Mastrolia et al., 2017).

In addition to TS, GOF Cav1.2 mutations can also cause a non-syndromic form of LQT8. LQT8 can be regarded as part of a CACNA1C disease spectrum because with some variants the clinical phenotype can be either LQT8 alone (G402S, Mellor et al., 2019), LQT with syndactyly but without other TS-typical features (G402S, I1186T; Fröhler et al., 2014; Wemhöner et al., 2015) or Timothy syndrome. Somatic mosaicism and/or genetic background can explain these variable phenotypes. Many of the LQT8-associated variants were confirmed to induce GOF (Hennessey et al., 2014; Fukuyama et al., 2014b; Boczek et al., 2015; Wemhöner et al., 2015; Landstrom et al., 2016; Chavali et al., 2019; Estes et al., 2019) with slowing of the inactivation time course and increased late currents. Introduction of LQT8 mutations into human iPSC-derived cardiomyocytes confirmed the broadening of the action potential in the heterozygous state (Estes et al., 2019; Chavali et al., 2019). It is possible that mutations shifting the voltage-dependence of activation and inactivation to more negative voltages favor more severe extracardiac manifestations (in particular the nervous system; Marcantoni et al., 2020). However, some variants may predominantly affect the function of cardiac channels. This has recently been shown for a cluster of variants (affecting residues P857, R858, R860; not illustrated) located within the long cytoplasmic II-III – linker without obvious role in channel gating and conductance. However, this proline-rich region serves as a binding site for SH3-domain containing proteins, such as STAC proteins, known to affect the expression and function of L-type channels (Mellor et al., 2019; Flucher and Campiglio, 2019). For a complete list of LQT8 mutations see recent reviews (Giudicessi and Ackerman, 2016; Zhang et al., 2018; Marcantoni et al., 2020).

LOF CACNA1C variants are associated with so-called J-wave syndromes (named after the typical electrocardiographic “J-wave”), consisting of the Brugada syndrome and short-QT syndromes (Priori et al., 2015; Antzelevitch and Yan, 2015; Antzelevitch et al., 2017). Variants leading to altered Cav1.2 activity in the heart were also reported in β- (CACNB2 gene) and α2δ1 (CACNA2D1) subunits (Antzelevitch et al., 2007; Burashnikov et al., 2010). LOF CACNA1C variants are protein-coding variants predominantly located in the cytoplasmic regions of the channel and it is less clear how they induce the observed reduction in Ca2+ current when heterologously expressed. Synonymous variants in splice sites inducing nonsense-mediated RNA-decay have also been described (Fukuyama et al., 2014a). Interestingly, unlike with pathogenic CACNA1F and CACNA1A LOF mutations (see below), no protein-truncating variants have been reported so far. This could indicate that these phenotypes are not simply due to haploinsufficiency.



Cav1.3 (CACNA1D)

Current evidence from knockout mouse models and human genetics indicate that heterozygous Cav1.3 LOF is unlikely to cause a disease phenotype. About 20 heterozygous LOF genotypes2 are listed for mostly healthy control individuals in the gnomAD database. Only homozygous Cav1.3-deficiency causes sinoatrial node dysfunction and deafness in mice (Platzer et al., 2000; Zamponi et al., 2015). The same phenotype (Sinoatrial Node Dysfunction and Deafness, Table 1) is observed in humans with a homozygous LOF mutations in exon 8 (also referred to as exon 8b; Baig et al., 2011), which is the predominant splice variant in brain, sinoatrial node and the cochlea (Baig et al., 2011; Zamponi et al., 2015; Liaqat et al., 2019).

In contrast, heterozygous de novo GOF missense mutations cause human disease by affecting multiple Cav1.3-dependent physiological functions. Since we have recently reviewed the disease spectrum associated with CACNA1D GOF variants (Ortner and Striessnig, 2020), this is only briefly summarized here.

In most affected individuals germline missense DNMs lead to a severe neurodevelopmental disorder with ID, developmental delay, seizures, auto-aggressive behaviors, delayed or no speech development, muscle hypotonia and autism spectrum disorder (V401L, S652L, A749T; Figure 3). In even more severe cases congenital hyperinsulinemic hypoglycemia and/or congenital aldosteronism (Ortner and Striessnig, 2020) can be present at birth (V259A, G403D, I750M, L271H; Figures 3, 4). A syndrome, Primary Aldosteronism with Seizures and Neurological Abnormalities (PASNA) is part of this disease spectrum. Less severe cases were diagnosed with ASD with (A749G) and without (G407R) mild intellectual impairment (Figure 3). So far, for these Cav1.3 – linked disorders type 1 and 2 GOF gating changes were reported for nine mutations in 12 individuals (Ortner and Striessnig, 2020) but unpublished cases with pathogenic mutations exist and are currently being characterized. For a detailed list of mutations and associated phenotypes see Ortner and Striessnig (2020). Like most other GOF mutations, they are located in the activation gate (cytoplasmic region of S6 helices) as well as in the S5-S6 linkers, see above and Figures 1D, 3, 4). Interestingly, the positions of G403R and G403D (exon 8) and G407R (exon 8a) are identical to the Timothy syndrome mutations G402 and G406 (see above) in CACNA1C and also cause very similar gating defects (type 1; Scholl et al., 2013; Pinggera et al., 2018). When present as somatic mutations in APAs, these variants induce excessive Ca2+-dependent aldosterone production resulting in drug-resistant hypertension (Azizan et al., 2013; Scholl et al., 2013). Some of these mutations affect the same amino acid or are even identical to the ones identified germline. Importantly, some of the germline mutations exhibit increased sensitivity to DHP LTCC blockers (Hofer et al., 2020). Future clinical research should therefore test the potential of these drugs to improve symptoms in severely affected individuals. Preliminary evidence suggests that muscle hypotonia may respond to treatment with DHPs (De Mingo Alemany et al., 2020).



Cav1.4 (CACNA1F)

Cav1.4 L-type calcium channels are essential for tonic glutamate release from retinal photoreceptors (as is Cav1.3 in cochlear inner hair cells; Zamponi et al., 2015; Pangrsic et al., 2018). Their α1-subunit gene (CACNA1F) was originally discovered as the target of LOF mutations causing X-linked Congenital Stationary Night Blindness Type 2 (CSNB2), a non-progressive vision disorder with characteristic clinical findings (Zamponi et al., 2015). Since then a large number of CACNA1F LOF mutations, most of them protein-truncating variants, have been reported to be associated with CSNB2 as well as other eye disorders, including Åland Island Eye Disease, Cone-Rod Dystrophy, X-linked retinal disorder, and Night Blindness-Associated Transient Tonic Downgaze, which share a variety of clinical symptoms (Hope et al., 2005; Stockner and Koschak, 2013) (Table 1). As expected for an X-linked disorder females are rarely affected. The absence of the channel protein or the absence of functioning channels leads to abnormal cellular organization of synapses within the retina and defective neurotransmission between photoreceptors and second-order neurons (Zamponi et al., 2015).

Interestingly, a number of missense variants have also been identified. While some of them decrease channel function or expression (Hoda et al., 2006; Stockner and Koschak, 2013), others show the typical gating changes compatible with a gain of channel function. For example, G369D in domain I and F753C and I756T in the activation gate of domain II (Figure 3) cause a dramatic type 2 gating change and slow inactivation as expected from their locations (Hemara-Wahanui et al., 2005; Hoda et al., 2005; Peloquin et al., 2007). One plausible explanation of how these gating changes can actually decrease Cav1.4 channel activity is that the pronounced negative shift of voltage-dependent activation gating moves the channel out of its optimal operating range within the voltage window during light exposure (about − 55 mV) and darkness (up to −36 mV). During illumination a larger fraction of mutated Cav1.4 channels may already be activated thus limiting the maximal gain during depolarization in the dark (Stockner and Koschak, 2013). This is another example demonstrating that a given “GOF” gating change can either increase or decrease channel signaling depending on the context of a cell’s electrical activity pattern (see above).



Cav2.1 (CACNA1A)

Cav2.1 channels are widely expressed in the central (including thalamocortical, cortical, cerebellar neurons) and peripheral nervous system. Together with Cav2.2 channels they are tightly coupled to fast neurotransmitter release at presynaptic terminals, including motoneurons (Zamponi et al., 2015). Homozygous knockout mice develop rapidly progressive neurological symptoms with ataxia and dystonia and die a few weeks after birth (Jun et al., 1999; Fletcher et al., 2001). Therefore, homozygous LOF of Cav2.1 is also expected to be incompatible with life in humans. Accordingly, no homozygous CACNA1A pLOF variants are reported in the gnomAD database.

CACNA1A mutations cause several dominantly inherited or sporadic neurologic disorders with a wide spectrum of neurological symptoms (Spacey, 2015): hemiplegic migraine with aura (including severe forms with cerebral edema and coma), cerebellar signs (including episodic, permanent, early or late onset progressive ataxia, cerebellar atrophy, nystagmus, vertigo, dysarthria), seizures, and developmental delay. Although symptoms often overlap, the three main neurological CACNA1A disorders reveal some genotype-phenotype correlation. Episodic ataxia type 2 (EA-2) typically starts in childhood or early adolescence and is characterized by paroxysmal attacks of ataxia and other cerebellar signs and can be associated with other symptoms including hemiplegia and headache (Spacey, 2015). Attacks may last from minutes to days. The majority of EA-2-associated mutations are pLOF mutations or missense mutations, which typically reduce current amplitudes and/or lead to LOF gating changes. When expressed as trunctated proteins in vitro some of them also exert a dominant negative effect on wildtype channels (see above). Excellent reviews summarizing the position of pLOF and missense LOF variants associated with EA-2 have been published recently (Eising and van den Maagdenberg, 2017; Tyagi et al., 2020).

In contrast, GOF mutations cause Familial (FHM-1) or Sporadic (SHM-1) Hemiplegic Migraine Type 1, a form of migraine with aura, which, in addition to other aura symptoms, is characterized by the presence of motor weakness, i.e. hemiparesis (Jen, 2015).

FHM-1-associated mutations mostly exhibit GOF gating changes with enhanced channel activity at more negative voltages (Tottene et al., 2002; Pietrobon and Striessnig, 2003). They are mainly located at the positions within voltage-sensors (e.g., R192Q, R195K, V581L/M, R583Q, K1343Q, R1352Q, R1667W, K1670R), the S4-S5 linkers (e.g., S2181L, C1369Y, L1682P, W1683R) and the cytoplasmic S6 activation gates (e.g., F363S, V714A, D715E, F1506S, I1810L; Figures 3, 4) where other GOF channelopathy mutations are typically located (Eising and van den Maagdenberg, 2017; Tyagi et al., 2020). Moreover, some variants associated with FHM-1 also neutralize S4 gating charges, including positions in which also Cav1.1 and Nav1.4 gating-pores were reported (e.g., R195K, R583Q, K1343Q, R1352Q; asterisks in Figure 4; note that R195K in Cav2.1 and R219K in Nav1.4 are both charge-retaining substitutions; Ducros et al., 2001; Kubota et al., 2020) and may therefore affect neuronal excitability also through gating pore currents (Jurkat-Rott et al., 2012). This hypothesis should be tested experimentally and by molecular modeling like for other Cavs (Monteleone et al., 2017; Flucher, 2020).

As a monogenic form of migraine, FHM-1 offered important insight into the pathophysiology of migraine with aura (Pietrobon and Striessnig, 2003; Goadsby et al., 2017; Brennan and Pietrobon, 2018). Human CACNA1A GOF mutations (R192Q, S218L; Figure 4), when introduced in mice, promote cortical spreading depression, a self-propagating wave of neuronal and glial depolarization that spreads slowly across the cerebral cortex and underlies the aura symptoms in humans (Pietrobon and Striessnig, 2003; Brennan and Pietrobon, 2018). Moreover, enhanced excitatory, but not inhibitory synaptic transmission and alterations of cortical excitatory-inhibitory balance can explain the altered sensory and pain processing in FHM1 (Tottene et al., 2019) and likely also in more common forms of migraine.

Unlike EA-2, Spinocerebellar Ataxia Type 6 (SCA-6) is characterized by adult onset, slowly progressive rather than episodic cerebellar ataxia, dysarthria, and nystagmus with a mean age of onset between 43 and 52 years (Du and Gomez, 2018; Casey and Gomez, 2019). Genetic diagnosis of SCA-6 requires documentation of an expanded polyglutamine repeat within the C-terminus of the Cav2.1 α1-subunit. There is strong experimental evidence that, unlike the other Ca2+-channelopathies described here, SCA6 is not caused by a dysfunction of the Cav2.1 channel itself, but instead by a separate protein, the transcription factor α1ACT. This protein is also encoded by the CACNA1A gene due to the presence of an internal ribosomal entry site (IRES) within its mRNA (for a detailed review see Du and Gomez, 2018). α1ACT is important for normal perinatal cerebellar developmental and motor function (Du and Gomez, 2018). Wildtype α1ACT, but not α1ACT-containing SCA6 poly-glutamine expansions (α1ACTSCA6), can rescue neurological deficits when transgenically expressed in Cav2.1 knockout mice (Du and Gomez, 2018). α1ACTSCA6 is also toxic to cultured cells and when expressed transgenically in Purkinje cells (Du and Gomez, 2018).

Substantial phenotypic overlap is observed for these three CACNA1A disorders, complicating the interpretation of this genotype-phenotype relationship. For example, a large fraction of FHM-1 families with GOF variants report cerebellar signs ranging from nystagmus to progressive, usually late-onset mild ataxia (Ducros et al., 2001; Jen, 1993). EA-2 individuals (i.e., with LOF variants) may also eventually develop interictal symptoms and cerebellar signs such as truncal ataxia and nystagmus. Such late-onset progressive ataxia makes the clinical phenotype similar to SCA-6 (Di Cristofori et al., 2012). In some families progressive ataxia due to missense variants and without expanded polyglutamine repeat was the major clinical feature, with some family members also diagnosed with EA-2 (Yue et al., 1997; Jen et al., 2004; Romaniello et al., 2010).

Congential ataxia, with presentation before the age of 2 years, is mostly associated with GOF variants, many of them also found in FHM-1 patients. Examples are S218L, D715E, I1810L, V1396M (Figures 3, 4) and T666M (close to selectivity filter in domain II, not illustrated). For an excellent detailed recent review on congential ataxia see reference Izquierdo-Serra et al. (2020).

Interestingly, a slowly progressing non-episodic spinocerebellar ataxia without migraine symptoms differing from SCA-6 and EA-2 has been associated with the mutation E668K. This mutation reverses the negative charge of the selectivity filter glutamate in domain II, similar to CACNA1C mutation E1135K (domain III, not illustrated) mentioned above. Non-selective ion currents and loss of Ca2+-conductance through this mutant may therefore contribute to the observed atypical phenotype.

CACNA1A mutations have also been associated with severe neurodevelopmental syndromes including early-onset epilepsy (Early Infantile Epileptic Encephalopathy 42) and other neurocognitive (intellectual impairment, learning disabilities) and neurological symptoms, such as ataxia, nystagmus, hypotonia (Damaj et al., 2015; Epi4K Consortium, 2016; Epperson et al., 2018; Jiang X. et al., 2019). It appears that both CACNA1A haploinsufficiency (like in EA-2; Damaj et al., 2015; Jiang X. et al., 2019) and FHM1-like GOF gating changes (A711T, A713T, Ser218L, Figure 3; Epi4K Consortium, 2016; Epperson et al., 2018; Jiang X. et al., 2019) can cause this phenotype. Recent studies indicate that neuropsychiatric and developmental symptoms are common in patients with episodic CACNA1A disorders and should be considered in the differential diagnosis of otherwise unexplained developmental delay (Indelicato et al., 2019; Humbertclaude et al., 2020).

Taken together, in vitro gating changes indicating increased activity of Cav2.1 at more negative voltages is mostly associated with FHM1/SHM1 and congenital ataxias, whereas channel LOF causes EA-2. However, both GOF and LOF mutations are associated with progressive ataxia and epilepsy. At present, there is no clear explanation for this observation. One hint could come from the finding that Purkinje cell-specific Cacna1a knockout is sufficient to cause cerebellar ataxia in mice (Mark et al., 2011; Todorov et al., 2012). This strongly suggests that reduced Cav2.1 activity is responsible for this phenotype. It is therefore possible that, as outlined above, certain gating changes can cause both, GOF (e.g., by shifting activation voltage to more negative potentials) and LOF (e.g., by shifting inactivation voltage also to more negative potentials and/or by reducing maximal channel open probability at more positive voltages) (Tottene et al., 2002). This could lead to a scenario where GOF changes predominate at e.g., cortical synaptic terminals and LOF changes at Purkinje cell bodies. At presynaptic active zones the higher open probability at threshold voltages due to type 2 gating changes could facilitate nanodomain Ca2+ influx and glutamate release and underlie the enhanced neuronal excitability predisposing to migraine attacks (Tottene et al., 2002). At the same time, global cellular Cav2.1 current density during action potentials at cell bodies and dendrites of cerebellar neurons may be reduced (LOF), the latter predisposing to ataxia and cerebellar neurodegeneration.

Another open question is how missense mutations inducing only a partial LOF cause EA-2. In a knock-in mouse model the EA-2-associated missense mutation F1403C (F1406C in Rose et al., 2014) reduced Cav2.1 current density in Purkinje cells of homozygous knock-in mice by about 70%, as predicted from expression in HEK-293 cells. However, this mutation failed to induce a motor phenotype as observed in other recessive Cacna1a mouse mutant lines with mutations resulting in similar biophysical alterations (Rose et al., 2014).



Cav2.2 (CACNA1B)

Like Cav2.1-mediated P/Q-type currents, Cav2.2-mediated N-type Ca2+ currents also play an essential role for presynaptic neurotransmitter release. However, in contrast to Cav2.1, homozygous knockout mice show only minor abnormalities. This includes reduced pain hypersensitivity in models of inflammatory and neuropathic pain, hyperactivity, increased aggression and altered blood pressure control (Kim et al., 2009; Zamponi et al., 2015). This suggests that homozygous LOF may also not cause severe disease in humans. However, this is in contrast to recent reports, describing bi-allelic LOF variants in an autosomal recessive, complex and progressive neurologic disorder with severe neurodevelopmental delay and developmental regression, drug-resistant epileptic encephalopathy, postnatal microcephaly, hypotonia, and a non-epileptic hyperkinetic movement disorder (Neurodevelopmental disorder with seizures and non-epileptic hyperkinetic movements, NEDNEH; Gorman et al., 2019). This was confirmed in three unrelated families with different protein-truncating mutations. A possible association between a form of autosomal dominant myoclonic dystonia and the CACNA1B variant R1389H has also been postulated (Groen et al., 2014). However, its pathogenic potential is questionable, because it is a common variant (1:500) observed at comparable frequencies in affected and in neurologically healthy individuals (Mencacci et al., 2015). Similarly, the significance of two variants associated with adult-onset isolated focal dystonia is unclear (Cocos et al., 2020).

Taken together, current evidence suggests that heterozygous Cav2.2 LOF does not confer high risk for disease but that homozygous LOF due to protein truncating mutations can cause a severe neurodevelopmental disorder in humans.

Interestingly, unlike for other Cavs, so far no GOF variants have been reported for Cav2.2. However, rare genetic variants located within the gating-sensitive regions of Cav2.2 (Figure 1D) are reported in apparently healthy control individuals in the gnomAD database at high allele numbers. Some of these variants are even located in the identical homologous positions causing typical and disease-associated GOF gating changes in other Cavs. Variant V351E (2 residues upstream of the Timothy syndrome mutations in CACNA1C) is located in exactly the same position as mutation V401L (Figure 3), which causes a pronounced type 2 gating change in Cav1.3 and is associated with a severe neurodevelopmental phenotype (Ortner and Striessnig, 2020). Variants S215A and S215L affect the same serine residue in the IS4-S5 linker causing GOF changes in Cav2.1 (S218L) and Cav1.4 (S229P; highlighted in blue in Figure 1D) (Tottene et al., 2005; Hoda et al., 2005). Also, variants V1408I and N1409S in IIIS6 are surrounded by GOF variants in Cav1.2, Cav1.3, Cav2.1, Cav3.1 and Cav3.2 (Figure 3). Possible explanations are that these variants are either functionally silent or induce a LOF phenotype, which, as mentioned above, is not expected to cause disease in the heterozygous state. Alternatively, these variants may induce robust GOF changes that are not compatible with life and cause intrauterine death. Functional analysis of these variants in heterologous expression systems could answer this interesting question.



Cav2.3 (CACNA1E)

Helbig and colleagues recently described de novo CACNA1E missense variants causing Cav2.3 GOF in 30 individuals with Developmental and Epileptic Encephalopathies (Helbig et al., 2018). Most affected individuals presented with pharmacoresistant seizures beginning in the first year of life, profound developmental impairment, hyperkinetic movement disorders, severe axial hypotonia and some had spastic quadriplegia. Most were non-verbal and non-ambulatory. Developmental regression occurred in 9/30 individuals often in association with seizure onset. Two recurrent variants G352R and A702T accounted for half of the cohort and with a severe phenotype. Out of the 14 variants four were functionally tested and showed type 2 gating behavior with slight slowing of inactivation. They are located within the typical regions involved in channel gating (Figures 1D, 3).

