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In recent years, the field of neuroimaging dramatically moved forward by means of the expeditious development of specific radioligands of novel targets. Among these targets, the synaptic vesicle glycoprotein 2A (SV2A) is a transmembrane protein of synaptic vesicles, present in all synaptic terminals, irrespective of neurotransmitter content. It is involved in key functions of neurons, focused on the regulation of neurotransmitter release. The ubiquitous expression in gray matter regions of the brain is the basis of its candidacy as a marker of synaptic density. Following the development of molecules derived from the structure of the anti-epileptic drug levetiracetam, which selectively binds to SV2A, several radiolabeled markers have been synthetized to allow the study of SV2A distribution with positron emission tomography (PET). These radioligands permit the evaluation of in vivo changes of SV2A distribution held to be a potential measure of synaptic density in physiological and pathological conditions. The use of SV2A as a biomarker of synaptic density raises important questions. Despite numerous studies over the last decades, the biological function and the expressional properties of SV2A remain poorly understood. Some functions of SV2A were claimed, but have not been fully elucidated. While the expression of SV2A is ubiquitous, stronger associations between SV2A and Υ amino butyric acid (GABA)-ergic rather than glutamatergic synapses were observed in some brain structures. A further issue is the unclear interaction between SV2A and its tracers, which reflects a need to clarify what really is detected with neuroimaging tools. Here, we summarize the current knowledge of the SV2A protein and we discuss uncertain aspects of SV2A biology and physiology. As SV2A expression is ubiquitous, but likely more strongly related to a certain type of neurotransmission in particular circumstances, a more extensive knowledge of the protein would greatly facilitate the analysis and interpretation of neuroimaging results by allowing the evaluation not only of an increase or decrease of the protein level, but also of the type of neurotransmission involved.
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INTRODUCTION

The number of studies of synaptic vesicle glycoprotein 2A (SV2A) rose exponentially after the discovery of an anti-epileptic drug, levetiracetam, that selectively binds to SV2A. SV2A is a transmembrane protein of synaptic vesicles, ubiquitously expressed throughout the brain. The development of radiotracers that specifically target the protein proceeded from the structure of levetiracetam, inspired by the claim that SV2A is a suitable marker of synaptic density.

Until recently, synaptic density measurements were assessed only in vitro, generally with immunohistochemistry or electron microscopy. The synaptic vesicle protein synaptophysin traditionally was used as the ‘gold standard’ marker of pre-synaptic terminals, as it is one of the most abundant proteins of synaptic vesicles (Takamori et al., 2006). Synaptophysin immunoreactivity commonly is used to quantify synapses post mortem [e.g., detection of synaptic density loss in dementias with synaptophysin immunohistochemistry, reviewed by Clare et al. (2010)].

Finnema et al. (2016) compared the regional densities of synaptophysin and SV2A, identifying a linear correlation between the two proteins in gray matter areas and suggesting the use of SV2A as a synaptic density marker as an alternative to synaptophysin. The development of SV2A tracers allowed the non-invasive evaluation of changes in synaptic density in vivo by PET, which is particularly relevant to brain disorders.

Despite extensive studies, much remains to be understood about the protein, and further experimentation could lead to the discovery of new SV2A functions with implications for disease research and interpretation of neuroimaging results. In this review, we summarize the findings of the available literature about SV2A features and functions, and we evaluate its utilization in neuroimaging as a marker of synaptic density, especially in studies of neurodegenerative disorders. Furthermore, we report interesting and incompletely understood facts about the protein, with the purpose of raising new questions for future research.



SYNAPTIC VESICLE GLYCOPROTEIN 2 FAMILY STRUCTURES AND FUNCTIONS


Synaptic Vesicle Glycoprotein 2 Family

The synaptic vesicle glycoproteins 2 (SV2) are keratan sulfate proteoglycans (Scranton et al., 1993) that constitute a family of proteins present in the secretory vesicles of neurons and endocrine cells (Buckley and Kelly, 1985; Portela-Gomes et al., 2000), consistent with their fundamental role in vesicular dynamics.