The same study also reported 3 individuals with variants introducing premature termination codons predicted to result in haploinsufficiency. These individuals had a milder phenotype, achieved independent ambulation at 15–18 months and acquired single words. Two of them had epilepsy (Helbig et al., 2018). One of them inherited the mutation from the apparently healthy father. Due to the small number of cases and the fact that a few heterozygous pLOF variants are also reported in gnomAD (“non-neuro” subset), the disease-causing potential of these variants is at present less clear.



T-Type Ca2+ Channels

Based on the expression pattern of T-type channels and their special functional properties (low-voltage activated and inactivated, window current at negative voltages, recruitment upon hyperpolarization enabling low-threshold spike/rebound bursting observed in seen in many types of neurons) together with the known anti-epileptic properties of T-type channel blockers makes these channels major suspects for genetic causes of epilepsy. Cav3.1 and Cav3.2 knockout protects mice from epilepsies (Weiss and Zamponi, 2019; Lory et al., 2020). However, so far the association of most genetic variants in CACNA1G and CACNA1H and their functional mechanism of action in terms of GOF or LOF for idiopathic genetic epilepsies is less well understood (Weiss and Zamponi, 2019; Lory et al., 2020) and mutations in Cav3.1 or Cav3.2 causing high risk for epilepsy have not been described. However, changes in their activity (as shown for Cav3.1 in mice, Calhoun et al., 2016) may serve as genetic modifiers of other genetic risk factors for idiopathic genetic epilepsies. These are generally considered to have complex inheritance patterns with combinations of common with rare genetic risk variants required to cause disease. Some CACNA1G variants may therefore also interact with other genes, rather than being pathogenic per se (Weiss and Zamponi, 2019).

Excellent reviews summarizing all Cav3 channelopathies (except for CACNA1I, see below) have recently been published (Weiss and Zamponi, 2019; Lory et al., 2020).


Cav3.1 (CACNA1G)

De novo mutations A961T and M1531T were recently found in Childhood-Onset Cerebellar Atrophy (ChCA; Spinocerebellar Ataxia Type 42 (SCA42) early-onset with neurodevelopmental deficits) patients in unrelated pedigrees (Chemin et al., 2018; Barresi et al., 2020). ChCA is an early-onset neurodevelopmental disorder, with cerebellar atrophy, severe motor and cognitive impairments, and variable features including epilepsy and facial dysmorphisms. The mutations are located in “classical sites” of the S6 activation gates in domains II and III (Figure 2) and cause typical type 2 gating changes (Chemin et al., 2018).

In contrast, autosomal-dominant SCA42 is characterized by a slowly progressive ataxia with an onset mainly in young adulthood. Another CACNA1G mutation, R1715H, has been identified in SCA42 families by different groups (Coutelier et al., 2015; Morino et al., 2015; Hashiguchi et al., 2019). When expressed in HEK-293 cells (Coutelier et al., 2015; Morino et al., 2015) it caused a positive shift of the activation and steady-state inactivation voltage with a shift of the window current to more positive voltages. A mouse animal model of SCA42 harboring this mutation confirmed these gating changes in Purkinje cells and recapitulated the phenotype (adult onset, gait instability) and pathology (Purkinje cells degeneration) of the disease (Hashiguchi et al., 2019). In contrast to R1715H knockin in mice, heterozygous and homozygous knockout of Cav3.1 in mice does not cause progressive ataxia and cerebellar atrophy indicating that the observed gating change is not a simple LOF. Again, an alternative explanation could be that this mutation affects a gating charge in the VSD of domain IV (Figure 4). While this can explain the reduced voltage-sensing of the mutant channels, it could also generate an additional gating pore current resulting in a depolarizing drive. This is also supported by the finding that R1664Q located in the homologous position in CACNA1A also causes an early-onset and progressive form of ataxia not characterized by the typical episodic features of EA-2 (Tonelli et al., 2006; Luo et al., 2017). Moreover, this residue corresponds to R1239 in CACNA1S in which R1239H- and R1239G- induced gating pore currents cause HypoPP1 (see above, 91). If the CACNA1G R1715H variant induces gating pore-currents it should be classified as a “GOF” variant.

Another variant, M1574K, was found in three SCA42 patients from a Chinese family but it has not been functionally characterized yet. It is located within the III-IV-linker (not illustrated) of the channel, outside the classical regions causing gating defects (Li et al., 2018). It is located within a short alternatively spliced region (exon 25 splice variant, Latour et al., 2004) and may therefore not affect all Cav3.1 channel species in the cerebellum. However, alternative splicing in this region has been found to affect Cav3.1 recovery from inactivation (Latour et al., 2004). In the structurally highly related Cav3.2 channels alternative splicing in this position (exon 25) is required for permitting the functional effects of the adjacent R1584P mutation found in the GAERS (Genetic Absence Epilepsy Rats from Strasbourg) rat model of idiopathic generalized epilepsies (Powell et al., 2009). This GOF mutation in combination with exon 25 promotes recovery from channel inactivation and enhances channel expression by disrupting the interaction of the III-IV-linker with calnexin (Proft et al., 2017). Since calnexin also reduces the expression of Cav3.1 channels (Proft et al., 2017), it is possible that the introduction of a positive charge in the M1574K variant also affects channel function and/or expression. However, this hypothesis needs to be tested in functional and biochemical studies.



Cav3.2 (CACNA1H)

Like Cav1.3, Cav3.2 is important for mediating depolarization-induced aldosterone production. As a consequence, inherited (Familial Hyperaldosteronism Type 4) and de novo germline GOF missense mutations S196L, M1549I, M1549V (Figures 3, 4), P2083L (not illustrated) (Scholl et al., 2015; Daniil et al., 2016) and R890H (Figure 4, Wulczyn et al., 2019) cause hyperaldosteronism. Neurodevelopmental symptoms (such as mild ID, social skills alterations and learning) were also reported in carriers of the M1549 variants (Daniil et al., 2016). Two somatic variants were found in APAs (I1430T, V1951E; Daniil et al., 2016; Nanba et al., 2020). From the five mutations reported so far, three show typical type 2 (M1549I/V) or type-3 (S196L) gating changes. I1430T corresponds to the position of the CACNA1D APA mutations I1015S and I1015V (IIIS5) (Ortner and Striessnig, 2020).

Unlike other mutations, R890H caused a pronounced LOF phenotype when expressed in HEK-293 cells (Wulczyn et al., 2019), a puzzling finding considering the Ca2+-dependence of aldosterone secretion and the other disease-causing GOF mutations in CACNA1D and CACNA1H. However, a GOF in this mutation may again be due to the induction of gating-pore currents. This is strongly supported by the observation that pathogenic gating charge mutations in the homologous positions of Nav1.4 (e.g., R675Q; Sokolov et al., 2007) and of Nav1.5 channels (R814W, Moreau et al., 2015; asterisks in Figure 4) also conduct gating pore currents.

CACNA1H variants V1951E and P2093L are located in the cytoplasmic C-terminus and it is less clear how they affect channel function.



Cav3.3 (CACNA1I)

Although CACNA1I variants seem to contribute to the polygenic risk of neuropsychiatric disorders (including autism and schizophrenia, Lory et al., 2020; Ghoshal et al., 2020), rare missense mutations causing a monogenic disorder have only been published very recently (Ghaleb et al., 2021). The de novo missense variant (I860N, IIS6, Figure 3) was found in a girl with a severe neurodevelopmental disorder with epilepsy, muscle hypotonia, hyperexcitability, severe global developmental delay, no cognitive development and progressive brain atrophy. It induces typical type 2 GOF gating properties with significantly left-shifted voltage-dependence of activation and inactivation, increased window currents, slowed activation, inactivation, and deactivation of Cav3.3 currents. Another mutation in the same position, I860M, induced less severe biophysical changes and was present in a mother and her two children with intellectual disability but no epilepsy. Two other missense mutations, I1306T (de novo, IIIS5, Figure 4) in a 21-month-old female and M1425I (likely de novo, IIIS6, Figure 2) in an 8-year old male patient were also associated with seizures, severe developmental delay, hypotonia, severe speech impairment, and cortical visual impairment. Again, all these variants affect residues in homologous positions for which cause GOF channelopathies also in other Cavs (Figures 3, 4).

Inspection of the activation gate formed by IIS6 nicely demonstrates the accumulation of pathogenic GOF mutations within this structurally and functionally highly conserved region. Together with similar aggregations of mutations in other conserved regions of the gating apparatus (Figure 1D), functionally validated pathogenic mutations in one Cav should - in combination with other ACMG critera - help to predict the level of pathogenicity of newly diagnosed variants in another Cav.



IMPLICATIONS FOR THERAPY

The appraisal of functional changes introduced by missense mutations in terms of gain- or loss-of Ca2+-channel function may guide the development of potential new therapies for Ca2+-channelopathies.

In particular, in case of pathogenic GOF mutations, specific inhibitors of the channel isoform affected by the mutation are obvious therapeutic candidates. An intriguing example was the discovery of heterozygous activating mutations in the genes encoding ATP-sensitive K+-channel subunits (KCNJ11, ABCC8; De Franco et al., 2020). By keeping pancreatic β-cells hyperpolarized they prevent insulin release and cause permanent neonatal diabetes and in about 20% of patients also neurodevelopmental delay (Gloyn et al., 2004; De Franco et al., 2020). In most patients switching from insulin injections to high oral doses of sulfonylureas, known well-tolerated blockers of these channels, increases quality of life, glycemic control and ameliorates some of the neurological disabilities (Ashcroft et al., 2017).

Unfortunately, not all channelopathies respond to such gene-specific pharmacotherapy. Long QT-syndromes, including LQT3 (Nav1.5 sodium channels, Arbelo et al., 2016) and LQT8 (see above), are such examples. Although LQT8 is caused by GOF mutations in Cav1.2 LTCCs, case reports of patients treated with the LTCC blockers verapamil or diltiazem for prevention of ventricular fibrillation episodes (Jacobs et al., 2006; Shah et al., 2012; Liu et al., 2016) showed mixed effects. Verapamil may not be the best choice for these patients because it is also a potent blocker of HERG K+-channels, favoring QT-prolongation (this explains why verapamil usually does not affect the QT-interval because it also blocks L-type channels; Zhang et al., 1999). DHP L-type channel blockers would be another option but due to their state-dependent action (with preferential inhibition of arterial smooth muscle channels and blood pressure lowering) they are only weak blockers of cardiac L-type channels (Zamponi et al., 2015). Moreover, pathogenic mutations may decrease the apparent sensitivity for DHP, as shown for nisoldipine-inhibition of the TS1 mutation G406R (3-fold increase in IC50; Splawski et al., 2004). Therefore, as suggested also for GOF Na+-channel mutations causing LQT3-syndrome (Arbelo et al., 2016), mutation-specific management may be necessary. This requires extensive characterization of the biophysical and biochemical properties of mutations (ideally in human iPSC-derived cells) to identify patient populations most likely to respond to a given channel blocker in prospective clinical trials. In contrast to the type-1 TS1 mutation G406R, the type-2 Cav1.3 mutation S652L increases the sensitivity to the DHP isradipine about 3-fold (Hofer et al., 2020). Therefore, carriers of this mutation should be the most likely candidates for clinical (off-label) testing. The recent observation that nifedipine may improve some neurological symptoms in a patient with a pathogenic Cav1.3 GOF mutation provides some hope for a therapeutic benefit of this strategy (De Mingo Alemany et al., 2020). Evidence for a mutation-specific therapeutic benefit also comes from the observation that some patients with an epileptic encephalopathy due to CACNA1E GOF mutations, who were resistant to multiple anti-epileptic drugs, reported significant improvement in seizure control with topiramate. This antiepileptic can inhibit Cav2.3 currents at therapeutically relevant concentrations (Kuzmiski et al., 2005).

Mutation-specific strategies would require new drugs that are capable of reversing some or all of the gating changes of Ca2+-channel GOF mutations. As a proof-of-concept it has already been shown that the tert-butyl dihydroquinone (BHQ) can modulate Cav2.1 channels in a manner that oppose altered channel gating of the FHM-1 mutation S218L (type 2, Figures 1D, 4; Inagaki et al., 2014). BHQ inhibited voltage-dependent activation thereby also reducing the enhanced current amplitudes in the mutant channel at negative voltages. At the Drosophila neuromuscular junctions expressing the S218L channel, BHQ largely restored the abnormally elevated evoked postsynaptic potentials and the impaired synaptic plasticity to the wildtype phenotypes.

Another relevant aspect to be considered for GOF mutations is the fact that increased channel activity may not only affect the electrical properties directly by enhancing depolarizing current but may also affect downstream Ca2+-dependent signals that could be accessible to therapeutic intervention. Enhanced Ca2+-channel signaling may activate Ca2+-dependent K+-channels, which are closely coupled to different types of Ca2+-channels in different cells (Berkefeld et al., 2006; Marcantoni et al., 2010). Another example exists for the TS1 mutation G406R. Roscovitine, a CDK kinase inhibitor, enhances the inactivation of LTCCs and partially reverses the abnormal, slow inactivation of G406R channels (Paşca et al., 2011; Yazawa et al., 2011 for references). It rescues the phenotypes in iPSC-derived cardiomyocytes (prolonged action potential duration) and neurons (aberrant activity-dependent gene-expression) from TS patients (Yazawa et al., 2011; Paşca et al., 2011; Song et al., 2017). In iPSC-derived cardiomyocytes this was explained by enhanced Ca2+-dependent activation of the ERK/EGR1 pathway by G406R, which drives overexpression of CDK5. CDK5 inhibition by roscovitine, dominant-negative CDK5 constructs or shRNAs alleviated the TS1 phenotype (Song et al., 2017), and may therefore guide a novel therapeutic approach.

Mutation-specific approaches could also target gating-pore currents. If, as speculated in this review, gating-pore currents contribute to pathology not only in Cav1.1 channelopathies (HypoPP, NormoPP) but also in other Cav channelopathies, then gating-pore blockers would be another attractive approach. Both toxins (e.g., spider toxin Hm-3 from Heriaeus melloteei, Männikkö et al., 2018) as well as guanidinium-derivatives (Sokolov et al., 2010) have already been shown to block gating-pore currents through Nav1.4 channel mutants causing periodic paralysis. Together with high-resolution crystal structures of channel mutants (Jiang et al., 2018), molecular dynamics simulations and pharmacophore modeling these studies provided valuable molecular templates for the further development of hit compounds specifically targeting gating-pores.
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Disproportionate, maladapted, and generalized fear are essential hallmarks of posttraumatic stress disorder (PTSD), which develops upon severe trauma in a subset of exposed individuals. Among the brain areas that are processing fear memories, the hippocampal formation exerts a central role linking emotional-affective with cognitive aspects. In the hippocampus, neuronal excitability is constrained by multiple GABAergic interneurons with highly specialized functions and an extensive repertoire of co-released neuromodulators. Neuropeptide Y (NPY) is one of these co-transmitters that significantly affects hippocampal signaling, with ample evidence supporting its fundamental role in emotional, cognitive, and metabolic circuitries. Here we investigated the role of NPY in relation to GABA, both released from the same interneurons of the dorsal dentate gyrus (DG), in different aspects of fear conditioning. We demonstrated that activation of dentate GABA neurons specifically during fear recall reduced cue-related as well as trace-related freezing behavior, whereas inhibition of the same neurons had no significant effects. Interestingly, concomitant overexpression of NPY in these neurons did not further modify fear recall, neither under baseline conditions nor upon chemogenetic stimulation. However, potentially increased co-release of NPY substantially reduced contextual fear, promoted extinction learning, and long-term suppression of fear in a foreground context–conditioning paradigm. Importantly, NPY in the dorsal DG was not only expressed in somatostatin neurons, but also in parvalbumin-positive basket cells and axoaxonic cells, indicating intense feedback and feedforward modulation of hippocampal signaling and precise curtailing of neuronal engrams. Thus, these findings suggest that co-release of NPY from specific interneuron populations of the dorsal DG modifies dedicated aspects of hippocampal processing by sharpening the activation of neural engrams and the consecutive fear response. Since inappropriate and generalized fear is the major impediment in the treatment of PTSD patients, the dentate NPY system may be a suitable access point to ameliorate PTSD symptoms and improve the inherent disease course.

Keywords: neuropeptide Y, NPY, fear, fear extinction, hippocampus, dentate gyrus


INTRODUCTION

Neuropeptide Y (NPY) is a 36 amino acid peptide neurotransmitter (Tatemoto et al., 1982) and extensively expressed in the peripheral and central nervous systems (Gehlert et al., 1987; Morris, 1989). By acting on at least five different Gi/o-coupled receptors, it modulates multiple physiological processes, such as energy homeostasis and emotional-affective behaviors (Hokfelt et al., 2007; Gilpin, 2012; Loh et al., 2015; Reichmann and Holzer, 2016; Schmeltzer et al., 2016; Tasan et al., 2016). Endogenous NPY has been suggested as a resilience factor associated with post-traumatic stress disorder (PTSD); however, the underlying mechanisms are still unclear (Kautz et al., 2017).

A hallmark of PTSD is dysregulated fear, which often appears as fear generalization and the inability to suppress and extinguish established fear memories. Individual aspects of PTSD can be modeled by Pavlovian fear conditioning, a simple form of associative learning, in which an initially neutral stimulus (CS, conditioned stimulus) or a specific context is repetitively paired with an aversive signal, for instance, an electric foot shock (US, unconditioned stimulus; LeDoux, 2000). Multiple brain areas, including the amygdala, hippocampus and, cortical structures, are controlling fear learning and consecutive adaptive behaviors (Ehrlich et al., 2009; Pape and Pare, 2010; Bowers et al., 2012; Tasan et al., 2016; Comeras et al., 2019). The hippocampal formation, for instance, is processing and integrating particular contextual contents about place and time into other fear-relevant brain circuitries (Maren and Fanselow, 1995; Cox et al., 2013; Hubner et al., 2014; McDonald and Mott, 2017). These phenomena can be investigated by cued, contextual and trace fear conditioning.

Synaptic transmission in the hippocampus is generally organized in an excitatory tri-synaptic pathway (Amaral and Witter, 1989) with a multitude of highly specialized inhibitory interneurons generating appropriate fine-tuning by the release of GABA and several neuromodulators. NPY is one of these neuromodulators and in the hippocampus, it can activate postsynaptic Y1 and presynaptic Y2 receptors (Stanic et al., 2011). NPY is usually co-released with GABA from various types of interneurons, while Y1 and Y2Rs are both expressed predominantly on glutamatergic projection neurons (Kopp et al., 2002; Stanic et al., 2006, 2011), such as CA pyramidal neurons and dentate granule cells. Ample evidence emphasizes strong fear-reducing properties of exogenously applied NPY in various rodent models (Flood et al., 1987, 1989; Gutman et al., 2008; Fendt et al., 2009; Tasan et al., 2016). In particular, Y1Rs seem to suppress fear learning in multiple brain areas, including the amygdala and hippocampus (Gutman et al., 2008; Lach and De Lima, 2013). On the other hand, activation of Y2Rs also inhibits acquisition and promotes extinction of fear memories (Verma et al., 2012), predominantly in the extended amygdala and hippocampus (Verma et al., 2015, 2018a,b; Tasan et al., 2016; Hormer et al., 2018). For example, local re-expression of hippocampal Y2Rs in Y2KO mice resulted in specific suppression of fear, by reducing fear recall and promoting fear extinction (Hormer et al., 2018).

Thus, while several pharmacological and genetic studies indicate a role of exogenous NPY in the modulation of fear memories, a direct investigation of the specific contribution of endogenous NPY specifically co-released from GABAergic interneurons would be of particular interest.

Here, we focused on the contribution of local inhibitory neurons to hippocampus-dependent fear processing and investigated the specific role of the co-released neuromodulator NPY. We activated and inhibited dorsal DG GABA neurons during cued and trace fear recall. Furthermore, concomitant overexpression of NPY in activated GABA neurons was used to identify the specific role of co-released NPY in various aspects of fear conditioning, including cued, trace, and contextual fear. To narrow down the underlying neuronal subpopulations, we analyzed the co-localization of NPY with specific neurochemical markers in different sub-regions of the dorsal and ventral hippocampus. Our data suggest that the co-release of NPY from hippocampal GABA neurons modulates highly selective aspects of hippocampal fear conditioning and extinction learning.



MATERIALS AND METHODS


Animals

Adult male VGAT-cre (B6.FVB-Tg(Slc32a1-cre)2.1Hzo/FrkJ, The Jackson Laboratory, USA) mice, NPY-GFP (B6.FVB-Tg(Npy-hrGFP)1Lowl/J, The Jackson Laboratory, USA) mice and wild type mice (WT, C57BL/6NCrl, Charles River Laboratories, Sulzfeld, Germany) were bred in the Department of Pharmacology at the Medical University Innsbruck, Austria. Following weaning they were group-housed in groups of three to five animals per cage under standard laboratory conditions (12 h light/dark cycle, lights on at 07:00). Both transgenic mouse lines were backcrossed with C57BL/6NCrl (Charles River Laboratories, Sulzfeld, Germany) for at least 10 generations.