Adopting an approach that allowed the isolation and analysis of single synaptic vesicles representative of all neurotransmitter classes, Mutch et al. (2011) found that each synaptic vesicle contains on average 5.04 copies of SV2 proteins, with only a small intervesicular variability. However, in an earlier mass spectrometry study, Takamori et al. (2006) estimated only 1.7 SV2 copies per synaptic vesicle.

The importance of the SV2 family is suggested also by the sequencing of cDNA clones encoding SV2 from evolutionary distant species, which shows the high conservation of SV2 proteins throughout evolution and across eukaryotic species (Bindra et al., 1993). The lack of SV2 homologs in yeast suggests that these proteins exert their functions in eukaryotic vesicular dynamics and possibly are not involved in the very basic machinery of secretion common to all species.

A first study (Bajjalieh et al., 1992), based on the deduced SV2 sequence, revealed that SV2 proteins contain 12 transmembrane domains and their NH2-terminal amino acid sequence resembles a family of bacterial transporters, suggesting a possible role of SV2 proteins as transmembrane transporters. Later (Jacobsson et al., 2007), a phylogenic analysis showed that SV2 proteins are, among the vertebrate proteins, the most similar to the solute carrier family 22, that belongs to the major facilitator superfamily.

SV2 proteins are highly glycosylated, with luminal glycosylation sites (Scranton et al., 1993); the N-glycosylation plays a only partially dispensable role in the sorting of SV2 in synaptic vesicles (Kwon and Chapman, 2012). In the synaptic vesicles of the electric organ of the animal model Torpedo, the glycosylation in the luminal domains of SV2 together with the glycidic parts of other synaptic vesicle proteins may collaborate to create a “vesicular matrix” able to capture acetylcholine and adenosine triphosphate (ATP), thus regulating their availability (Reigada et al., 2003).

The SV2 family has 3 members, SV2A, SV2B, and SV2C, that are similar in structure but different in pattern of expression. SV2A is the predominant isoform, ubiquitously present in all brain regions, with peaks in the subcortical areas such as basal ganglia and thalamus. In contrast, SV2B preferentially is expressed in cortex and hippocampus (Bajjalieh et al., 1993). The ubiquitous expression of SV2A was recently confirmed by autoradiography; the protein is distributed in all gray matter structures, with variable levels of expression (Varnäs et al., 2020). Neurons predominantly express one isoform but the expression patterns of SV2A and SV2B partly overlap, and some neurons such as the pyramidal neurons of hippocampus can express both isoforms; sometimes, both isoforms also are co-expressed in the same synaptic vesicle. It is remarkable that the expression patterns of the two isoforms appear not to correlate with the neurotransmitter content of the vesicles, nor with the expression patterns of other synaptic proteins. These findings suggest that SV2A and SV2B may perform same or similar functions in vesicular dynamics (Bajjalieh et al., 1994). The SV2C subtype structure is very similar to that of other isoforms, but the distribution is very restricted, with high levels in phylogenetically older brain areas such as striatum, substantia nigra, pons, medulla oblongata, and olfactory bulb, and close to absence from neocortex, hippocampus and thalamus (Janz and Südhof, 1999). A later study with fluorescent immunohistochemistry and in situ hybridization revealed particular expression of SV2C in striatal cholinergic interneurons and nigro-striatal mesolimbic dopaminergic neurons (Dardou et al., 2011).

The expression of SV2 isoforms varies during brain development, with possible effects on synaptic organization. SV2A fluctuations were observed in different telencephalic areas of the developing mouse brain, especially in the hippocampus (Crèvecoeur et al., 2013). SV2B expression is greater during development than in adult brain, especially in some structures of the basal ganglia (Bajjalieh et al., 1994). Interestingly, in the developing mouse retina, a temporal and cell-specific distribution of each SV2 isoform was detected in early developmental stages, prior to onset of synaptogenesis, indicating a possible synapse-specific role of the isoforms in synapse formation (Wang et al., 2003).