All procedures involving animals and animal care were conducted in accordance with international laws and policies (Directive 2010/63/EU of the European Parliament and of the council of 22 September 2010 on the protection of animals used for scientific purposes; Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 2011, and ARRIVE (Animal Research: Reporting in vivo Experiments) guidelines) and were approved by the Austrian Ministry of Science. All effort was taken to minimize the number of animals used and their suffering.



Viral Vectors

Plasmids for recombinant adeno-associated viral (rAAV) vectors, rAAV6-hSyn-DIO-hM3D(Gq)-mCherry (Addgene 44361, B. Roth) and rAAV6-hSyn-DIO-hM4D(Gi)-mCherry (Addgene 44362, B. Roth), were kindly provided by B. Roth, obtained from Addgene (USA) and packaged in our laboratory as described in detail previously (Tasan et al., 2010; Verma et al., 2015). A codon-optimized plasmid containing the coding sequence of mouse preproNPY (NCBI Reference Sequence: NM_023456.3) was ordered from GeneScript (USA) and cloned into the open-reading frame of Addgene plasmid 26968 (rAAV6-EF1a-DIO-preproNPY). In order to promote the proper processing of transgene preproNPY into functional NPY, we did not include an additional reporter gene into the final construct. All vectors were diluted to obtain final titers of 1012 gp/ml.



Stereotaxic Microinjections

Mice were anesthetized (150 mg/kg ketamine ip, Ketasol, Animedica) and received analgesia (1.5 mg/kg Meloxicam s.c., Movalis®, Boehringer Ingelheim, Germany) prior to mounting in a stereotaxic frame (David Kopf Instruments, USA). During the procedure, anesthesia was maintained by 1–3% sevoflurane (Sevorane, AbbVie) inhalation. Mice were bilaterally injected with 0.5 μl of rAAV into the dorsal DG (coordinates relative to bregma in mm: dorsoventral −2.0, rostrocaudal −2.0, mediolateral ±1.5) by micropumps (Nexus 3000, Science Products GmbH, Germany) at a flow rate of 0.1 μl/min. The injection site was verified by immunohistochemistry for RFP/mCherry requiring that >90% of labeled neuronal cell bodies must reside within the dorsal DG, excluding, in particular, the ventral DG and other parts of the hippocampal formation, such as CA1 to CA3 areas.



Fear Conditioning

Several groups of VGAT-cre mice were compared in behavioral experiments. For manipulating DG GABA neurons, rAAV6-hSyn-DIO-hM3D(Gq)-mCherry and rAAV6-hSyn-DIO-hM4D(Gi)-mCherry vectors were locally injected into the dorsal DG to activate or inhibit DG GABA neurons, respectively by intraperitoneal (ip) injection of clozapine-N-oxide (CNO, ip, 1 mg/kg, Carbosynth, UK) 30 min before behavioral testing (Gq and Gi groups). Pilot studies revealed that a dose of 1 mg/kg of CNO was sufficient to activate and inhibit hM3D (Gq) and hM4D (Gi)-expressing neurons, respectively. As controls, both groups, Gq and Gi, were injected ip with 0.9% NaCl before testing (saline group). To investigate the role of concomitantly released NPY, a group of mice was injected with a combination of rAAV6-hSyn-DIO-hM3D (Gq)-mCherry and rAAV6-EF1a-DIO-preproNPY (Gq + NPY group) into the dorsal DG and compared to Gq littermates (Gq group), both injected ip with CNO before the respective behavioral test.

For behavioral testing, mice were single-housed in cages covered by filter tops with food and water available ad libitum and transferred to the experimental rooms 3 days before behavioral testing. Fear conditioning experiments were performed as described previously (Verma et al., 2012; Hormer et al., 2018).

In brief, trace fear acquisition was performed in context A, consisting of a fear conditioning arena made of a transparent acrylic chamber with a metal grid floor (Ugo Basile, Italy). Illumination was 80 lux and the chambers were cleaned with 70% ethanol. On acquisition day, after a 120 s habitation period, 5 CS (white noise, 20 s, 70 db) each followed by a 5 s trace period and a US (0.5 mA foot-shock for 2 s) were provided with a random inter-trial interval of 40–60 s. For testing of contextual fear, mice were placed in context A for 25 min on day 2. On the third day, to test for CS-induced and trace-induced fear expression the mice received 25 CS separated by 20 s pauses in context B, consisting of an arena with black and white striped walls, white floor, 10 lux illumination and an odor of 1% acetic acid. The first 5 CS were used for testing fear recall and the next 20 CS as cued fear extinction. The 5 s period immediately following each CS was used for analysis of trace fear.

Contextual foreground conditioning was performed in context A. Following a habituation period of 120 s, mice were fear conditioned to the context by delivery of 5 US (unconditioned stimulus, 0.5 mA foot-shock for 2 s) with a random inter-trial interval of 40–60 s. Freezing behavior was determined in the 20 s preceding each US (PreUS). After this procedure, mice remained in the test apparatus for an additional 120 s and were then returned to their home cage. On the next day, fear test and fear extinction were performed by exposing the mice to the same context A for 25 min. The first 5 min were considered as fear recall and the next 20 min as fear extinction. Finally, recall of context extinction was tested on the next day by putting the mice into the same context for 5 min. For re-conditioning experiments, mice were exposed to two additional context fear extinction sessions (each 25 min) on days 4 and 5, followed by 1 week of resting in their home cage. Re-conditioning and CNO injection before CS/trace fear recall was performed similar to trace fear conditioning described above but in a different context. Freezing behavior was recorded and quantified by a pixel based analysis software and expressed as percentage freezing per CS, trace or min for cued, trace, and context fear, respectively (AnyMaze, Stoelting, USA). The parameters of the analysis software were validated by manual measurements of time spent freezing, defined as the absence of all movements except those necessary for breathing.



Feeding Drinking and Activity

Food intake, water intake, and home-cage activity were recorded continuously using an automated home cage phenotyping system (PhenoMaster, TSE, Bad Homburg, Germany). Mice had access ad libitum to food and water and they were kept under standard laboratory conditions (12 h light/dark cycle, lights on at 07:00).



Immunohistochemistry

Immunohistochemistry was performed as described earlier (Tasan et al., 2010, 2011; Wood et al., 2016). Mice were injected ip with thiopental (150 mg/kg, ip, Sandoz, Austria) for deep anesthesia. Transaortal perfusion with phosphate buffered saline (PBS) at room temperature for 3 min followed by 4% paraformaldehyde (PFA) at 4°C for 10 min was performed by a peristaltic pump at a flow rate of 9 ml/min (Ismatec, IPC, Cole-Parmer GmbH). Subsequently, brains were removed and postfixed in 4% PFA for 90 min at 4°C, cryoprotected for 48 h in 20% sucrose at 4°C and then snap-frozen in isopentane (2-methylbutane, Merck KGaA, Germany) for 3 min at −60°C. Brains were transferred to pre-cooled open tubes and stored at −70°C until further use.

For immunohistochemistry, coronal 40 μm sections were cut on a cryostat from rostral to caudal and collected in Tris-buffered saline (TBS) + 0.1% sodium azide. Sections from the hippocampus were incubated for 30 min in TBS-triton (0.4%) and 90 min in 10% normal horse serum. Subsequently, sections were incubated overnight with the first primary antibody (Table 1) diluted in 10% serum containing 0.1% sodium azide. After washing with TBS-buffer 3 × 5 min, the secondary antibody was added to the sections for 150 min. Then, sections were incubated in the dark for 8 min in TSA-TAMRA (in-house, 1:2,000) staining solution. For dual labeling immunohistochemistry, sections were incubated in 100 mM sodium azide for 45 min. Subsequently, they were rinsed with TBS-buffer 3 × 5 min and incubated with the corresponding second primary antibody (diluted in 10% serum containing 0.1% sodium azide) overnight (Table 1). On the next day, after washing with TBS-buffer 3 × 5 min, TSA biotin was added to the sections for 6 min, followed by rinsing 3 × 5 min in TBS buffer and then incubated for 100 min in a solution of streptavidin dylight 649 (Vector Laboratories, Inc., USA) in TBS buffer. Fluorescently stained sections were mounted on slides using gelatine and cover-slipped with glycerol-DABCO anti-fading mounting medium.

TABLE 1. Primary and secondary antibodies.
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Imaging and Counting

Images were taken using a fluorescent microscope (Zeiss Axio Imager M1, Germany) equipped with a halogen light source, respective filter sets, a Hamamatsu monochrome camera (Hamamatsu ORCA ER C4742-80-12AG, Japan), and Improvision Openlab software (PerkinElmer, USA). For each mouse, numbers of immuno-positive neurons per sub-region were obtained bilaterally from coronal sections comprising the dorsal (bregma −1.70 to −2.30 mm) and ventral hippocampus (bregma −2.92 to −3.16 mm; Paxinos and Franklin, 2004). In order to assess the overexpression of NPY in the DG, mean gray values of the DG were obtained using ImageJ FIJI (ImageJ, USA) from inverted photomicrographs of NPY immunohistochemistry of the dorsal hippocampus. Mean gray values were calculated using a circular area placed in the center of each DG. The mean gray value of the background (area of the slide without positive signal) was calculated for each slide and subtracted from the mean gray value of the DG. Relative optical density (ROD) was calculated using the formula: ROD = log (255/mean gray value).



Statistical Analysis

Data are shown as means ± SEM and were analyzed for normal distribution and equal variances using GraphPad Prism software (Prism 8, GraphPad Software Inc.). Measurements of treatment, time, and interaction were analyzed by repeated two-way ANOVA, followed by Tukey’s post hoc test. Comparisons of the two groups were done by unpaired or paired Student’s t-tests or Fisher’s exact test for proportions.




RESULTS


Activation of GABAergic Neurons of the Dentate Gyrus Reduces Trace Fear Recall

To investigate the role of hippocampal GABA neurons in fear processing we injected male VGAT-cre mice with an activatory (rAAV-hSyn-DIO-hM3DGq) or inhibitory (rAAV-hSyn-DIO-hM4DGi) DREADD vector (Figure 1A) into the dorsal DG. A detailed analysis of the injection site revealed that transgene expression was confined to the dorsal DG, but absent from its ventral parts (Supplementary Figure 1A). Two weeks after rAAV injection, hippocampus-dependent fear processing was tested by trace fear conditioning, a paradigm that relies on dorsal hippocampal signaling (Misane et al., 2005; Esclassan et al., 2009). Trace fear conditioning was optimized in pilot studies for C57Bl6N/Crl mice. Using a 5 s trace interval provided optimal conditions for differential freezing behavior. Thus, the highest freezing levels were detected during the trace period compared to medium and lowest freezing behavior during CS and inter-trial intervals, respectively (Supplementary Figure 2B). Following fear acquisition and contextual testing, hippocampal interneurons were activated or inhibited by peripheral injection of CNO or saline in controls 30 min before fear recall (Figure 1B).
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FIGURE 1. Activation of GABA neurons in the dorsal dentate gyrus reduces fear expression. (A) Upper image: schematic illustration of the injection site of rAAV-hSyn-DIO-hM3DGq-mCherry (Gq) or rAAV-hSyn-DIO-hM4DGi-mCherry (Gi) in the dorsal dentate gyrus (DG) of VGAT-cre mice. Lower image: immunohistochemical distribution of mCherry in the dorsal DG (arrows point towards individual immuno-positive GABA neurons). (B) Schematic fear conditioning protocol. On day 1 (D1), five pairings of a CS (20 s) followed by a 5 s trace and a 0.5 mA footshock were delivered with a variable inter-trial interval of 40–60 s. On day 2 (D2), mice were placed into the acquisition context for 25 min. On day 3 (D3), mice were injected with 1 mg/kg clozapine-N-oxide (CNO) 30 min before fear recall testing, consisting of 5CS presentations in a different context. (C) Equal fear acquisition for all groups, (D) no change in contextual fear, (E) during testing of CS-induced fear recall, Gq group showed a lower percentage of freezing than Gi and saline during 5 CS as demonstrated by two-way ANOVA for repeated measurements and Tukey’s post hoc test. (F) A similar reduction of the percentage of freezing was seen during the trace period. (G) Saline, Gq, and Gi injected mice showed a higher percentage of freezing during the trace period compared to the CS, suggesting intact stimulus contingency. Data are presented as means ± SEM, *P < 0.05. Saline: n = 11, Gi: n = 6, Gq: n = 14. Abbreviation: CS, conditioned stimulus.



In the absence of CNO injection, Gi, Gq, and saline control groups displayed equal fear acquisition (Figure 1C) and context fear expression (Figure 1D). However, on day 3, when CNO or saline was injected 30 min before fear testing, CS-induced and trace-induced freezing was reduced in Gq mice, as demonstrated by repeated two-way ANOVA (Figure 1E, F(2,28) = 7.998, P = 0.0018 for treatment). This difference was mainly attributed to a reduction in CS-induced freezing of the Gq mice injected with CNO compared to Gi and saline groups (Figure 1E saline vs. Gq: 23.5, 95%—CI (4.93, 42.07), P = 0.0109; Gi vs. Gq: 31.4, 95%—CI (8.92, 53.89), P = 0.0049), indicating reduced fear expression upon activation of DG GABA neurons. Furthermore, during fear testing, Gq mice injected with CNO also exhibited lower freezing during the initial five traces when compared to saline-injected controls and to the CNO injected Gi group (Figure 1F; F(2,28) = 14.04, P = 0.0001 for treatment). Interestingly, the contingency of CS and trace was not influenced by treatment in any of the groups as demonstrated by the consistently increased freezing levels to the trace when compared to the preceding CS-period (Figure 1G; Gq: t(14) = 2.573, P = 0.0232, Gi: t(6) = 4.766, P = 0.0050, saline: t(11) = 4.964, P = 0.0006). Together these data suggest that the activation of GABA neurons in the dorsal DG reduces CS-related and trace-related fear while keeping the identification of salient predictive stimuli unaffected. Analyses of the injected brain areas with dual immunohistochemistry revealed RFP expression in somatostatin (SST)- and parvalbumin (PV)-expressing interneurons of the dorsal DG (Supplementary Figures 1B,C).



Overexpression of NPY in GABAergic Neurons of the Dorsal Dentate Gyrus Does Not Affect Trace Fear Recall

Under physiological conditions, NPY in the hippocampus is almost exclusively expressed and released from specific populations of GABAergic interneurons. Consequently, to explore the role of NPY in hippocampus-dependent fear processing, we injected a combination of rAAV-hSyn-DIO-hM3DGq and rAAV-EF1a-DIO-NPY into the dorsal DG of VGAT-cre mice (Figure 2A). This approach resulted in an overexpression of NPY specifically in DG GABA neurons (Figure 2B; t(8) = 8.324, P = 0.0000085) and provided the opportunity to induce locally restricted NPY release together with GABA by peripheral injection of CNO.
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FIGURE 2. Overexpression of neuropeptide Y (NPY) in dentate gyrus GABA neurons does not further reduce CS-related and trace-related fear expression upon chemogenetic activation. (A) Photomicrographs of NPY immunohistochemistry in coronal mouse brain sections and quantification of relative optical density (ROD) demonstrate higher expression of NPY in the dorsal hippocampus of mice injected with rAAV-hSyn-DIO-hM3DGq-mCherry/rAAV-EF1a-DIO-NPY (Gq + NPY) than those injected with rAAV-hSyn-DIO-hM3DGq-mCherry (Gq) alone. (B) Increased expression of NPY-IR in the dorsal DG of a Gq + NPY injected mice compared to Gq injected controls. (C) No change in percentage of freezing during fear acquisition on day 1 (D1) and (D) equal freezing during contextual fear testing on day 2 (D2). (E) Similarly, there was no difference in freezing time during the CS and (F) trace period on day 3 (D3) following injection of CNO to activate dentate GABA neurons. (G) Both, Gq and Gq + NPY injected mice showed higher freezing during trace than during CS-period. (H) Quantification of dual-immunofluorescence demonstrating increased expression of NPY-IR in parvalbumin (PV) and somatostatin (SST) neurons of the dorsal DG of Gq + NPY mice compared to Gq-injected controls. (I) Tabular results for individual groups of DG interneurons in Gq + NPY and Gq mice. Data are presented as means ± SEM, *P < 0.05. Gq: n = 14, Gq + NPY: n = 11.



No significant changes in freezing time were observed during fear acquisition (Figure 2C) and context fear testing (Figure 2D) under baseline conditions, suggesting that the isolated overexpression of NPY in DG GABA neurons does not modify fear learning. Similarly, when CNO was injected before cued CS-induced and trace-induced fear tests, Gq + NPY mice displayed equal freezing to the CS (Figure 2E) and trace (Figure 2F) as Gq mice. Importantly, the contingency of CS and trace was maintained in both groups (Figure 2G; Gq: t(14) = 2.573, P = 0.0232, Gq + NPY: t(11) = 2.903, P = 0.0158). These data indicate that NPY released from hippocampal GABA neurons does not interfere with CS-related nor trace-related fear recall. Analyses of the injected brain areas with dual immunohistochemistry revealed NPY expression in almost all PV- and SST-expressing interneurons of the dorsal DG (Figures 2H,I).



Overexpression of NPY in GABAergic Neurons of the Dorsal Dentate Gyrus Reduces Context Fear Recall

To investigate whether NPY released from DG GABA neurons has a role in specific forms of Pavlovian fear conditioning, such as foreground contextual fear, we subjected Gq and Gq + NPY injected mice to pure context fear conditioning (Figure 3A). Overexpression of NPY did not alter fear acquisition (Figure 3B) in the absence of CNO. However, 24 h after acquisition, context fear recall was performed in the presence of CNO (Figures 3A–C), followed by extinction learning (Figures 3A–D). Compared to Gq mice, Gq + NPY injected mice showed lower levels of freezing in contextual fear recall on day 2, performed 30 min after injection of CNO (Figure 3C; t(7) = 2.896, P = 0.0231). Similarly, Gq + NPY injected mice also showed an accelerated extinction learning in the presence of CNO-mediated activation of DG GABA neurons (Figure 3D, F(1,7) = 10.88, P = 0.0131 for treatment). Extinction recall was performed on day 3 without CNO injection (Figure 3E). Importantly, contextual freezing was also reduced during extinction recall in Gq + NPY mice compared to Gq alone (Figure 3E; t(7) = 2.604, P = 0.0352). These data indicate that NPY reduces the expression and promotes extinction especially of foreground context fear when released from GABAergic interneurons of the dorsal DG. To substantiate these findings, we subjected the same mice to an extensive context extinction protocol and re-conditioned them in the same trace fear paradigm as described above. Importantly, there was no change in CS or trace fear recall upon injection of CNO (Supplementary Figures 3A–C), confirming the previous findings (Figures 2E–G) and strengthening the selectivity of NPY for foreground contextual fear (Figures 3C–E). Interestingly, context fear and trace fear expression were not correlated in these mice (Supplementary Figure 3C).
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FIGURE 3. NPY over-expression in GABAergic neurons of the dorsal dentate gyrus reduces context fear expression upon activation. (A) Foreground context fear protocol: On day 1 (D1), during fear acquisition mice received 5 US separated by a variable time interval. On day 2 (D2), mice were injected 30 min before the test with CNO (ip, 1 mg/kg). Fear testing and extinction training: On day 3 (D3), mice were placed again into the same context for 5 min to test for extinction recall in the absence of CNO injection. (B) No change in percentage of freezing measured during the 20 s period before each US (PreUS1–5) between Gq and Gq + NPY injected mice. (C) During testing of contextual fear recall following peripheral injection of CNO, Gq + NPY mice exhibited a lower percentage of freezing compared to Gq mice. (D) Similarly, Gq + NPY mice displayed a lower percentage of freezing during context fear extinction upon peripheral injection of CNO. (E) On D3, in the absence of peripheral CNO injection, Gq + NPY mice showed a lower percentage of freezing during 5 min of context fear recall. Data are presented as means ± SEM, *P < 0.05. Gq: n = 4, Gq + NPY: n = 5. Abbreviation: US, unconditioned stimulus.





Overexpression of NPY Did Not Change Food Intake, Water Intake or Activity

Ample evidence supports an important role of NPY in the modulation of food intake and metabolic processes, in particular when released from neurons of the arcuate hypothalamic nucleus. In order to identify if also hippocampal NPY plays a role in metabolic processes, we measured food intake, water intake and home-cage activity in Gq and Gq + NPY mice, both in the absence and presence of ip CNO injections. Food and water intake and general home-cage activity was neither changed by DG NPY overexpression (Figures 4A–E) nor during concomitant activation of DG GABA neurons by ip CNO injection (Figures 4B–F). These data exclude the involvement of unspecific alterations in motor activity and confirms that NPY in the dorsal DG does not affect metabolically induced behaviors.
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FIGURE 4. Activation of GABAergic neurons in the dorsal dentate gyrus with or without overexpression of NPY does not alter food intake, water intake, or home cage activity. (A) No difference in cumulative 24 h food intake per body weight (g/g) across three consecutive light/dark cycles. (B) No change in cumulative 24 h food intake per body weight after ip injection of CNO. (C) No difference in cumulative 24 h water intake per body weight (ml/g) on three consecutive days. (D) No change in cumulative 24 h water intake per body weight after ip CNO injection. (E) There was also no difference in cumulative 24 h home cage activity under baseline conditions or (F) after peripheral CNO injection. Gq: n = 4, Gq + NPY: n = 4.





Distribution of NPY Neurons in the Different Hippocampal Subregions

In order to specify the underlying neuronal subpopulations that may be responsible for NPY-mediated reduction of contextual fear, we performed immunohistochemical analyses in NPY-GFP mice. In the hippocampus, NPY was almost exclusively expressed in GABA-expressing neurons (Figures 5A–E; Table 2). According to their projection targets, gene expression profile, and electrophysiological properties, inhibitory interneurons in the hippocampus are highly specialized and diverse. Here, we showed that NPY was expressed mainly by SST neurons. In the dorsal hippocampus, the percentage of NPY and SST co-expressing neurons was 8.1, 22.5, and 20.6% for the CA1, CA3 and DG, respectively (Figures 6A,B,D; Table 3). In the ventral hippocampus, the percentage of NPY and SST dual-labeled neurons was 52.4, 71.4 and 93.5% in the CA1, CA3, and DG, respectively (Figures 6A,C,E; Table 1). Interestingly, we found that NPY also co-localized with PV expressing interneurons, in particular in the dorsal hippocampus. There, 9.5, 15.6, and 14.9% expressed NPY and PV (Figures 7A,B,D; Table 4), while in the ventral hippocampus the co-localization was only 2.0, 3.7, and 2.2% for CA1, CA3, and DG, respectively (Figures 7A,C,E; Table 4). In order to confirm the co-localization of NPY and PV in the dorsal DG, we performed dual immunohistochemistry in C57Bl6/NCrl wild type mice. Similar to the results in NPY-GFP mice, we found that 15.7% of NPY neurons in the dorsal DG co-express PV (Supplementary Figure 3).
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FIGURE 5. Distribution and quantification of co-expression of GABA with NPY in the dorsal (dHC) and ventral (vHC) mouse hippocampus. (A) Dual immunohistochemistry for GABA and NPY-GFP auto-fluorescence in the dorsal (dHC) and ventral hippocampus (vHC) of NPY-GFP mice. Cells in green indicate NPY-GFP + neurons and cells in red indicate GABA expressing neurons. (B) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the dorsal hippocampus that are co-labeling with GABA. (C) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the ventral hippocampus that are co-labeling with GABA. Note that NPY neurons are exclusively GABAergic. (D) Number of NPY-GFP and GABA neurons in CA1, CA3, and DG of the dorsal and (E) ventral hippocampus. Scale bars: lower magnification 200 μm (third column), higher magnification 50 μm (last column). Abbreviations: MoDG, molecular layer of the dentate gyrus; PoDG, hilus/polymorph layer of the dentate gyrus; Or, stratum oriens.



TABLE 2. Co-localization of NPY-GFP and GABA in the hippocampus.
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FIGURE 6. Distribution and quantification of co-expression of somatostatin (SST) with NPY in the dorsal (dHC) and ventral (vHC) mouse hippocampus. (A) Dual immunohistochemistry for SST and NPY-GFP auto-fluorescence in the dorsal (dHC) and ventral hippocampus (vHC) of NPY-GFP mice. Cells in green indicate NPY-GFP + neurons and cells in red indicate SST expressing neurons. (B) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the dorsal hippocampus that are co-labeling with SST. (C) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the ventral hippocampus that are co-labeling with SST. In the ventral hippocampus a very high proportion of NPY neurons co-express SST. (D) Number of NPY-GFP and SST neurons in CA1, CA3, and DG of the dorsal and (E) ventral hippocampus. Scale bars: lower magnification 200 μm (third column), higher magnification 50 μm (last column). Abbreviations: MoDG, molecular layer of the dentate gyrus; PoDG, hilus/polymorph layer of the dentate gyrus; SGZ, subgranular zone; Or, stratum oriens; Py, stratum pyramidale.



TABLE 3. Co-localization of NPY-GFP and SST in the hippocampus.
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FIGURE 7. Distribution and quantification of co-expression of parvalbumin (PV) with NPY in the dorsal (dHC) and ventral (vHC) mouse hippocampus. (A) Immunohistochemical labeling for PV and NPY-GFP auto-fluorescence depicting dual-labeled neurons (upper panel: dorsal dentate gyrus, lower panel: ventral hippocampus CA1, arrows depict dual-labeled neurons) of NPY-GFP mice. Cells in green indicate NPY-GFP + neurons and cells in red indicate PV expressing neurons. (B) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the dorsal hippocampus that are co-labeling with PV. (C) Histograms showing the percentage of NPY-GFP neurons in CA1, CA3, and DG of the ventral hippocampus that are co-labeling with PV. In the ventral hippocampus the amount of NPY and PV dual labeling is very low. (D) Number of NPY-GFP and PV neurons in CA1, CA3, and DG of the dorsal and (E) ventral hippocampus. Scale bars: lower magnification 200 μm (third column), higher magnification 50 μm (last column). Abbreviations: MoDG, Molecular layer of the dentate gyrus; GCL, granule cell layer; PoDG, hilus/polymorph layer of the dentate gyrus; SGZ, subgranular zone; Or, stratum oriens; Py, stratum pyramidale; and Ra, stratum radiatum.



TABLE 4. Co-localization of NPY-GFP and PV in the hippocampus.
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DISCUSSION

While the NPY system has demonstrated considerable potential in modulating emotional-affective processes (Kask et al., 2002; Bowers et al., 2012; Holzer et al., 2012; Verma et al., 2012; Comeras et al., 2019), the contribution of NPY neurons in the dorsal hippocampus was still unclear.

Here, we show that activation of inhibitory neurons in the dorsal DG suppresses cued and trace fear recall, while inhibition of DG GABA neurons had no detectable effect. Interestingly, concomitantly released NPY did not contribute to cued or trace fear expression, but rather suppressed the contextual component in a foreground-conditioning paradigm and promoted extinction learning. This finding clearly disentangles effects exerted by the principal neurotransmitter GABA from those of NPY released simultaneously by the same interneuron population in the dorsal DG.

Pavlovian fear conditioning is a form of associative learning that replicates essential aspects of PTSD in animal models (Bowers and Ressler, 2015). Although simple in nature, it has the capacity to investigate the contribution of individual brain areas by various modifications of the original paradigm (Misane et al., 2005; Esclassan et al., 2009; Herry et al., 2010; Daldrup et al., 2015). For instance, the strength of the pairing between the initially neutral CS and the aversive US can be influenced by subtle changes of the separating time interval. Co-termination of CS/US strongly depends on amygdala processing, while increasing the time interval, the so-called “trace”, will eventually involve several other brain areas, such as the hippocampus as well as several cortical areas. Trace fear may further trigger complex learning events, including safety learning and correct timing (Raybuck and Lattal, 2014). While the ventral hippocampus provides general guidance for emotional-affective regulation, including anxiety and fear-related responses, the dorsal hippocampus seems to play a more selective role in trace fear processing (Raybuck and Lattal, 2014). Importantly, we optimized trace fear conditioning for our mouse strains ultimately deciding for a 5 s trace interval. This was a crucial step in order to avoid alternative learning processes, such as explicit un-pairing and safety learning. Thus, we tested the influence of inhibitory neurons of the dorsal DG in trace fear retrieval. We demonstrated that the activation of DG GABA neurons reduced fear expression to the cue and trace, while inhibition of the same neurons did not have an obvious effect. Accordingly, the increasing inhibitory tone may interrupt the recall of the CS-trace-US association, while increasing excitatory drive during trace fear recall would not further enhance memory-dependent freezing behavior. Such a concept could support the conventional hypothesis suggesting that the preservation of neuronal activity bridges the trace period. However, recently this view has been challenged by two studies stating that temporal coding and sequential activity are not underlying trace fear learning. Zhang et al. (2019) reported that in fact specific neuronal ensembles in the CA1 of the dorsal hippocampus were activated during fear retrieval by the CS presentation and by the stimulus-free trace period likewise. In a similar approach, it was proposed that both, CS and trace, were encoded by a sparse subset of hippocampal pyramidal neurons forming a specific engram (Ahmed et al., 2020). Thus, in our study, the activation of DG GABA neurons during fear retrieval may have inhibited the reactivation of a specific fear engram equally encoding for CS-related and trace-related memories. If on the other hand, activation of DG GABA neurons interrupted the temporal bridging of CS and trace, one would expect to see a specific reduction of trace-related freezing but not CS-induced freezing. We, however, found that freezing behavior to the CS and trace was fairly correlated across all treatment groups albeit at different expression levels, supporting a general reduction of specific fear engram cell activation (Figure 1G). There may be several reasons why inhibition of DG GABA neurons did not enhance fear recall. Most likely, a ceiling effect of freezing masked the detection of significantly increased freezing levels. Conversely, if dedicated neuronal ensembles control the expression of CS/trace fear, then inhibition of DG GABA neurons would not further enhance the reactivation of a specific engram. In other words, if a CS/trace assigned engram is completely recalled, inhibiting local GABA neurons cannot further promote it, but would rather result in unspecific events, such as fear generalization. Future studies using different US intensities and training schemes, such as differential fear conditioning paradigms with predictive and non-predictive cues may shed more light upon this issue (Verma et al., 2012).

Interestingly, over-expression of NPY with or without consecutive chemogenetic activation of DG GABA neurons did not further modify CS-related and trace-related freezing behavior during fear recall. These data indicate that freezing behavior induced by discrete stimuli, such as CS and trace, is strongly dependent on acute inhibition/excitation balance by GABA and glutamate release, but less on the effects of a modulating neuropeptide transmitter that acts on much longer time scales. Limitations of the current experiment are the very low freezing levels upon chemogenetic activation of DG interneurons, which may have resulted in a floor effect that precluded the detection of further freezing suppression caused by concomitantly released NPY.

Contextual information provides a dedicated aspect of episodic memories, specifying their temporal and spatial representation. In fear conditioning paradigms, the context may consist of a set of features defining the external conditions under which the pairing of a specific CS with a related US was performed. Under these conditions, the context provides a “background” representation and induces, on its own, only weak fear expression during consecutive testing. On the other hand, in “foreground” contextual conditioning the context representation serves as the only predictor and may thus induce full fear memory retrieval. We found that NPY potentially co-released (Noe et al., 2008; Verma et al., 2015) from activated DG GABA neurons significantly reduced the recall of contextually relevant fear in a “foreground” context fear paradigm. In addition, in the same paradigm extinction of context fear was facilitated, resulting also in a reduced freezing time when tested for extinction recall 24 h later and in the absence of CNO injection. Since no additional saline control was present in these experiments, we do not know whether activation of DG GABA neurons alone is sufficient to reduce contextual fear expression. However, the data suggest that simultaneously released NPY may interfere specifically with the contextual representation of hippocampal fear engrams, while it is not involved in the processing of CS-related or trace-related hippocampal processing. This makes sense when considering context as a complex episodic memory that needs time to be appropriately recollected, as demonstrated by the bell-shaped curve of a typical context fear retrieval session. Thus, slowly developing modulatory activity of neuropeptide transmitters may especially affect this kind of cerebral processing. In contrast, simple and more specific cues, such as a tone and the adjacent trace period, are less susceptible to neuromodulators, but rather depend on the balance of the fast-acting neurotransmitters GABA and glutamate. Therefore, increasing GABAergic tone upon fear recall may affect cued, trace and context fear likewise, while possible co-release of NPY would address specifically the contextual components. While we did not specifically address the question of how NPY overexpression alone would have affected individual aspects of fear processing, it is important to note that overexpression of NPY alone did not modify fear expression during acquisition or background context testing (Figures 2C,D, 3C). Considering the disease course and inherent properties of PTSD, with fear generalization increasing over time and extending towards various triggers and circumstances, interference with the hippocampal NPY system seems to be a promising treatment strategy.

Several classes of interneurons are populating different regions of the hippocampal DG. These inhibitory neurons are orchestrating the activity of dentate granule cells by restricting their activation and assigning dedicated neuronal ensembles to specific contextual representations. In particular, hilar perforant path-associated (HIPP) cells receive inputs from dentate granule cells and perforant path terminals, while targeting granule cell dendrites in the outer molecular layer. These neurons provide powerful feedback inhibition and curtail the size of the hippocampal fear engram. Importantly, in addition to GABA, they release SST and NPY as modulatory neurotransmitters. Recently, it has been suggested that NPY HIPP cells in the DG especially modulate “background” context fear expression by inhibiting DG granule cells (Raza et al., 2017). Y1 receptors seem to be predominantly involved in this phenomenon. Indeed, we showed that in the dorsal DG more than 70% of SST neurons also express NPY.

However, we also demonstrated that NPY is expressed by several other DG interneuron populations, including PV basket cells. DG PV basket cells are activated by granule cells and provide powerful lateral inhibition (Espinoza et al., 2018). This effect limits the size of the resulting fear engram and enables the simultaneous storage and differentiation of multiple highly similar representations, a phenomenon called pattern separation. Activation of PV cells during fear memory recall may increase the specificity of the memory by providing efficient lateral inhibition and protection from the propagation of PTSD-related phenomena, such as fear generalization. We showed that in the dorsal DG, 64% of the PV neurons also contain NPY. The dentate PV cell population consists of basket cells and axo-axonic cells. Thus, co-expressed NPY may reach postsynaptic Y1 Rs on granule cell dendrites as well as pre-synaptic Y2 Rs on granule cells axons, via neuropeptide-specific volume transmission. A general inhibition of dentate granule cells may reduce fear expression and at the same time, result in a downscaling of synaptic activity affecting in particular weakly activated granule cells. This in turn could sharpen the overall contrast of the respective neuronal engrams and reduce fear generalization while promoting fear extinction learning.

In order to shed more light on the role of NPY in hippocampus-dependent fear learning, we activated or inhibited DG GABA neurons in VGAT-cre mice, including SST and PV neurons, which were mostly NPY positive. By addressing both neuronal subpopulations, our approach may have inhibited granule cells on various neuronal specializations and targeted dendritic Y1 and axonal Y2R likewise. It is also interesting to note that mere overexpression of NPY in dentate interneurons did not alter fear expression in a conditioning protocol in which context was used in the background. Under the selected conditions, NPY release may have been too weak, or the respective receptors could have been already saturated, precluding a detectable effect of increased NPY levels. However, when we excited these neurons in the presence of NPY, a reduction was seen in conventional context conditioning during fear recall and extinction. Initially, this may contradict the results reported earlier (Raza et al., 2017), however, several methodological subtleties could explain these differences. Further studies are needed to elucidate the role of NPY and in particular of the individual Y receptors in the different variations of Pavlovian fear conditioning.

Taken together, we demonstrated that NPY is expressed by different populations of GABA neurons within the mouse DG, including not only SST but also PV basket cells or axo-axonic cells. Furthermore, we showed that activation of DG GABA neurons reduced CS and trace fear recall. Importantly, concomitantly released NPY did not interfere with DG-dependent modulation of cued or trace fear, but significantly reduced contextual foreground fear, while promoting extinction learning. Thus, co-release of neuropeptide transmitters may affect specific emotional-affective and cognitive aspects of a fear memory and could provide a promising therapeutic add-on for the treatment of PTSD.
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SUPPLEMENTARY FIGURE 1 | Variation of trace length in trace fear conditioning in male C57Bl6/NCrl mice. (A) A 20 s trace length between conditioned stimulus (CS) and unconditioned stimulus presentation resulted in an equal percentage of freezing during CS, trace (T), and inter-trial interval (P). (B) In contrast, a 5 s trace interval after CS produced an increased percentage of freezing during the trace compared to medium freezing levels upon CS presentation and lowest freezing levels during the inter-trial interval. (C) Analysis of a 20 s trace in 5 s bins revealed increased percentage of freezing only during the first 5 s after the CS, but not in the following time intervals. Data are presented as means ± SEM and were analyzed by one-way ANOVA for repeated measurements, *P < 0.05, n = 12.

SUPPLEMENTARY FIGURE 2 | Analysis of the injection sites and affected neuronal subpopulations throughout the hippocampal formation. (A) Immunohistochemically labeling of RFP in the hippocampus of an rAAV-hSyn-DIO-hM3DGq-mCherry injected VGAT-Cre mouse. Note that neuronal expression is confined to the dorsal DG, however, a lower number of fibers was also present in other hippocampal subregions, probability representing a restricted number of axonal projections. (B) Immunohistochemically labeled neurons for parvalbumin (PV, red) and RFP (green) in the granule cell layer of the dorsal DG (arrows illustrate dual-labeled neurons). (C) Immunohistochemically labeled neurons for somatostatin (SST, red) and RFP (green; arrows illustrate dual-labeled neurons). LV: lateral ventricle DG: dentate gyrus, CA1, 2 and 3: cornu ammonis 1, 2, and 3, respectively. Scale bars: (A): 200 μm, (B,C): 50 μm.

SUPPLEMENTARY FIGURE 3 | Specific reduction in context fear but not in cued or trace fear following over-expression of NPY in VGAT neurons of the dorsal dentate gyrus (DG). (A) rAAV-hSyn-DIO-hM3DGq-mCherry/rAAV-EF1a-DIO-NPY (Gq + NPY) injected mice freeze less than those injected with rAAV-hSyn-DIO-hM3DGq-mCherry (Gq) alone during context fear test. (B) There was no difference in freezing time during cued and trace fear test between Gq + NPY and Gq alone injected mice after reconditioning. (C) There was no correlation between the freezing levels to CS and context fear. Both Gq + NPY and Gq alone mice were injected 30 min before the test with CNO (ip, 1 mg/kg). Data are presented as means ± SEM, *P < 0.05, Gq: n = 4, Gq + NPY: n = 5.

SUPPLEMENTARY FIGURE 4 | Immunohistochemical distribution and quantification of co-expression of parvalbumin (PV) with NPY in the dorsal dentate gyrus (DG). (A) Immunohistochemical labeling for NPY (green) and PV (red) depicting dual-labeled neurons (upper panel: individual immunoreactivities in the dorsal dentate gyrus, lower panel: dual-labeling and higher magnification) in male C57Bl6/NCrl mice. (B) Histogram depicting the percentage of NPY, PV, and dual-labeled neurons in the dorsal DG. (C) Tabular results of respective quantifications. Scale bars: lower magnification 200 μm, higher magnification 50 μm. Abbreviations: MoDG, molecular layer of the dentate gyrus; GCL, granule cell layer; PoDG, hilus/polymorph layer of the dentate gyrus; SGZ, subgranular zone.
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The amygdala plays a crucial role in attaching emotional significance to environmental cues. Its intercalated cell masses (ITC) are tight clusters of GABAergic neurons, which are distributed around the basolateral amygdala complex. Distinct ITC clusters are involved in the acquisition and extinction of conditioned fear responses. Previously, we have shown that fear memory retrieval reduces the AMPA/NMDA ratio at thalamic afferents to ITC neurons within the dorsal medio-paracapsular cluster. Here, we investigate the molecular mechanisms underlying the fear-mediated reduction in the AMPA/NMDA ratio at these synapses and, in particular, whether specific changes in the synaptic density of AMPA receptors underlie the observed change. To this aim, we used a detergent-digested freeze-fracture replica immunolabeling technique (FRIL) approach that enables to visualize the spatial distribution of intrasynaptic AMPA receptors at high resolution. AMPA receptors were detected using an antibody raised against an epitope common to all AMPA subunits. To visualize thalamic inputs, we virally transduced the posterior thalamic complex with Channelrhodopsin 2-YFP, which is anterogradely transported along axons. Using face-matched replica, we confirmed that the postsynaptic elements were ITC neurons due to their prominent expression of μ-opioid receptors. With this approach, we show that, following auditory fear conditioning in mice, the formation and retrieval of fear memory is linked to a significant reduction in the density of AMPA receptors, particularly at spine synapses formed by inputs of the posterior intralaminar thalamic and medial geniculate nuclei onto identified ITC neurons. Our study is one of the few that has directly linked the regulation of AMPA receptor trafficking to memory processes in identified neuronal networks, by showing that fear-memory induced reduction in AMPA/NMDA ratio at thalamic-ITC synapses is associated with a reduced postsynaptic AMPA receptor density.

Keywords: fear conditioning, memory, freeze-fracture, plasticity, medial geniculate nucleus, glutamate receptor


INTRODUCTION

Associative learning is an adaptive process that allows an individual to predict events and requires long-lasting modifications in the strength of synaptic connections, generally known as synaptic plasticity (Martin et al., 2000; Malenka and Bear, 2004; Kessels and Malinow, 2009; Poo et al., 2016).