The biological significance of SV2 family members is unclear, although the participation in key mechanisms of the vesicular processes is widely accepted. However, based on the protein structures and properties, multiple specific roles were tested, including transport activity, interaction with synaptotagmin and its retrieval during vesicular recycling, participation in neurotransmission, with regulation of vesicular calcium sensitivity and vesicular priming, modulation of the readily releasable pool of vesicles, and interaction with the extracellular matrix. SV2 proteins also are responsible for the vesicular entry of neurotoxins and could possibly have a mitochondrial function (Table 1).


TABLE 1. Possible functions of synaptic vesicle glycoproteins 2 (SV2).
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Synaptic Vesicle Glycoproteins 2 as Transporters

Along with a similarity to bacterial transporters (Bajjalieh et al., 1992), SV2 proteins present a homology of 6 C-terminal transmembrane domains with plasma membrane neurotransmitter transporters. For this reason, SV2 proteins were initially thought to mediate the transport of neurotransmitters into synaptic vesicles (Feany et al., 1992). Thus, the discovery of the different distribution of SV2 isoforms initially was held to be related to the possibility that each SV2 subtype (particularly SV2A and SV2B) would be responsible for the transport of different amino acid neurotransmitters, such as the excitatory glutamate or the inhibitory GABA. However, as stated above, their patterns of expression are inconsistent with transport of specific neurotransmitters. For example, in the cerebellum, in which excitatory and inhibitory cells are well defined, SV2A appears to be expressed in both glutamatergic and GABAergic neurons, while SV2B is present in most but not all glutamatergic neurons and absent from GABAergic neurons (Bajjalieh et al., 1994). As a result, currently there is no experimental evidence for the hypothesis that SV2 proteins have a role as neurotransmitter transporters.

Remarkably, the SV2A subtype was shown to mediate the transport of a particular substrate, galactose. In a model of hexose transporter-deficient Saccharomyces cerevisiae, the induced expression of human SV2A allowed the growth of the yeast on a galactose-containing medium, but not on other fermentable carbon sources, possibly demonstrating the role and specificity of SV2A as galactose transporter, and further evidence emerged with the direct measurement of galactose uptake (Madeo et al., 2014).

This putative function of SV2A deserves attention and further analysis, as it may underlie specific roles of galactose within neurons and may help to understand the implication of SV2A in pathological contexts.



Synaptic Vesicle Glycoproteins 2 Interact With Synaptotagmin

SV2 proteins bind synaptotagmin that has a fundamental role in the regulation of neurotransmitter release as a calcium sensor active during exocytosis. The interaction between synaptotagmin-I and the predominant isoform SV2A was the first to be investigated, showing the binding to be specific, mediated by the cytosolic amino terminus of SV2A, and calcium-dependent. The binding is inhibited by increased calcium concentrations, probably because the interaction is regulated by calcium-induced conformational changes of synaptotagmin (Schivell et al., 1996). SV2B also interacts with synaptotagmin, but with different properties and apparently in a calcium-independent manner (Lazzell et al., 2004).

A consequent study (Schivell et al., 2005) demonstrated that all SV2 isoforms present the same synaptotagmin binding site inhibitable by calcium, while the isoforms SV2A and SV2C contain an additional modulatory calcium-induced binding site in the amino terminus. The authors suggested that SV2 proteins may control synaptotagmin interaction with other proteins to modulate vesicular exocytosis, and that the SV2B isoform may work differently from SV2A and SV2C because of the presence of a single synaptotagmin interaction site. Solubilization and immunoprecipitation of the proteins confirmed the binding between the isoform SV2A and synaptotagmin (Lambeng et al., 2006).

SV2 proteins also appear to have a role in controlling the abundance of synaptotagmin in synaptic vesicles; in fact, the mutation of a fundamental tyrosine-based endocytosis motif in SV2A reduces the trafficking of synaptotagmin in synaptic vesicles. Moreover, in neurons knocked-out for both SV2A and SV2B, synaptotagmin is greatly reduced in vesicles and as a consequence fewer vesicles are competent to achieve the calcium-mediated fusion (Yao et al., 2010).