Pavlovian fear (threat) conditioning is one of the most prominently studied forms of associative learning (LeDoux, 2000; Maren, 2001), in which a neutral sensory stimulus (conditioned stimulus or CS) is repeatedly paired with an aversive stimulus (unconditioned stimulus or US; most commonly an electric shock), which leads to the formation of a strong CS-US association. In conditioned subjects, the presentation of the CS alone can trigger a fear response, that in rodents is commonly measured as freezing (LeDoux, 2000; Maren, 2001).

Somatosensory inputs arising from the neocortex and thalamus and carrying information about the CS and US converge in the lateral nucleus of the amygdala (LA) where persistent changes in synaptic transmission are linked to the encoding of the CS-US association and the storage of fear memories (Rogan et al., 1997; Pape and Paré, 2010). LA neurons then transfer the association via the basal and basomedial nuclei to the medial division of the central nucleus (CeA) to generate fear outputs (Maren and Quirk, 2004). This simple model has been recently challenged since other amygdaloid structures besides the LA, e.g., the lateral part of the CeA (CeL) and the intercalated cell masses of the amygdala (ITCs), were also shown to receive direct sensory information and undergo fear-related synaptic and cellular plasticity (Ciocchi et al., 2010; Haubensak et al., 2010; Li et al., 2013; Herry and Johansen, 2014; Asede et al., 2015; Barsy et al., 2020).

ITCs are a specialized group of tightly clustered GABAergic medium spiny neurons characterized by high μ-opioid receptor expression levels, exceeding those observed in the CeA and LA (Likhtik et al., 2008; Busti et al., 2011; Blaesse et al., 2015). The ITCs consist of several dispersed clusters located around the basolateral complex of the amygdala (BLA) (Millhouse, 1986; Busti et al., 2011). Two main ITC clusters are situated along the intermediate capsule, a dorsal medio-paracapsular (mpITC) and a larger ventrally located (vmITC) cluster (Millhouse, 1986; Kaoru et al., 2010; Busti et al., 2011; Hagihara et al., 2021). The vmITC is critically involved in the formation and/or recall of fear extinction memory (Likhtik et al., 2008; Amano et al., 2010; Hagihara et al., 2021). In contrast, the mpITC was found to be active during the expression of fear (Busti et al., 2011; Huang et al., 2014; Kwon et al., 2015; Hagihara et al., 2021). The vmITC has been proposed to be directly inhibited by the mpITC leading to disinhibition of the CeM and facilitation of fear responses (Royer et al., 2000; Busti et al., 2011). The engagement of different ITCs in distinct fear states may in part depend on their afferents, allowing a dual function to either facilitate or suppress conditioned fear responses (Busti et al., 2011; Duvarci and Paré, 2014).

We and others have recently demonstrated that efferents from the posterior intralaminar nuclei of the thalamus (PIN) and the medial subdivision of the medial geniculate nucleus (MGm), that convey pain- and auditory US- and CS-related information, innervate not only the LA but also the mpITC, whereas the vmITC is spared by this innervation (Asede et al., 2015; Strobel et al., 2015). The formation of both short- and long-term fear memory requires the potentiation of glutamatergic PIN/MGm to LA synapses (McKernan and Shinnick-Gallagher, 1997; Kim and Cho, 2017). We extended this by reporting a lasting decrease in pre- and post-synaptic strength upon fear memory retrieval at PIN/MGm to mpITC synapses (Asede et al., 2015).

Several studies have shown that the potentiation of LA synapses underlying fear memory formation involves a number of cellular and molecular mechanisms. These include modifications in transmitter release and gating properties of ionotropic glutamate receptors, such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors (Huang and Kandel, 1998; Humeau et al., 2003; Rodrigues et al., 2004; Pape and Paré, 2010), but also an increase in the number of postsynaptic AMPA receptors (Rumpel et al., 2005; Yeh et al., 2006; Humeau et al., 2007; Migues et al., 2010). In particular, a sustained and long-lasting increase in AMPA to NMDA receptor EPSC amplitude ratio (A/N ratio) at thalamic to LA inputs was observed following auditory fear conditioning in mice (Clem and Huganir, 2010). The same behavioral paradigm, on the other hand, produced a significant decrease in A/N ratio at PIN/MGm to mpITC synapses upon fear memory retrieval (Asede et al., 2015).

Here, we hypothesize that the fear memory-associated reduction in the A/N ratio observed at PIN/MGm to mpITC synapses results from a change in the postsynaptic density of AMPA receptors. To investigate this at the level of single synapses, we took advantage of the Freeze-fracture replica immunolabeling technique (FRIL), which offers a two-dimensional planar view of synapses and thus allows the quantification of integral membrane proteins.



MATERIALS AND METHODS


Animals

All procedures involving animals were performed according to methods approved by the Austrian Animal Experimentation Ethics Board (license: BMWF-66.011/004/wf/v/3b/2015 and BMWFW-66.011/0021-WF/V/3b/2016) and in compliance with the European convention for the protection of vertebrate animals used for experimental and other scientific purposes (ETS number 123). Every effort was taken to minimize animal suffering and the number of animals used. For this study, adult, 8–12 week old, male C57BL/6J mice (obtained at 7 weeks of age from Charles Rivers, Sulzfeld, Germany) were used. Mice were kept on a 12 h light/12 h dark cycle (lights off at 19:00). Mice had ad libitum access to standard chow and water and were housed in pairs of two.



Viral Injections

For axonal tracing, the adenoviral vector AAV2/9-h.Syn-hChR2(H134R)-eYFP (AAV-ChR2-YFP) (Penn Vector Core, Philadelphia, PA, United States) was injected into the PIN/MGm at a concentration of 1.0 × 1012 gc/ml.



Surgery

Stereotactic injection of the viral vector was carried out according to previously published procedures with minor modifications (Bosch et al., 2016; Schönherr et al., 2016). Eight week old mice were anaesthetized with an intraperitoneal (i.p.) injection of Ketasol/Xylazine (80/5 mg/kg). Anesthesia was maintained with 2% Sevofluran (SEVOrane, Abbvie) delivered via a face mask specifically designed for mice. For analgesia, 2 mg/kg Meloxicam (Metacam, Boehringer Ingelheim, Germany) were injected subcutaneously at the beginning of the surgery. Anesthetized mice were fixed in a stereotactic frame (DAVID KOPF Instruments, Tujunga, CA, United States) and injected bilaterally in the PIN/MGm at the following coordinates from bregma (in mm): posterior −2.70, lateral ± 1.60, ventral −3.60. Injections were performed with NEUROS Syringes (32G, 0.5 μl, HAMILTON, Reno, NV, United States), delivering a volume of 0.25 μl at an injection rate of 0.05 μl/min. Behavioral tests started 3 weeks after vector injection.



Fear Conditioning

Fear conditioning and memory recall were performed on two consecutive days in 17 cm × 17 cm × 25 cm chambers (Ugo Basile, Comerio, Italy) with distinct floors (metal grid for footshock delivery vs. flat surface), wall patterns (transparent acrylic plastic vs. black and white stripes), lightning (100 lux white light vs. infrared light) and scents (70% EtOH vs. 1% acetic acid, also used as cleaning compound between subjects). For fear conditioning, mice were placed in the conditioning chamber for a total time of 10 min. Following a 120 s baseline period, mice were presented five times with a 30 s 80 dB white noise (WN) conditioned stimulus [CS, pseudorandom inter-stimulus interval (ISI) = 48–80 s] co-terminating with a 1s 0.7 mA footshock. The control group (CS only) underwent the same protocol, but footshock delivery was omitted. Fear memory retrieval was performed 24 h after fear conditioning and lasted 10 min. Following a 120 s baseline period, mice were presented four times with the CS (30 s, 80 dB, WN, pseudorandom ISI = 56–120 s). Freezing was measured as an index of fear by an automated procedure with the ANY-maze software (Stoelting Europe, Dublin, Ireland), using a freezing minimum duration threshold of 1 s, and manually cross-checked by a trained person.



Histology

Thirty min after fear memory retrieval, animals were deeply anesthetized with thiopental sodium (150 mg/kg, i.p.) and transcardially perfused with a fixative [1% paraformaldehyde + 15% picric acid in 0.1 M phosphate-buffer (PB), pH 7.2–7.4]. Brains were immediately removed from the skull and placed in ice-cold 0.1 M PB. Coronal slices were cut with a vibratome (Leica VT1000S; Leica Microsystems, Vienna, Austria) at a thickness of 140 μm and collected in six well-dishes filled with 0.1 M PB. Sections containing the mpITC were then trimmed out under a stereomicroscope using an ophthalmic scalpel. Sections were cryoprotected with 30% glycerol in 0.1 M PB overnight at 6°C. Prior to the trimming, one slice/mouse containing the mpITC was mounted on an uncoated glass slide in 0.1 M PB, covered with a coverslip and the ChR2-YFP endogenous fluorescence was analyzed under an epifluorescence AxioImager M1 microscope (Carl Zeiss, Jena, Germany) to evaluate the pattern of distribution of ChR2-YFP-containing fibers. Digital images were taken using the Openlab software (Version 5.5.0, RRID:SCR_012158) through an Orca-ER CCD camera (Hamamatsu, Hamamatsu City, Japan). These slices were then demounted and the mpITC trimmed out as described above. Slices of the midbrain containing the injection site were similarly analyzed. Moreover, some slices were subsequently washed in Tris-buffered saline (TBS), incubated with a rabbit polyclonal anti-GFP primary antibody (Molecular Probes, Leiden, Netherlands, cat. no. A11122) diluted 1:1.000 in a solution containing 2% normal goat serum (NGS), 0.2% Triton X-100 in TBS (TBS-T) for 72 h at 6°C with constant shaking. Slices were then washed in TBS (three times for 10 min) and incubated overnight (6°C) with a donkey Alexa 488-conjugated anti-rabbit secondary antibody (1:1.000, Invitrogen, ThermoFisher Scientific, Waltham, MA, cat. no. A32790) in TBS-T and 2% NGS. To visualize general brain morphology, slices were counterstained with a DAPI solution (2 μg/ml, Sigma, cat. no. D-9564) for 4 min. Slices were then extensively washed in TBS, mounted onto gelatin-coated slides, and coverslipped with Vectashield (Vector Laboratory, Burlingame, CA, United States).



Freeze-Fracture Replica Immunolabeling

The FRIL technique was originally introduced by Fujimoto (1995) and further developed by Shigemoto and coworkers (Tanaka et al., 2005). This study was carried out according to the procedures described in Schönherr et al. (2016). Briefly, trimmed sections were sandwiched between two copper carriers and frozen with a high-pressure freezing machine (HPM010; Bal-Tec, Balzers, Liechtenstein) followed by storage in liquid nitrogen. Carriers containing frozen sections were fractured and replicated using a freeze fracture machine (BAF060; Bal-Tec, Balzers, Liechtenstein). During this procedure, the plasma membrane breaks along the central hydrophobic core and, as a consequence, is split into two halves. The inner leaflet represents the protoplasmic halve of the membrane (P-face), whereas the outer leaflet faces the exoplasmic space (E-face). After fracturing, both faces were replicated through the deposition of platinum/carbon layers. At first, a carbon coat was applied at a speed of 0.1–0.2 nm/s to a thickness of 5 nm followed by a unidirectional platinum shadowing at a speed of 0.06–0.1 nm/s and to a thickness of 2 nm, with the platinum gun positioned at a 60° angle. Finally, a further 15 nm carbon layer was deposited at a speed of 0.3–0.5 nm/s. After thawing, the tissue attached to replicas was solubilized with shaking at 80°C overnight in the following solubilization buffer: 20% sucrose, 2.5% sodium dodecyl sulfate in 15 mM Tris buffer (TB), pH 8.3. Replicas were then transferred to a porcelain plate filled with fresh solubilization buffer and washed in TBS with 2.5% bovine serum albumin (BSA) for 5 min, followed by three washes, 10 min each, in 0.1% BSA-TBS. Non-specific binding sites were blocked by incubating the replicas in a blocking solution consisting of 5% BSA-TBS for 1 h. Primary antibodies were diluted in 2% BSA-TBS and then applied to the replicas. For each replicated specimen, one replica was incubated with the following primary antibodies: anti-pan-AMPA receptor (GluA1-4) diluted 1:200 (Frontier Institute, Hokkaido, Japan) and anti-green fluorescent protein (GFP) diluted 1:300 (Molecular Probes) that also detects YFP. The other corresponding replica was labeled with an antibody against μ-opioid receptors (dilution 1:500; ImmunoStar, Hudson, WI, United States). All incubations were performed in a 30 μl drop in a humid chamber at 15°C for 72 h. After the incubation in primary antibodies, replicas were washed in 0.1% BSA-TBS three times for 15 min and then transferred to a 2% BSA-TBS 30 μl drop, to which gold-conjugated secondary antibodies were added at a dilution of 1:30. To prevent confounds, AMPA receptors were visualized with antibodies conjugated to gold particles with a size of 5 nm, whereas ChR2-YFP with gold particles of 15 nm in diameter. Secondary antibodies against μ-opioid receptors were conjugated to 10 nm gold particles. Table 1 lists sources and concentrations of all primary and secondary antibodies used for FRIL experiments. Replicas were then mounted on pioloform-coated mesh (100-line parallel bars) copper grids and analyzed using a transmission electron microscope (Philips CM120) at 80 kV. Digital images were recorded with a Morada CCD camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany) and the imaging software program iTEM (Olympus Soft Imaging Systems).


TABLE 1. List of primary and secondary antibodies used for FRIL.
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Measurement of Immunogold Particle Density

Synaptic density of AMPA receptors was calculated from electron micrographs of synapses taken at a magnification of 53 k. The postsynaptic membrane specialization (PSD) of glutamatergic synapses can be observed in replicas as a cluster of intramembrane particles (IMPs) on the E-face of the plasma membrane (Sandri et al., 1972; Masugi-Tokita and Shigemoto, 2007), and is often accompanied by the P-face of its presynaptic plasma membrane (Tarusawa et al., 2009). The synaptic area was delineated manually by following the perimeter of IMP clusters on the E-face using ImageJ Software (1.37 v, Java 1.6.0_65, Wayne Rasband, National Institutes of Health, United States). Postsynaptic specializations directly adjacent to the labeled plasma membrane of thalamic terminals were identified as targets of thalamic inputs. Receptor density was obtained by counting the number of gold particles within the synaptic area and is given as number of gold particles per μm2. The analyzed extrasynaptic area was the area of the plasma membrane adjacent to the IMP cluster and present within the 53 k digital images of the synapses. The pan-AMPA antibody was directed against extracellular epitopes and could thus be observed on the E-face of the plasma membrane, whereas GFP-labeling was detectable on the P-face of the plasma membrane. Non-specific labeling by the pan-AMPA antibody was determined on the P-face of surrounding structures and was subtracted from synaptic and extrasynaptic labeling densities.

As the mpITC is relatively small and did not fill the entire section, we took advantage of the fact that ITC neurons express high amounts of μ-opioid receptors in order to identify their postsynaptic processes. Therefore, every postsynaptic profile containing a synapse formed by a labeled thalamic terminal was confirmed to belong to a mpITC neuron by providing evidence of μ-opioid receptor labeling on the other membrane half (density > 7 gold particles/μm2).



Gold Particle Analysis for Nanoscale Distribution of Synaptic AMPA Receptors

Spatial coordinates of the immunogold particles were extracted from electron micrographs and their arrangement was analyzed using the open source Python-based pipeline GoldExt (Szoboszlay et al., 2017). The nearest neighbor distance (NND) between gold particles within synapses was used to detect potential deviations from random distributions (50 random values calculated per synapse). For these analyses, only 80% of the sampled synapses were used, which, however, included all fully exposed synapses.



Data Analysis

Data are presented as mean ± standard error of the mean (SEM). Comparison of multiple groups was done using one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. Two-way ANOVA was used to analyse the effect of time and groups in the behavioral experiments. Cumulative distributions and correlations between synaptic area and number of gold particles were examined by the Kolmogorov–Smirnov and Pearson’s correlation coefficient tests. The Wilcoxon matched-pairs signed rank test was used to compare experimental with random NND distributions. Data were considered significant when p < 0.05. All statistical analyses were performed using the Prism 9 software (GraphPad, La Jolla, CA, United States).




RESULTS

We stereotactically injected eight-week-old male mice (n = 15) with AAV-ChR2-YFP into the PIN/MGm (Figures 1A–D) and then randomly subdivided them into three groups (n = 5 each). Three weeks after the injection, one group was fear conditioned by subjecting the mice to five pairings of a neutral auditory CS co-terminating with a footshock (US), whereas a second group was exposed only to the CS in the conditioning chamber (Figure 2A). Animals in the third group (naïve) were always maintained in their home cage and did not undergo any behavioral manipulation (besides regular handling). Fear conditioned mice (FM group), but not the control group (CS-only), showed a progressive increase (2-way ANOVA, p < 0.001) in freezing (Figure 2B), demonstrating successful acquisition of a conditioned fear response. Subsequent to the behavioral testing, mice were returned to their home cages. Twenty-four hours later, they were re-exposed to four CS in a different context. Fear memory retrieval was clearly observed in previously fear conditioned mice, whereas mice in the CS-only group showed baseline freezing (Figure 2B). Thirty min after the end of the fear memory retrieval protocol, mice were perfused with fixative and brains processed for FRIL.
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FIGURE 1. Intrathalamic injection sites of AAV-ChR2-YFP. (A) Schematic drawing of AAV-ChR2-YFP injection sites, where labeled neuronal cell bodies could be identified, at different rostro-caudal levels confirming that the microinjections were correctly placed into the PIN/MGm. Color intensity reflects the frequency of overlapping injection sites (n = 5 animals/group). Bregma levels are indicated in panels (A,B). (B) Schematic drawings of AAV-ChR2-YFP injection sites in CS-only (blue) and fear conditioned mice (red). The two groups were largely similar in terms of injection sites, excluding a bias due to location differences in the microinjections. (C) Micrograph taken from a 140 μm thick coronal section of the midbrain showing ChR2-YFP endogenous fluorescence, overlaid with the brain atlas. Scale bar: 500 μm. (D) Immunodetection of ChR2-YFP transduced neurons and fibers (green); DAPI staining (blue) was used to reveal the macrostructure of the brain slice overlaid with the brain atlas. The inset shows somata of neurons in the PIL transduced with ChR2-YFP. The fluorescence signal in several brain areas close to the injection site, such as the APT and R, results from axonal fibers. Scale bar: 500 μm; inset: 50 μm. APT, anterior pretectal nucleus; CA3, field CA3 of hippocampus; cp, cerebral peduncle; DG, dentate gyrus; DLG, dorsal lateral geniculate nucleus; IP, interpeduncular nucleus; MG, medial geniculate nucleus; MGd, medial geniculate nucleus dorsal part; MGv, medial geniculate nucleus ventral part; ml, medial lemniscus; PAG, periaqueductal gray; PIL, posterior intralaminar thalamic nucleus; PoT, posterior thalamic nuclear group; R, red nucleus; SNR, Substantia Nigra pars reticulata; ZI, zona incerta.
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FIGURE 2. Auditory fear conditioning and fear memory retrieval. (A) Schematic diagram of the experimental groups. (B) Left: Average freezing responses of mice exposed to fear conditioning (FM) or only to the CS (CS-only) (n = 5 in each group) for each of the five CS-US pairing trials. Fear conditioned mice (FM) showed a progressive increase in freezing (2-way ANOVA, p < 0.0001) that was significantly higher compared to CS-only animals (p < 0.001). Right: When re-exposed, 24 h later, to the same CS for four times in a different context, fear conditioned mice (FM) showed higher freezing level compared to the pre-CS (Pre) period (p < 0.0001) and compared to CS-only mice (p < 0.001).


Analysis of ChR2-YFP-transduced neurons revealed labeled somata inthe MGm and PIN, including the posterior thalamic nuclear group(PoT), posterior intralaminar nucleus (PIL), and peripeduncularnucleus (PP). ChR2-YFP-positive thalamic projections showed dense innervation of the LA, the amygdalostriatal transition area (AStr) and the mpITC cluster (Figures 3A,B), a pattern fully consistent with previous tracing studies (Turner and Herkenham, 1991; Linke et al., 2000; Asede et al., 2015; Bienvenu et al., 2015). At the electron microscope, intense gold immunolabeling for ChR2-YFP was observed on the P-face of thalamic axons (Figures 3C,D). AMPA receptors were detected using an antibody that recognizes all four subunits (GluA1-4). Spines and dendrites of ITC neurons were identified by their labeling for μ-opioid receptors on the corresponding replica P-face (Figure 3D), as these neurons express high-levels of these receptors (Likhtik et al., 2008; Busti et al., 2011; Blaesse et al., 2015; Schönherr et al., 2016). Synapses made by ChR2-YFP labeled axon terminals were sampled from replicas obtained from four animals per group (naïve = 123, CS-only = 188, FM = 200 synapses). However, for only about 58% of them (naïve = 98, CS-only = 109, FM = 88) the other halve of the plasma membrane could be identified in the corresponding replica labeled for μ-opioid receptors. This was mostly due to the fact that the region was placed over a mesh grid. The density of AMPA receptors was analyzed in both fully and partially exposed synapses (Figures 4A–I) by an experimenter blind to the behavioral treatment and limited to the confirmed ITC synapses. Data were pooled as they did not differ amongst animals within each group [One-way ANOVA; naïve: F(3,94) = 1.23, p = 0.30; CS-only: F(3,105) = 0.80, p = 0.49; FM: F(3,84) = 1.21, p = 0.31]. Upon fear memory retrieval, conditioned mice (FM group) showed a significant reduction in AMPA receptor density (529 ± 23.8 gold particles/μm2) when compared to both CS-only [743 ± 22.9 gold particles/μm2; One-way ANOVA, F(2, 292) = 22.00, p < 0.001, Bonferroni’s multiple comparisons test, p < 0.0001] and naïve (622 ± 21.8 gold particles/μm2; Bonferroni’s multiple comparisons test, p = 0.02) animals (Figure 5A). Thalamic to mpITC synapses in CS-only animals showed a higher AMPA receptor density than naïve mice (Bonferroni’s multiple comparisons test, p = 0.0005). Cumulative frequency distributions consistently revealed a significant shift to the left of the synaptic AMPA receptor density in FM vs. CS-only (Kolmogorov–Smirnov test, p < 0.0001) and naïve (Kolmogorov–Smirnov test, p = 0.004) animals, and a significant shift to the right (Kolmogorov–Smirnov test, p = 0.003) in synapses from the CS-only vs. naïve animals (Figure 5B). Given that AMPA receptors can shuttle between extrasynaptic and synaptic sites, we wanted to address if density changes were limited to PSDs, or also occurred in the proximity of synapses. By analyzing the AMPA receptor density in the extrasynaptic area proximal to the investigated synapses (up to ∼1 μm from the synapse outer border), we found that density differed significantly among groups [One-way ANOVA, F(2, 227) = 14.28, p < 0.0001]. The density of AMPA receptors was higher in the CS-only group (22.2 ± 2.06; Bonferroni’s multiple comparisons test, CS-only vs. both naïve and FM p < 0.0001), but similar in naïve (11.7 ± 1.21) and FM (11.3 ± 1.32) mice (Bonferroni’s multiple comparisons test, naïve vs. FM: p = 0.99; Figure 5C). A similar overall extrasynaptic area was analyzed for each group (Naïve: 43.56 μm2; CS-only: 31.13 μm2; FM: 33.59 μm2). Of note, the density of AMPA receptors in thalamo-mpITC synapses was approximately 60 times higher than in the adjacent extrasynaptic area (Figures 5A,C).
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FIGURE 3. mpITC innervation by thalamic afferents from the PIN/MGm. (A) Fluorescence image of PIN/MGm efferent projections (green) innervating the amygdala. The LA, mpITC (indicated by the arrow) and AStr receive strong ChR2-YFP labeled inputs. Little to no fibers were observed in the BL and lateral CeA. Scale bar: 1 mm. (B) Higher magnification image of the PIN/MGm innervation of the mpITC. Scale bar: 250 μm. (C) Electron-micrograph of a mpITC replica from a CS-only animal. Labeling for ChR2-YFP (15 nm gold particles) on the P-face of axons originating from the PIN/MGm. Note the relatively high density of labeled axons. An axon terminal, indicated by the arrow, forms an asymmetric synapse with a spine. (D) Top: Higher magnification of the synapse marked (arrow) in panel (C). The postsynaptic membrane specialization on the E-face shows a characteristic cluster of IMPs labeled with 5 nm gold particles revealing AMPA receptors. A pseudocolor is used to outline the postsynaptic specialization. The P-face of the axon terminal expresses a high density of ChR2-YFP (15 nm gold particles). Bottom: Corresponding P-face of the same spine labeled for μ-opioid receptors (10 nm gold particles). at, axon terminal; AStr, amygdalostriatal transition area; BL, basolateral nucleus of the amygdala; CeA, central nucleus of the amygdala; ic, internal capsule; LA, lateral nucleus of the amygdala; mpITC, dorsal medioparacapsular intercalated cluster; opt, optic tract; s, spine.
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FIGURE 4. AMPA receptor immunogold labeling at PIN/MGm to mpITC synapses. Representative electron micrographs of PIN/MGm-mpITC shaft and spine synapses in all behavioral groups. (A–C) Naïve animals. (A) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles on the P-face) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (B) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (C) High magnification micrograph of an IMP cluster (postsynaptic specialization) on the E-face labeled for pan-AMPA receptors (5 nm gold particles). (D–F) CS-only animals. (D) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (E) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (F) High magnification micrograph of an IMP cluster labeled for pan-AMPA receptors (5 nm gold particles). (G–I) FM animals. (G) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (H) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (I) High magnification micrograph of an IMP cluster labeled for pan-AMPA receptors (5 nm gold particles). A pseudocolor is used to outline the postsynaptic specialization in A, B, D, E, G and H. Abbreviations: at, axon terminal; d, dendrite, s, dendritic spine.
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FIGURE 5. Reduction in AMPA receptor density at PIN/MGm to mpITC synapses upon fear memory retrieval. (A) Synapses from FM mice show a significant decrease in synaptic AMPA receptor density when compared to both CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) and naïve (p = 0.02) animals. Synapses (Naïve n = 98, CS-only n = 109, FM n = 88) were collected from 4 mice/group. CS-only animals showed a higher AMPA receptor density compared to naïve mice (p = 0.0005, Bonferroni’s multiple comparison test). Boxplots show the median (line inside the box), mean (+), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). The mean values for each mouse are shown as circles beside the box plots. (B) Significant left shift of the cumulative frequency distribution of synaptic AMPA receptor density in FM compared to the CS-only (p < 0.0001, Kolmogorov–Smirnov test) and naïve (p = 0.004) group. The cumulative frequency distribution of the AMPA receptor density is also significantly shifted to the right (p = 0.003) in CS-only compared to naïve synapses. (C) The density of extrasynaptic AMPA receptors is significantly higher in CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) compared to both naïve and FM animals. Boxplots show the median (line inside the box), mean (+), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). (A,C) Significantly higher than FM *p < 0.05, ***p < 0.001; Significantly higher than Naïve §§§ p < 0.001.


Analysis of the correlation between the number of gold immunoparticles for AMPA receptors and the sampled area of individual synapses was found to be positively correlated in all three groups (Figure 6A), consistent with previous studies (Tanaka et al., 2005; Tarusawa et al., 2009; Fukazawa and Shigemoto, 2012; Xie et al., 2019). When the correlation coefficients were compared, after transforming the r values into z scores, no significant differences were found between the CS-only and the naïve (z test statistic: 1.38, p = 0.084) or FM (z test statistic: 0.538, p = 0.295) groups. On the other hand, the comparison of the correlations between FM and naïve animals significantly differed from each other (z test statistic: 1.829, p = 0.034). These data further support plasticity in the synaptic AMPA receptor content associated with fear memory retrieval. Next, we analyzed the intrasynaptic spatial arrangement of AMPA receptors using the open source software GoldExt (Szoboszlay et al., 2017). We measured the mean NND for each synapse and examined whether the population distribution differed from random arrangements. Since there was no difference in the calculated NND between fully and partially exposed synapses (Mann–Whitney test, naïve: synapses on dendrites p = 0.20, synapses on spines: p = 0.89; CS-only: synapses on dendrites p = 0.17, synapses on spines: p = 0.65; FM: synapses on dendrites p = 0.86, synapses on spines: p = 0.58), data were pooled. The distribution across the NND populations obtained from naïve, CS-only and FM mice significantly differed from random distributions (Wilcoxon matched-pairs signed rank test, p < 0.001 for all three groups; Figure 6B). Furthermore, the mean NND was similar [One-way ANOVA, F(2, 236) = 2.39, p = 0.09] among the three experimental groups (naïve: 0.024 ± 0.001, CS-only: 0.023 ± 0.001; FM: 0.026 ± 0.001 μm; Figure 6C). These findings suggest that synaptic AMPA receptors do not change their homogeneous, though clustered, intrasynaptic nano-arrangement as a consequence of sensory stimulation and/or fear memory retrieval.
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FIGURE 6. Nano-scale distribution of AMPA receptors and density at dendritic spine and shaft PIN/MGm-mpITC synapses. (A) PIN/MGm-mpITC synapses in all three experimental groups (FM, CS-only, and Naïve) show a highly significant positive correlation (Pearson’s correlation) between the number of gold particles detecting AMPA receptors and the synaptic area. The regression line is shown as a solid line passing through the origin. (B) Comparison of the experimentally determined mean nearest neighbor distance (NND) of intrasynaptic gold particles with random distributions (n = 50 for each PSD) reveals a significant difference from random distributions in all experimental groups (†††p < 0.001). (C) Boxplot summary of the NND obtained experimentally from PSDs of naïve (n = 80), CS-only (n = 89) and FM (n = 70) mice (n = 4 mice/group). Boxplots show the median (line inside the box), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). (D–E) Fear memory retrieval causes a marked decrease in AMPA receptor density in dendritic spine synapses when compared to both CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) and naïve (p = 0.038) animals. In FM mice, synapses made by PIN/MGm inputs onto dendrites had a lower density of AMPA receptors only in comparison to the CS-only (Bonferroni’s multiple comparisons test, p = 0.001) but not the naïve (p = 0.058) group. CS-only animals showed a higher AMPA receptor density than naïve mice, but only in spine (Bonferroni’s multiple comparisons test, p = 0.003) synapses. Synapses were collected from 4 animals/group. Boxplots show the median (line inside the box), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). Significantly higher than FM *p < 0.05, **p < 0.01, ***p < 0.001; Significantly higher than Naïve §§p < 0.01.


Finally, as we found that thalamic afferents provide inputs onto both dendritic shafts (Figures 4A,D,G) and spines (Figures 4B,E,H), we wanted to understand if experience-induced changes (Figure 5A) could be more prominent, or differentially observed in one of these two synapse types. Therefore, we analyzed whether spine and shaft synapses differed in AMPA receptor density. In all three behavioral groups synapses on spines had a higher density of AMPA receptors [naïve: 673 ± 31.7 (n = 44); CS-only: 810 ± 25.0 (n = 70); FM: 566 ± 29.1 (n = 58) gold particles/μm2] compared to those on dendrites [naïve: 579 ± 29.1 (n = 54); CS-only: 622 ± 39.4 (n = 39); FM: 458 ± 38.1 (n = 30) gold particles/μm2], although only in CS-only and FM mice it reached statistical significance (Mann–Whitney test 2 tailed; naïve: p = 0.082; CS-only: p < 0.0001; FM: p = 0.046). For spine synapses, the FM group showed a marked reduction in AMPA receptor density [One-way ANOVA, F(2, 169) = 21.08, p < 0.0001] when compared to both CS-only (Bonferroni’s multiple comparisons test, p < 0.0001) and naïve (p = 0.038) animals (Figure 6D). In contrast, synapses on dendrites in FM mice showed a lower density of AMPA receptors [One-way ANOVA, F(2, 120) = 4.75, p < 0.010] only when compared to the CS-only (Bonferroni’s multiple comparisons test, synapses on spines: p = 0.001] but not the naïve (p = 0.058) group (Figure 6E). Remarkably, AMPA receptor density increased in synapses made by thalamic inputs in CS-only compared to naïve mice only for spine (Bonferroni’s multiple comparisons test, p = 0.003) but not for shaft synapses (Bonferroni’s multiple comparisons test p = 0.99). Taken together these data suggest that experience-dependent changes in AMPA receptor density in FM and CS-only groups are more prominently observed in dendritic spine than shaft synapses onto mpITCs.



DISCUSSION

We show here that following auditory fear conditioning in mice, the formation and retrieval of fear memory is linked to a significant reduction in the density of AMPA receptors in synapses made by PIN/MGm inputs onto identified mpITC neurons. Our findings suggest that the decrease in A/N ratio observed at the same synapses upon fear memory retrieval (Asede et al., 2015) results from an altered trafficking of AMPA receptors, and in particular their removal from the PSD of spine synapses. While many mechanisms can influence the A/N ratio, the addition and removal of AMPA receptors from synapses is one of the fundamental processes controlling synaptic efficacy during experience-dependent plasticity (Choquet and Triller, 2013; Huganir and Nicoll, 2013; Henley and Wilkinson, 2016; Choquet, 2018; Diering and Huganir, 2018). In addition, we have previously reported that fear memory retrieval is associated with an increase in paired pulse ratio (PPR) of the AMPA-EPSC at PIN/MGm-mpITC synapses (Asede et al., 2015). Despite changes in PPR have been typically viewed as a hallmark of presynaptic modulation of transmitter release, it has been suggested that postsynaptic AMPA receptor mobility could also influence PPR (Frischknecht et al., 2009; Choquet, 2018).

In the last decade, the development of the FRIL technique has considerably improved the ability to analyses the intrasynaptic distribution of signaling molecules (Masugi-Tokita and Shigemoto, 2007). One of the greatest advantages of this approach relies on its high detection sensitivity, for instance in comparison with the post-embedding immunogold technique. Indeed, a tight correlation between the number of immunogold particles detecting synaptic AMPA receptors and functional channels was observed in immature rat cerebellar Purkinje cell synapses (Tanaka et al., 2005). Although in our study we did not attempt to quantify the number of functionally active AMPA channels at PIN/MGm to mpITC synapses, we assume that it is highly correlated with the number of detected gold particles. AMPA receptor labeling at these synapses showed a tight positive correlation with the sampled synaptic area corroborating the view that this is a common feature of many excitatory synaptic connections in the central nervous system (Fukazawa and Shigemoto, 2012). The selective identification of PIN/MGm axon terminals in replicas was enabled by a novel approach that takes advantage of the anterograde transport of tagged opsins, such as ChR2-YFP, and their detection at defined presynaptic sites, since they are integral membrane proteins (Schönherr et al., 2016).

So far, two types of AMPA receptor intrasynaptic distributions have been described (reviewed in Fukazawa and Shigemoto, 2012): (1) a highly variable mosaic-type distribution, such as in corticogeniculate (Tarusawa et al., 2009) and CA3-CA1 synapses (Matsubara et al., 1996; Nusser et al., 1998), and (2) a homogeneous distribution with high density, such as in reticulogeniculate synapses (Tarusawa et al., 2009). The synapses made by PIN/MGm inputs onto mpITC neurons showed, despite a fairly wide density range (from 127 to 1,195 particles/μm2), a dense and relatively uniform pattern of distribution of AMPA receptors. However, the mean NND was significantly shorter than expected from random arrangements. PIN/MGm to mpITC synapses, therefore, appear to possess most of the features typical of the second type. This homogeneous AMPA receptor distribution might serve to ensure high transmission fidelity, as observed for several GABAergic interneurons. For example, synapses made with interneurons distributed throughout multiple layers of the hippocampus have a higher and less variable density of AMPA receptors compared to synapses made with spines of pyramidal neurons (Nusser et al., 1998). Likewise, a very dense and homogeneous AMPA receptor labeling was described for synapses made by parallel fibers with interneurons of the cerebellar cortex, unlike those made with Purkinje cell spines (Masugi-Tokita et al., 2007). Interestingly, it has been suggested that synaptic connections with high and homogeneous intrasynaptic distribution of AMPA receptors have different plastic properties than mosaic-type synapses, e.g., they could undergo more pronounced structural modifications of the postsynaptic density (Fukazawa and Shigemoto, 2012). Therefore, our observed reduction in AMPA receptor density linked to fear memory retrieval may also result, at least in part, from a synaptic enlargement. Because the full exposure of the postsynaptic specialization was relatively rare under our experimental conditions, fear-mediated changes in the synaptic area could not be analyzed. Future studies will have to address whether mpITC synapses made by PIN/MGm inputs undergo structural plasticity.

AMPA receptors are homo- and/or hetero-tetramers made from four subunits (GluA1-4). Synaptic AMPA receptors are predominantly combinations of GluA1 and GluA2 (Lu et al., 2009). Memory consolidation in the BLA is commonly associated with increased GluA1 and GluA2 subunit expression (Yeh et al., 2006; Ferrara et al., 2017). However, at thalamo-amygdala synapses alterations in GluA3 subunit expression have been reported (Radley et al., 2007). To circumvent confounds caused by different subunit compositions, we used a pan-AMPA antibody recognizing all four subunits. Hence, our data allow conclusions only about global changes of synaptic AMPA receptor density, but not specific alterations in subunit composition.

Our work revealed that synapses made by PIN/MGm inputs onto mpITC neurons have a significantly higher density of AMPA receptors when they are made with dendritic spines than shafts. This finding is consistent with a previous study showing that latero-capsular division neurons in the CeA have higher AMPA receptor density in spine compared to shaft synapses (Dong et al., 2010). Spine synapses are the most common type of excitatory synapses in both cortical and striatal-like structures and a large body of evidence demonstrated that they undergo structural and functional changes associated with synaptic plasticity (Sala and Segal, 2014; Segal, 2017). Conversely, little is known about shaft synapses. Dong et al. (2010) suggested that the difference in AMPA receptor density between spine and shaft synapses in the CeA was most likely related to different presynaptic inputs. This may be unlikely for mpITC neurons. Indeed, several studies reported that axons arising from the PIN/MGm form synapses with both spines and dendrites in the LA (Radley et al., 2007; Smith et al., 2019). We cannot, however, exclude that different neuronal populations within the PIN/MGm give rise to inputs preferentially targeting dendritic spines vs. shafts of mpITC neurons. Spine and shaft synapses may also vary in their molecular composition, which in turn could affect their plasticity and ability to cluster AMPA receptors (Mi et al., 2002; Bissen et al., 2019). Notably, we report that the decrease in AMPA receptor density following fear memory retrieval was more prominently observed at spine synapses. This new finding is consistent with the notion of a considerable ability of spine synapses to undergo plasticity. Alternatively, it could also be hypothesized that changes at spine synapses last longer than at shaft synapses, perhaps due to their tortuous geometry that slows down receptor diffusion, and consequently, the recovery from internalization (Ashby et al., 2006; Newpher and Ehlers, 2008). Surprisingly, we also observed a significant increase in the density of AMPA receptors in spine, but not shaft, synapses upon sensory stimulation in CS-only animals in comparison to naïve mice. This was paralleled also by an increased density in the extrasynaptic area. Indeed, mpITC neurons respond to a variety of auditory stimuli (Collins and Paré, 1999), which could lead to sensory-driven synaptic strengthening by recruitment of synaptic AMPA receptors. Previous studies have shown that exocytosis of intracellular vesicles harboring AMPA receptors occurs near the postsynaptic membrane (Ehlers, 2013; Wu et al., 2017). Therefore, a recruitment of synaptic AMPA receptors is consistent with a concurrent increase of these receptors in extrasynaptic areas neighboring postsynaptic specializations.

A remarkable feature of synapses made by PIN-MGm inputs is their divergent forms of plasticity depending on the postsynaptic targets, e.g., LA and mpITC neurons (Clem and Huganir, 2010; Asede et al., 2015). Although we do not know whether LA and mpITC neurons are contacted by axons of the same PIN-MGm neurons or independently by distinct neuronal populations, the first postulation appears to be the most parsimonious one. A factor that may influence this postsynaptic cell-dependent form of plasticity is the very different firing rate of these two classes of target neurons. While LA pyramidal neurons have a very low spontaneous firing rate (Paré and Gaudreau, 1996), ITC cells fire at higher rates in all behavioral states. The high spontaneous firing rates of mpITCs suggest that they provide a tonic inhibition onto their downstream targets, such as the vmITC, to promote fear expression (Collins and Paré, 1999; Royer et al., 2000; Busti et al., 2011). An additional intriguing feature of mpITC neurons is the long-term inverse heterosynaptic modification reported to occur after a particular input has undergone activity-dependent enhancement, which may be needed to the stabilization of total synaptic weights (Royer and Paré, 2003). A decrease in sensory input strength may, in turn, help to facilitate plasticity at inputs from activated LA neurons onto mpITC cells (Huang et al., 2014) and consequently fear learning. Therefore, an opposing plasticity at mpITC and LA synapses could serve to coordinate state-dependent changes of activity in these parallel fear circuits.

In conclusion, our study is one of the few that have attempted to link the regulation of AMPA receptor trafficking to memory processes in identified neuronal networks. In particular, we show that fear-memory induced reduction in A/N ratio at thalamic-mpITC synapses is associated with a reduced postsynaptic AMPA receptor density. However, we still do not know precisely how this is mediated, or how stable these synaptic changes are. Future investigations are needed to unravel other potential contributions to the fear-mediated plasticity of mpITC synapses, such as changes in AMPA receptor subunit configuration and/or NMDA receptor expression.
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NPY Rabbit In-house Bellmann et al. (1991) 1:10,000
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Anti-Rabbit-HRP Donkey A16023 Invitrogen 1:500
HRP-subtrate
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TSATAMRA Thermo Fisher 1:2,000
TSA Biotin Thermo Fisher 1:100
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Model type Drug/intervention

LTCCs (Cavi)

Cellular Nifedipine

Isradipine

Isradipine

Nimodipine
Global Cav1.3 knockout

Nimodipine

Isradipine

Nifedipine
Brain siice Isradipine
Global Cav1.3 knockout
Animal Isradipine

Isradipine
Isradipine

Isradipine

Isradipine

Isradipine

Global Cav1.3 knockout

Nimodipine

Nimodipine

Nimodipine

Nimodipine

Nimodipine

Nifedipine

Felodipine

RTCCs (Cav2.3)

Animal Global Cav2.3 knockout

TTCCs (Cav3)

Cellular ML218

Cav3.1 knockdown

Cav3.2 knockdown
Cav3.3 knockdown
Multiple Cav targets

Cellular Benidipine (L + N +T)

Experimental model

SH-SY5Ycells (a-synuclein treatment)

Primary rat ventral midbrain neurons (DA
treatment)

Primary mouse midbrain SN DA neurons
(MPP* treatment)

Primary mouse ventral midbrain SN DA
neurons (L-DOPA treatment)

PD patient-specific iPSC-derived DA
neurons (rotenone treatment)

Mouse brain slice (rotenone treatment)

PD mouse model (MPTP treatment)

PD mouse model (6-OHDA treatment)
PD mouse model (6-OHDA treatment)

PD mouse model (MPTP treatment)
PD mouse model (MPTP treatment)

PD mouse model (6-OHDA treatment)

PD mouse model (MPTP treatment)

PD mouse model (MPTP treatment)

PD common marmosets model (MPTP

treatment)

PD rat model (6-OHDA treatment)

PD mouse model (MPTP treatment)

PD rat model (6-OHDA treatment)

Transgenic PD mouse model (SCNA mice
expressing the PD-causing AS3T mutant
w-synuclein)

PD mouse model (MPTP treatment)

PD patient-specific iPSC-derived DA
neurons (fotenone treatrment)

PD patient-specific iPSC-derived DA
neurons (fotenone treatrment)

Outcome/result

Reduction of a-synuclein-induced cell death
and Ca?* influx

Reduction of DA-induced toxicity/cell death
and clustering of a-synuclein

Attenuation of MPP*-induced toxcity/cell
death; mitochondrial oxidation; and intracellular
Ca?*, DA, and NO elevations

Attenuation of MPP*-induced toxicity/cell
death and intracellular Ca?+ and DA elevations
Reduction of cytosolic DA levels compared to
WT (untreated and MPP* treated)

Reduction of L-DOPA-induced cellloss and
cytosolic DA elevation

No rescue of rotenone-induced apoptosis
(although a tendency toward a
concentration-dependent reduction was
observed)

No rescue of rotenone-induced apoptosis
Reduction of rotenone-induced SN DA neuron
denditc loss/fragmentation

Reduction of rotenone-induced SN DA neuron
denditc loss/fragmentation

Reduction of MPTP-induced SN DA cell loss
and rescue of motor deficits

Reduction of 6-OHDA-induced SN DA cellloss
Reduction of 6-OHDA-induced SN DA cellloss

No rescue of SN DA neuron number or striatal
DA content

Reduction of MPTP-induced SN DA cell loss,
striatal DA loss, and motor deficits

No rescue of SN DA neuron number

No rescue of SN DA neuron number

Number of SN DA neurons not determined. No
rescue of striatal DA content

Rescue of MPTP-induced SN DA cell loss. No
rescue of striatal DA content

Rescue of MPTP-induced SN DA cell loss. No
rescue of striatal DA content and motor deficits

No rescue of 6-OHDA-induced SN DA cellloss,
striatal DA content and motor deficits

Reduction of MPTP-induced SN DA cell loss,
striatal DA depletion and motor deficits
Number of SN DA neurons ot determined.
Reduction of 6-OHDA-induced striatal DA
depletion and motor deficits

Reduction of transgene-induced SN DA cell
loss, motor deficit and clearance of mutant
a-synuclein in mouse brain (via induction of
autophagy).

Rescue of MPTP-induced SN DA cell loss

Reduction of rotenone-induced apoptosis and
intracellular Ca2* level elevation
Reduction of rotenone-induced apoptosis and
intracellular Ca2* level elevation

Reduction of rotenone-induced apoptosis,
intracellular Ca2* level elevation, and impaired
neurite outgrowth
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of LTCCs, RTCCs, or TTCCs were not included (e.g., zonisamide, cinnerizine, and amiodrone; Tabata et a1, 2018). Precliicel studies with LTCC inhibitors have been recently reviewed
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Family o 1-Subunit Gene

o 1-Subunit

Channelopathies (OMIM)

Cavi(Ltype)  CACNATS

CACNA1C

CACNATD

CACNATF

Cav2 CACNATA

CACNA1B

CACNATE

Cava (T-type) CACNA1G

CACNATH

CACNA1I

Cav1.1

Cav1.2

Cav1.3

Cavl.4

Cav2.1 (P/Q-type)

Cav2.2

Cav2.3

Cav3.1

Cav3.2

Cav3.3

o Hypokalemic Periodic Paralysis Type 1 (# 170400, AD, DN)

o Normokalemic Periodic Paralysis (#170600, AD)

e Malignant Hypothermia Susceptibility 5 (#601887, AD)

e Timothy Syndrome (#601005, AD)

e Long QT Syndrome 8 (LQT8) (#618447, AD)

e Brugada Syndrome 3 (#611875)

e Sinoatrial Node Dysfunction and Deafness Syndrome (#614896, AR)[

e Primary aldosteronism, seizures, and neurologic abnormalities (#615474, DN)

o Autism spectrum disorder (with or without more severe manifestations including intellectual
disability, neurological abnormalities, primary aldosteronism and/or congenital hyperinsulinism (not
listed in OMIM, DN)

o Aldosterone producing adenomas (APAs, somatic, DN)

e Congenital Stationary Night Blindness Type 2 (#300071, XL)

o X-linked Cone-Rod Dystrophy 3 (#300476, XL)

e Aland Island Eye Disease (#300600, XL)

o Familial and Sporadic Hemiplegic Migraine Type 1 with or without progressive cerebellar ataxia
(#141500, AD, DN)

o Episodic Ataxia Type 2 (#108500, AD)

e Spinocerebellar Ataxia Type 6 (#183086, AD)*

e Early Infantile Epileptic Encephalopathy 42 (#617106, AD)

e Congenital Ataxia”

e Neurodevelopmental disorder with seizures and non-epileptic hyperkinetic movements (#618497,
AR)

e Early Infantile Epileptic Encephalopathy 69 (#618285, AD)

e Spinocerebellar Ataxia Type 42 (#616795, AD)

e Spinocerebellar Ataxia Type 42 early-onset, with neurodevelopmental deficits (Childhood-Onset
Cerebellar Atrophy; #618087, AD)

o Familial Hyperaldosteronism type IV (#617027, AD)

o Aldosterone producing adenomas (APAs, somatic, DN)

o Neurodevelopmental disorder with epilepsy and intellectual disability (not yet listed in OMIM)

Human diiseases caused by inherited and de novo missense Ca?+ channel a1-subunit variants. Only diseases are listed in which the high pathogenic potential of mutations
is either evident from their high penetrance in families or from functional studies of recurrent mutations in de novo variants. *, phenotypic and genotypic overlap with
other channelopathies of this gene. AD, inheritance: autosomal dominant; AR, autosomal recessive; XL, X-linked; DN, de novo. For most familial disorders with autosomal
dominant inheritance pathogenic de novo mutations have also been described.
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Whole cell extracts and cytosolic extracts are expressed in relation to the loading
controls actin. Membrane extracts are expressed in relation to the loading
control Nat/K*-ATPase. *Since GluA2/3 and Nat/K*-ATPase had the same size
(~100 kDa) and host species we used Actin as a loading control for both fractions.
(*) P < 0.05, unpaired t-test.
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Breeding pair combination Litter size Total number Total number Period of data

& X ¢ (number of pairs) (mean + SD) of offspring of litters collection (years)
2b-29/+ X az8-2%1+ (11) 83+2.1 178 21 2
apb-1+/~, 18-8+~ X agb-1+/~, 058-3+/= () 76+27 159 21 5
a8-1+/=, 48-8/~ X aph-1+/=, 18-+ (2) 78+25 47 6 25
agb-1+/~, a8-29/+ X 0z8-1+/-, agb-2%/+ () 63+83 107 17 2
45290/ X g1+, -2/ (3) 60+2.4 30 5 4
482900+ X 0817/, -2+ (9) 4517 59 13 4
2b-29+, 0gb-3+/~ X 0z8-2%, ap8-8+/~ (4) 78+27 94 12 2
ab-291+, 56-3/ X 0g5-2/, 0p8-8+/~ (7) 72425 72 10 4
128-2%/+, 42b-3/~ X ap8-2%/, 038-83=/~ (10) 79+1.0 108 13 4
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Genotype female Genotype male

Skin lesions in

2Number of litters

Number of analyzed

breeders with infant mortality breeding pairs
b2, 18-/~ 1299, 0153-8+/~ 90% 0% §of24 6
-2, 18-/~ 529, 0,38~/ Q0% & 36% 30f8 11
42829, a8-3~/= (129, 0155-3+/ Q0% 0% 4of24 3
12829, 483/~ -2%*, 028-83~/~ 967% o 50% 23031 24

\clusion criteria: >25% of the pups from one litter found dead.
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(Razzoli et al., 2015) mice (CD1) ad libitum fed chronic CSDS TG | -
m 28d
(Lopez Lopez et al., 2018) rats (WST) ad libitum fed chronic CUMS TG\ 1\ < @20d\40d\60d
m 20d,40d,60d
(Patterson et al., 2010) mice (GHSR ad libitum fed chronic CUMS AG 1 (GHSR KO and WT) =
WT/KO) (STD + HFD) 14d
m, C57BL/6J-DBA
bckg
(Huang et al., 2017) mice (C57BL/6J) ad libitum fed chronic CUMS AG 1 -
m 8w
(Elbassuoni, 2014) rats (SPD) fasted chronic  immobilization stress 2G4 (f>m) -
m/f (10h) 20 min/d, 21 d
(Meyer et al., 2014) rats (LE) ad libitum fed chronic  immobilization stress AG 1t -
m 4h/d, 14 d
(Rostamkhani et al., 2016) rats (WST) ad libitum fed chronic foot shock TG | -
m 60 x 10s, 15d
(Yousufzai et al., 2018) rats (LE) ad libitum fed chronic  immobilization stress AG 1t @130d
m 4h/d, 14 d

Measurements after stressor cessation unless stated otherwise (@ x h/d; 1 = start of stressor). Abbreviations: WKY, Wistar-Kyoto; SPD, Sprague-Dawley; LE, Long-Evans;
WST, Wistar; p, postnatal day,; bckg, background; STD, standard diet; HFD, high-fat diet; LPS, lipopolysaccharide; CSDS, chronic social defeat stress; CUMS, chronic
mild unpredictable stress; TG, total ghrelin; AG, acyl ghrelin; DAG, desacy! ghrelin; ?G, ghrelin (not specified).





OPS/images/fnsyn-12-594484/fnsyn-12-594484-t002.jpg
References

(Meerlo et al., 1996)

(Gul et al., 2017)

(Saegusa et al., 2011)

(Matsumoto et al., 2017)

(Stengel et al., 2010)

(Jeong et al., 2013)

(Jiang and Eiden, 2016)

(Li et al., 2015)

(Mograbi et al., 2020)

(Ochi et al., 2008)

(1zadi et al., 2018)

(Rostamkhani et al., 2016)

(Yam et al., 2017)

(Elbassuoni, 2014)

Animals Paradigm Food intake Time point Body weight Time point
(Feeding status) (F1) Measurement (BW) Measurement
Acute stress paradigms
rats (TMDS3) social defeat J (2x only) @1d-3d <\ ] @2x>1x) @1d\2d-3d
m 1x or 2x FI daily BWg
rats (WST) immobilization 1 @24h 1 @ 24h
m stress Fl cumul BW change %
2h
(fed)
mice (C57BL/6J) novelty I\ < @1h,3h\6h - -
m 3h FI cumul
(fasted, 24h)
mice (C57BL/6) novelty J @1h,3h - -
f, aged 3h FI cumul
(fasted, 18 h)
mice (C57BL/6) novelty Imyvs. < f @6h,24h B .
m/f, aged 3h Fl cumul
(fed)
rats (SPD) LPS injection 3 @2h,5h,7h,24n - -
m 100 po/kg Fl per time period
(fasted, 16h)
(Sub)chronic stress paradigms
mice (ICR) immobilization ANV @2d6d\7d-15d < @2d-15d
m stress FI daily BWg
2h/d,15d
mice (PACAP WT) immobilization 1 @7d I @7d
m, C57BL/6N bckg stress FI cumul BW loss %
1h/d, 7d
mice (ICR) immobilization ys @1d-16d ¢ @3d-16d
f, maternal stress FI daily BW g
?h/d,21d
rats (WST) immobilization - - I @1w, 2w, 3w
m stress BW gain %
240r6h/d, 21d
rats (WST) water cage - - J @ d1-d5
m 5d BW change %
rats (WST) social stress <~ @8d < @7d
m 7d FI cumul (3 h) BW change g
rats (WST) social isolation 1 @8d I @7d
m 7d FI'cumul (3 h) BW change g
rats (WST) foot shock <\ \)e @2d\7d\15d <\ @d1\ dib
m 60 x 10s,15d FI cumul (24 h) BWg
mice (C57BL/6J) early chronic - - A @ p2-p9 \ p9-pl4
m/f, pups (p2-p14) stress BW gain g
7.d (p2-p9)
rats (SPD) immobilization A (m>f) @1d-21d A (m > f) @ 21d
m/f stress FI daily avgd BW gain g

20 min/d, 21 d
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Variant

Clinical phenotype

References

P31L
G87R
G132v
R207W
G253R
N331K
C337TW
G356V
G381R

P382L
P330L

R391W
T394K

A404P
G424D

G466R
D474G
C491w
M510K
P544L

P554L

G561A
F315del
N336del
1347del
F354del
F360del

F408del

Seizures, speech and motor delay, and thalamus atrophy
Intellectual disabilty

Intellectual disabilty

Global developmental delays, hypotonia, intellectual disabilty, and language apraxia
Mid intellectual disability and language delay

Speech delay, seizures, and hyperactivity

Intellectual disabilty

Epilepsy and mild intellectual disabllity

Intellectual disabilty, seizures, speech, and behavioral disturbance, hypotonia, and
gastrointestinal problems

Severe intellectual disability, speech delay, behavioral problerns, and epllepsy
Intellectual disabilty, learning difficuties, seizures, hyperactive and impulsive behavior

Seizures, hyperactivity, aggressiveness, and hyperphagia
Intellectual disabilties, severe developmental delay and speech impairment, seizures, and mild
scale autism

Mid psychomotor retardation and language impirments

Speech and language delay, learming difficuities, mild autistic features, social anxiety and
attention deficit, aggressiveness, impulsiveness, and hyperactivity

Developmental delay, dystonia, no speech, and epilepsy

Mid intellectual disability and occasional febrie seizures

Generalized tonic-clonic seizures

Moderate intellectual disabilty, antiepileptic crug-responsive seizures, hypotonia, and dysartfria
Moderate intellectual disabilty, generalized hypotonia, delayed language, and speech skills, and
multifocal epileptic waves

Intellectual disabilty, hypotonia, intellectual disabllity, severe speech delay, seizures, autism, and
epllepsy

Intellectual disabilty

Intellectual disabilty, epilepsy, autism, and speech delay

Intellectual disabilty, seizures, and motor dyspraxia

Moderate intellectual disabilty, agaressive behavior, and seizures

Intellectual disabilty

Intellectual disabilty, epilepsy, autism, and speech delay

Intellectual disabilty, epilepsy, autism, seizure, speech and language delay and a reduced
interest in the surroundings

Rostami et al. (2020)
Rosenberg et al. (2004)
Lion-Frangois et al. (2006)

Ardon et al. (2016)

Battini et al. (2011)

Mencareli et al. (2011)

Rosenberg et al. (2004)
Mercimek-Mahrmutoglu et al. (2009)
Hahn et al. (2002)

Mercimek-Mahrmutoglu et al. (2009)
Rosenberg et al. (2004) and Heussinger
etal. (2017)

Mencareli et al. (2011)

Wang et al. (2018)

Alcaide et al. (2010)
Puusepp et al. (2010)

Alcaide et al. (2011)
Bruun et al. (2018)
Lion-Frangois et al. (2006)
Bruun et al. (2018)
Mancini et al. (2005)

Rosenberg et al. (2004) and Nozaki
etal. (2015)

Kato et al. (2014)

Fons et al. (2009)

Battini et al. (2007)

Clark et al. (2006)

Betsalel et al. (2008)

Fons et al. (2009) and Sempere et al.
(2009)

Bizzi et al. (2002) and Péo-Arglielles
et al. (2006)

Only those CTD variants with identified clinical symptoms are listed, according to the reports available in the literature to date.
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Animals Feeding status Duration Stress paradigm Ghrelin levels Time point
rats (WKY, SPD) ad libitum fed acute water avoidance TG 1 (WKY > SPD) -
f 1h
mice (CD1) not specified acute maternal separation G -
m/f, pups (p8) 4h,8h,12h
mice (ICR) fasted + fed acute immobilization stress AG < @ during immobilization
m (16 h + 20 min) 1h DAG 1t
fasted acute immobilization stress AG < @ during immobilization
(16 h) 1h DAG 1t
rats (LE) ad libitum fed acute foot shock AG <~ -
m 3 x2s
rats (WST) ad libitum fed acute foot shock TG < -
m 60 x 10s
rats (WST) ad libitum fed acute immobilization stress G < -
m 2h
mice (C57BL/6J) fasted acute novelty (single AG | -
m (24 h) housing)
3h
rats (SPD) fasted acute LPS injection AG |\ < @2h,56h,7h\24h
m (17 h) 100 pg/kg DAG | \ <
rats (WST) ad libitum fed subchronic water cage TG o\ < @4h, 8n,24h\3d,5d
m 5d AG <\ 1
DAG < \ <
mice (C57BL/6) fasted subchronic social isolation AGtmvs. < f -
m/f (18 h) 7d
rats (WST) fasted subchronic social stress G < -
m (16-18 h) 7d
subchronic social isolation 7G| -
7d
mice (C57BL/6J) not specified subchronic early chronic stress TG\~ mvs )\ | f @p9\pl4
m/f, pups (p2-p14) 7 d (p2-p9) AG< \<omvs <\ <f
DAG &\ < mvs. 1\ | f
mice (C57BL/6J) ad libitum fed chronic CSDS AG 1\ 1 @ 11d\ 39d
m 10d
mice (GHSR ad libitum fed chronic CSDS AG 1 (GHSR KO and WT)
WT/KO) 10d DAG < (GHSR KO and WT)
m, C57BL/6J bckg
mice (C57BL/6J) ad libitum fed chronic CSDS AG 1\ < @ 22d \ 62d
m (STD + HFD) 21d
mice (GHSR ad libitum fed chronic CSDS AG 1 (GHSR WT only) -
WT/KO) (STD + HFD) 21d
m, C57BL/6J bckg
mice (GHSR ad libitum fed chronic CSDS TG 1 (GHSR KO and WT) -
KO/WT) 10d
m
C57BL/6J mice ad libitum fed chronic CSDS AG 1 -
m 10d
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Receptor Receptor Expression system Expression level Potency Efficacy’ Desensitization ~ Desensitization Assay References
without o5 with 59398 or preparation acute chronic
or with 5%
Chick a2+ («4p2)oaS Xenopus ACh current 3 ACh current 1 Voltage clamp Ramirez-Latorre et al.,
1996
Chick adp2* (a4f2)p05 Xenopus ACh current | ACh current Voltage clamp Fucile et al., 1997
Human («4p2)paS Xenopus ACh current < Voltage clamp Tapia et al., 2007
(adp2)2p2 ACh
Ca?* permeability 1
Human («4p2)oas Xenopus ACh current 1 Voltage clamp Tapia et al., 2007
(wdp2)o0d ACh
Ca2+ permeability 1
Human (@4B2),055%%  Xenopus ACh current < ACh i Voltage clamp Kuryatov et al., 2011
(«4p2)2a5"% Ca?* permeabilty 1
Human («4p2has Xenopus ACh current < ACh current § Voltage clamp Prevost et al., 2020
(«4p2)op2 Saz-A current |
Human («4p2)pas Xenopus ACh current 1 ACh current | Voltage clamp Prevost et al., 2020
(wdp2)o0d Saz-A currentt
Human (@4B2),055%%  Xenopus ACh current < ACh current & o Voltage clamp Prevost et al., 2020
(«4p2)as™%
Mouse («4p2)2p2  (x4B2)2es Xenopus ACh current 1 ACh current | Voltage clamp Nichols et al., 2016
(«4p2)p0d
Mouse («4p2)pas HEK293 ACh | Membrane potential  Nichols et al., 2016
(«4p2)2p2 assay kit
Human (a4p2)as Xenopus ACh current < ACh current | Voltage clamp Jinetal, 2014
(4p2)2p2
Human («dp2)0d  (4p2)2a5 Xenopus ACh current 1 ACh current | Voltage clamp Jinetal, 2014
Human («4p2):p2°  («42)2a5 15A201 + Overall ACh | t o8 Membrane potential andKuryatov et al., 2008
(€4p2)p04 | Cellsurface  Nic | Cal* assay kits
[PHJ-epibatidine
(MAB295, mA210)
Mouse® («4p2)paS™  HEK293T <« Overall Epi Ca?* Epi Ca?* ¢ Aequorin Blerut et al., 2008
(@4p2)p08" [1%1]-epibaticine
«5 KO Mouse WT Mouse” Thalamus, striatum <> Overall ACh & ACh 18 Rb* efflux Brown et al., 2007
synaptosomes [1?51)-epibaticine
5 KO Mouse WT Mouse Thalamus, hindborain <> Overall ACh 1° SRo* effiux Jackson et al., 2010
synaptosomes ['%1)-epibaticine
5 KO Mouse WT Mouse Striatum ACh < ACh 110 [PH]-DA release Salminen et al., 2004
synaptosomes
5 KO Mouse WT Mouse Dorsal striatum slice Electrical stimulation DArelease, fast-scan  Exley et al,, 2012
11 cyclic voltammetry
a5 KO Mouse WT Mouse Prefrontal cortex ACh ACh 112 [PH-GABArelease  McClure-Begley et al.,
synaptosomes 2009
a5 KO Mouse WT Mouse Habenula, IPN intact < Overall Nic [PH}-NE release Beiranvand et al., 2014
tissue [PH}-epibatidine
5 KO Mouse WT Mouse Prefrontal cortex o [PH)-GABA release Grady et al., 2012
‘synaptosomes
a5 KO Mouse WT Mouse Striatum 1 [PH}-DA release Wageman etal., 2014
synaptosomes
15(dp2), a5 WT Mouse Habenula 116 Overall ACh & ACh & #Rb* efflux O'Neill et al., 2018
(03p4)a8™7 synaptosomes [1%51]-epibaticine
(dp2)o05N WT Mouse Striatum < Overall ACh 417 [BH)-DA release O'Neill et al., 2018
synaptosomes [1%81)-epibaticine
a5 KO Mouse WT Mouse Habenula, IPN ACh 118 BRb* efflux Fowler etal., 2011
synaptosomes
a5 KO Mouse WT Mouse PFC layer VI pyramidal ACh 1 current ACh current ! Patch clamp Bailey et al., 2009
cells, slice
5 KO Mouse WT Mouse VTA slice  Overall ACh current 1 Patch clamp Chatterjee et al., 2013
adYFP
a5 KO Mouse WT Mouse VTA sice Firing rate 1 DMPP current Patch clamp Morel et al., 2014
Anesthetized mouse Nic intravenously Extracellular recordings
9(wdp2)paSN  WT Mouse VTA slice Firing rate 1 DMPP current < Patch clamp Morel et al., 2014
Anesthetized mouse Nic intravenously Extracellular recordings
a5 KO Rat WT Rat VTA slce < Overall Firing rate 1 DMPP current 1 Patch clamp Forget et al., 2018
Anesthetized rat Nic intravenously Extracellular recordings
2(adp2)pa5"  WT Rat VTA slice < Overall Firing rate < DMPP current < Patch clamp Forget et al,, 2018
Anesthetized rat Nic intravenously Extracellular recordings
a5 KO Rat WT Rat IPN slice Nic current 1 Patch clamp Forget et al., 2018
(04p2)oa5N WT Rat IPN slice Nic current 1 Patch clamp Forget et al.,, 2018
Human (@42l (4p2)a5™®  GHACT Nic current |. }2' Ca?* © Patch clamp Sciaccaluga et al.,
Fura-2 Ca?*+ assay 2015
Human («4B2)p0503% GH4C1 Nic current < <> Ca?* 4 122 Patch clamp Sciaccaluga et al.,
(«4B2)p05N% Fura-2 Ca?* assay 2015
5 KO Mouse?®  WT Mouse Ventral midbrain cell Nic 112 Ca?* Fura-2Ca?* assay ~ Sciaccaluga et al.,
culture 2015
B(4p2)p05"7  WT Mouse Ventral midbrain cell Nic 1% Ca2* Fura-2Ca?* assay ~ Sciaccalugaetal.,
culture 2015
5 KO Mouse WT Mouse Ventral midbrain slice Nic current 127 Patch clamp Sciaccaluga et al.,
2015
(04p2)pa5N7 WT Mouse Ventral midbrain slice Nic current 128 Patch clamp Sciaccaluga et al.,
2015
(04p2),05N% (24p2),a5%%%  Dopaminergic iPSC Nic g Patch clamp Onietal., 2016
Glutamatergic iPSC EPSC frequency
a5 KO Mouse WT Mouse PFC layer I/l VIP Firing rate 1 of VIP Invivo two-photon  Koukoui et al., 2017
neurons interneurons calcium imaging
WT Mouse PFG layer I/l VIP Firing rate 1 of VIP Invivo two-photon  Koukoui et al., 2017
(a4p2)p05\  neurons interneurons calcium imaging
a5 KO Mouse WT Mouse Rostral IPN slice Nic current 1 ACh, Nic current 1 Patch clamp Morton et al,, 2018

Nic firing rate 1

Extracellular recordings

" Deduced from maximal effect at saturating agonist concentration. Unless specifically exciuded, an increased efficacy may also result from a higher number of plasma membrane receptors.
2The asterisk means that the two subunits build a backbone, and that an adcitional subunit will contribute to the fifth position.

3Downward arow means reuced effect of receptors shown in column 2 (receptor with o5 D398) compared to column 1 (receptor without 5 or with a5 N39).
#The parent cell line contains a mixture of high-affinity (adB2)2p2 and low-affinity (a4p2)pad receptors.
SSimilar nicotine ICso values.
811 the mouse and rat homologs, amino acid 397 corresponds to amino acid 398 in the human o5 protein.
TWT mice have (adB2)za5 together with (ad82)252 and (adp2)ad receptors.
8The a5 KO reduces the DHBE-sensitive component of $Rb™ efflux.

985Riy+ efflux by 30 WM ACh (high-sensitivity component) is enhanced in WT mice.

10The a-CtxMil-resistant (non-a6) component of dopamine release s reduced in a5 KO mice,

"ad(non-a6) receptors.

12The high-sensitivity component of PH]-GABA release is reduced in a5 KO mice, predominantly in the cortex.

3Hiigher nicotine ICsg values for WT mice.

14(a4p2),$2 (non-a6) are more potently inactivated by nicotine, and recover more slowly from inactivation than (a4$2)a5.

5Mice engineered to express the a5 N397 variant.

160ffsprings were tested: Data show increased cytisine-resistant [12%/]-epibatidine binding for offsprings from dams with nicotine in drinking water.

17 Offsprings were tested. Eficacy for the a-CtxMil resistant component was low for («dp2),a5"" mice, regardless whether dams had 0.2% saccharin, or nicotine in crinking water; efficacy for a-CtxMil sensitive component was highest
in D397 offsprings of dems with 0.2% saccherin in dfinking water:

"8Injections of Lenti-CHANAS into the MHb of knockout mice attenuated the deficits in ®Rb efflux in the IPN, but not in the MHb.

19Mice expressing the 5 N397 in the VTA.

20Rats engineered to express the «5 N397 variant.

21 Number of cells responding to nicotine; intracellular Ca?* signal likely due to voltage-gated rather than nAChR-mediated Ca?* influx.

22Repetitive application of 100 M nicotine at one minute intervals with 0.5 mM BAPTA intracellularly.

23possibly expressing both (ad2)oad and («4B2),p2 receptors.

24None of the a5 KO mouse cells responded to nicotine.

25Mlice engineered to possess the a5 N397 variant.

28hore WT cells respond to nicotine and also with a higher increase of Ca?*.

?TNo cells with a ~40pA (high amplitude) curent response in the a5 KO mouse.

28The number of cells with a ~40pA current response is significantly reduced in the a5 N397 variant.

29Celis with a5 D398 variant, but not cells with the N398 variant, respond to higher nicotine concentrations by an increase of EPSC frequency.

Oice engineered to possess the a5 N397 variant.

ACh, acetylcholine; DA, dopamine, dopaminergic; Cyt, cytisine; DMPR, dimethylohenylpiperazinium; Epi, epibatidine; EPSC, excitatory postsynaptic current; HEK, human embryonic kidney cell; IPN, interpeduncular nucleus; iPSC,
induced pluripotent stem cell: KO, knockout; MHb, medial habenie; NE, norepinephrine; Nic, nicotine; PFC, prefrontal cortex; Saz-A, sazeticine-A; SCG, superior cervical ganglion; Var, vareniciine; VIR, vasoactive intestinal polypeptide;
VTA ventral tegmental area; WT, wild type.
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Receptor without Receptorwitho5 ~ Expression  Expression level Potency Efficacy’ Desensitization ~ Desensitization Assay Reference

o5 or with o5 N398 D398 system or acute chronic
preparation
Human (a3B4)p05 Xenopus Cell surface < ACh, Nic < ACh, Nic current < I ['%1)-mAb210 Wang et al., 1996
a3p42 Voltage clamp
Chick (03p4)2as Xenopus ACh & ACh current < Voltage clamp Fucile et al., 1997
o34
Chick (03p4)a5 BOSC-23 ACh 1# ACh current | - Patch clamp Fucile et al., 1997
oaapd”
Human (Bp4)a5 Xenopus ACh, DMPP, Oyt &> DMPP current | ) Voltage clamp Gerzanich et al., 1998
o34 Ca?* permeability
Human (03p4)2a60%® Xenopus ACh < Ach - Voltage clamp Kuryatov et al., 2011
(a3p4),a5N3%8 Ca?+ permeability <>
Human (03p4)2as Xenopus ACh & ACh current < T Voltage clamp Groot-Kormelink et al.,
o34t 2001
Mouse (03p4)2a5 Xenopus ACh &% Voltage clamp Papke et al., 2010
o3pa”
Human (03p4)a5 Xenopus ACh, Nic, Oyt, Var <8 Voltage clamp Stokes and Papke,
(«3pd)opd 2012
Human (BBd)p0525% Xenopus ACh, Nic, Cyt, Var & Voltage clamp Stokes and Papke,
(3B4),a5N3% 2012
Human (03p4)a5 Xenopus ACh, Nic, Gyt <> ACh, Nic, Oyt current Voltage clamp George et al., 2012
(03p4)op4 T
Human (03p4)2a5 Xenopus ACh, Nic, Gyt = ACh, Nic, Oyt current Voltage clamp George etal,, 2012
(03p4)203 t
Human (3B4),05098 Xenopus ACh, Nic, Gyt < ACh, Nic, Cyt current Voltage clamp George et al., 2012
(a3p4)o069% -1
Mouse (03p4)2a5 Xenopus ACh current 3 Voltage clamp Frahm et al., 2011
(3Bd)p4
Mouse (3p4)08°%7 Xenopus ACh current 1° Voltage clamp Frahm et al., 2011
(3p4),05M997
Human (03p4)a5™® 1sA201 Overall ACh, Nic - [PHl-epibatidine Wang et al., 1998
o3pa Patch clamp
Human (03p4)oaS™ 1sA201 ACh, Nic, Oyt, DMPP ACh & Patch clamp Nelson et al., 2001
o3pa* -
Human HEK293 ACHh, Nic, Cyt, DMPP s ol Patch clamp Lietal, 2011
«3p4* 12(03BA)oa57% PN
Human (a3pd)pa5P3%8 HEK293 ACh, Nic, Cyt, DMPP P 18 Patch clamp Lietal., 2011
(03p4)p0513%8 -
Human (03p4)as HEK293 Overall Nic, ACh, Var < Nic, Var Ga?* | - - mAB35 Tammimaki et al,, 2012
o3pa Cell surface < [1%1]-epibatidine
Aequorin Ca?* assay
Human (03p4)2a5%%%8 HEK293 Overall < Nic 417 Nic, ACh, Var Ca?* « ~® - mAB35 Tammimaki et al,, 2012
(a3pd)05N%8 Cell surface < ACh, Var < [1%1]-epibatidine
Patch clamp
Aequorin Ca?* assay
Human (034)a5 HEK293 Cell surface | Nic Ca?+ | ! Tagged subunits Ray etal. 2017
«3pd’ Aequorin Cal* assay
Human (o3p4)p50%%8 HEK293 Nic Ca?* 4 Tagged subunits. Ray et al., 2017
(a3Bd)pa5N% Aequorin Ca?+ assay
Human (03p4)2060%® DAIPSC ACh, Nic 1 ACh, Nic current | - Patch clamp Deflorio et al,, 2016
(Bp4)206M%
Human (Bp4)as Rat kidney cells  Cell surface | Confocal mictoscopy ~ Crespi et al., 2018b
3pd’
a5 KO Mouse WT mouse Habenula intact Overall & [PH}-epibatidine Scholze et al., 2012
tissue
Chick'®a3pa* Chick (e3p4),¢5  Sympathetic ACh, Oyt | Patch clamp Yu and Role, 1998
neurons.
5p2 KOMouse?® g2 KO Mouse?'  SCG cell culture Overall <> Cyt, DMPP current <  ACh, Oyt, DMPP - [PH}-epibatidine David etal,, 2010
current < Patch clamp
5 KO Mouse WTmouse  SCG cell culture ACh, Nic, Cyt, DMPP, ACh, Nic, Cyt, DMPP, [H)-NE release Fischer et al., 20050
Epi o Epi | Fura-2 Ca?* assay
5 KO Mouse WT mouse  SCG intact ganglion o2 - 0 Transganglionic Simeone et al., 2019
transmission

"Deduced from maximal effect at saturating agonist concentration. Unless specificall excluded the increased efficacy may aiso result from a higher number of plasma membrane receptors.
2The asterisk means that the two subunits build a backbone, and that an adltionel subunit will contribute to the fth position.

SUpward arrow means enhanced effect of receptors shown in column 2 (receptor with o5 D398) compared to column 1 (receptor without oS or with a5 N398).

4Co-expression of a5 leads to a biphasic concentration-response curve due to the appearance of a second low-affinity component

5By comparison of ECgo values of peak currents; the a3p4" concentration-response curve for net charge is biphasic.

SComparison of ECso values of peak currents.

"Significantly different for ACh; enhanced but not significantly different for nicotine and cytisine in WT.

BWith ratios of 10:10:1 for o5:pd:a3 injected CRNA, o5 wil reduce currents compared to oocytes injected with pd:a3 at a ratio of 10:1.

With ratios of 10:10:1 for o5:p4:a3 injected CRNA, currents by a5 D397 are larger than currents by a5 N397.

100nly 14% of «3p4" receptors contain the o5 subunit.

10nly 14% of «3p4" receptors contain the o5 subunit.

12 FLAG epitope was inserted near the amino terminus of the a5 subunit. Cells were selected by binding to beads coated with antibody to the FLAG epitope.

13Decay time not significantly different for 1mM ACh; significantly prolonged for 100 M nicotine.

14Recovery from desensitization.

15Recovery from desensitization.

1®Residlual current after a 40's puise of 100 M ACh, recorded by patch clamp electrophysiology (bath solution with 2mM Ca?).

7 (a3p4),a5P3%8 s significantly more sensitive than (a3p4)2a53%,

"8Residlual current after a 405 pulse of 100 M ACh, recorded by patch clamp electrophysiology (bath solution with 2mM Ca2).

194S: antisense oligonuceotide treatment.

2°Remaining receptors are 100% a3p4.

2 Remaining receptors are 75% a3p4 and 25% (w3p4)2e5.

22Unaltered amplitude of compound action potential and EPSC.

ACh, acetylcholine; DA, dopamine, dopaminergic; Cyt, cytisine; DMPP, dimethylphenylpiperazinium; Epi, epibatidine; EPSC, excitatory postsynaptic current; HEK, human embryonic Kicney cells; IPN, interpeduncular nucieus; iPSC,
induced pluripotent stem cell; KO, knockout; MHb, medial habenuie; NE, norepinephrine; Nic, nicotine; PFC, prefrontal cortex; Saz-A, sazeticine-A; SCG, superior cervical ganglion; Var, varenicline; VIR, vasoactive intestinal polyeptide;
VTA ventral tegmental area; WT, wild type.
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(Chuang et al., 2011) mice (GHSR CSDS STD < vs. HFD 1 @ 26 d (during CPP) T @ 26 d (during CPP)
WT/KO) 10d < GHSR KO Fl cumul (CPP) < GHSR KO BW change % (CPP)
m, C57BL/6J bckg
(Berton et al., 1998) rats (LEW) RI SDS Ay @1d-5d\6d-7d 1\ < @1d-4d\5d-6d
m 7d FI daily (9/100g) BW change %
(Fanous et al., 2011) rats (SPD) RI SDS - - N @10d
m every 3d, 10d BW gain g
(Patki et al., 2013) rats (SPD) RI SDS — @1d-7d & @7d
m 7d Fl daily avgd BW gain g

Acute paradigms: Measurements after stressor cessation (@ x h/d/w; 1 = start of stressor). Chronic paradigms: Measurements during paradigm and/or after stressor
cessation as indicated (@ x h/d). Abbreviations: TMDS3, Tryon Maze Dull S3; WST, Wistar; SPD, Sprague-Dawley; bckg, background; p, postnatal day; LH, Lister
hooded; LEW, Lewis; LPS, lipopolysaccharide; CUMS, chronic mild unpredictable stress; STD, standard diet; HFD, high-fat diet; CSDS, chronic social defeat stress; R,
resident-intruder; SDS, social defeat stress; Fl, food intake; cumul, cumulative; avgd, averaged; BW. body weight; ()", non-significant.
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(Patterson et al., 2010)

(Yao et al., 2016)

(He et al., 2018)

(Yan et al., 2018)

(Forbes et al., 1996)

(Harris et al., 1997)

(Lopez Lopez et al., 2018)

(Simas et al., 2018)

(Li et al., 2019)

(Yun et al., 2020)

(Huang et al., 2017)

(Lutter et al., 2008)

(Patterson et al., 2013a)

(Patterson et al., 2013b)

(Razzoli et al., 2015)

mice (GHSR CUMS J @1d-14d J @ di14
WT/KO) 14d < GHSR-KO keal daily avgd < GHSR-KO BW change g
m, C57BL/6J-DBA (STD + HFD)
bckg
mice (C57BL/6N) CUMS + social U3 @21d - -
m isolation FI cumul (24 h)/BW
21d
(fasted, 12 h)
rats (SPD) CUMSs - - l @1w,2w, 3w, 4w
f 4w BW change %
mice (C57BL/6J) CUMS <\l @7d,14d\21d <\ @7d,14d\21d
m 21d Fl cumul (24 h) ? BWg
rats (LH) CUMS - - 1 @1 w-6w
m 6w BWg
rats (WST) CUMS = @1d-40d <\l @1d-3d\4d-40d
m 40d Fl daily BWg
rats (WST) CUMS < @1d-60d <\l @1d-40d\40d-60d
m 60d FI daily BWg
rats (WST) CUMS < @1w,2w,3w,4w < @1w,2w,3w,4w
m 4w Fl daily avgd (but no BW BWg
(STD) gain from Ow
as control)
CUMS <\ L\ @1w,2w\3w\4w <\ @1w,2w,3w\4w
4w Fl daily avgd BWg
(HFD)
rats (WST) CUMS - - <\ @1w\2w 3w, 4w
m 4w (and | BW gain BWg
from 1 w)
mice (C57BL/6N) CUMS - - <\ @2w\4w 6w
m 6w BW change g
mice (C57BL/6J) CUMS 1 @O0 w-8w (1x/w) < @8w
m 8w FI daily avgd BW change g
mice (GHSR CSDs 4 @1d-10d, 11 d-13d <~ @1d-13d
WT/KO) 10d < GHSR KO Fl daily avgd BW change g
m, C57BL/6 J bckg
mice (C57BL/6J) CSDSs +STDvs. | @1d-21d 1 @1d-21d
m 21d HFD Fl daily avgd BW g avgd
(STD + HFD 4h/d)
mice (GHSR CSDS 1 @1d-21d 1 @21d
WT/KO) 21d < GHSR KO kcal daily avgd < GHSR KO BW gain g
m, C57BL/6J bckg (STD + HFD 4h/d)
mice (C57BL/6J) CSDS 1 @1d-21d < @21d
m 21d FI and kcal daily avgd BW, BW change g
mice (C57BL/6J) CSDSs 1 @1w-4w? - -
m 4w FI daily avgd
mice (CD1) CSDS T\ < @1w,2w,3w\4w <\ 1 @1w\2w, 3w, 4w
m 4w kcal daily avgd ? BWg

QTN 1 wvar END 2 vas)