Phosphorylation of SV2 proteins plays a role in these processes. SV2 molecules are phosphoproteins of the nerve terminals, where the phosphorylation of the amino terminus seems to play a crucial role in mediating the interaction with synaptotagmin, as the phosphorylation increases the affinity of SV2 for synaptotagmin (Pyle et al., 2000). Casein kinase 1 family members are able to phosphorylate the SV2A isoform in two groups of residues, called Cluster-1 and Cluster-2. The phosphorylation of a particular residue (Thr84) belonging to Cluster-2 is important as a trigger of the binding of SV2A to synaptotagmin-I. In addition, the ablation of Thr84 phosphorylation in SV2A results in an erroneous retrieval during vesicular endocytosis of synaptotagmin-I. Notably, SV2A phosphorylation is necessary for synaptotagmin sorting but not for endocytosis in general (Zhang et al., 2015).

Overall, SV2 proteins have a major role in regulating the presence and abundance of synaptotagmin in synaptic vesicles, by modulating its trafficking to the vesicles and its retrieval during endocytosis.

Nowack et al. (2010) found that the influence on synaptotagmin’s expression and retrieval is a fundamental function of SV2 members in the synapse, supported by functional motifs of the proteins that are different from those regulating the probability of neurotransmitter release. In primary neuronal cultures from SV2A/SV2B double knock-out mice, the authors performed mutagenic analysis of tryptophans W300 and W666, conserved among all the SV2 isoforms. Remarkably, the authors found that mutants SV2A-W300A and SV2A-W666A are unable to restore normal neurotransmission, but do restore normal levels of synaptotagmin expression and internalization. These results indicate that the residues W300 and W666 do not affect the dynamics of synaptotagmin in the synapse but rather play a crucial role in neurotransmission, demonstrating that SV2 proteins perform at least two roles in synapses, the roles exerted by different functional motifs (Nowack et al., 2010).



Synaptic Vesicle Glycoproteins 2 Regulate the Release of Neurotransmitters

Although SV2 proteins probably are not involved in neurotransmitter transport, their fundamental role in synaptic function is evident. Studies of SV2A mutants have assessed the importance of the protein in neurotransmission. In the study by Janz et al. (1999), SV2A-deficient mice had impaired and abnormal neural activity, and did not survive past the first weeks of life. In addition, SV2A/SV2B double knock-out mutants had properties similar to SV2A mutants, suggesting that the knock-out of SV2B does not aggravate the phenotype. As discussed by the authors, this result can be explained with the distribution patterns of the isoforms, as SV2A is more widely expressed than SV2B, potentially making its deletion more significant. Notably, analysis of the levels of key synaptic proteins in SV2 mutants tested whether the deficits relate to changes of synaptic abundance and composition and revealed no changes of synaptic vesicle abundance and/or gross brain morphology (Janz et al., 1999). Crowder et al. (1999) confirmed the consequences of SV2A knock-out. Homozygous mutant mice lacking the expression of SV2A appeared normal at birth, but then revealed a severe phenotype with growth failure, presence of seizures (thought possibly to be associated with reduced inhibitory transmission in hippocampus) and death within the third week of post-natal life. Again, SV2A knock-down seemed not to be associated with alterations of brain morphology, nor of synaptic density (Crowder et al., 1999).

The interaction between SV2 proteins and the calcium-sensor synaptotagmin may explain how SV2 proteins are involved in neurotransmission, as the calcium concentration is a key factor in vesicular fusion. However, the relationship between SV2 proteins and calcium remains complicated. Janz et al. (1999) proposed a direct involvement of SV2 proteins in the regulation of intracellular calcium as calcium transporters. This hypothesis comes from the observation that SV2 knock-out results in pre-synaptic calcium accumulation and increased release probability, likely involved in the development of seizures. However, Iezzi et al. (2005) later rejected the hypothesis that SV2 proteins are calcium transporters: up- or down-regulation of the isoforms SV2A and SV2C does not change cytosolic or intravesicular calcium levels, nor the calcium currents in pancreatic endocrine cells (Iezzi et al., 2005).

The way in which SV2 proteins are involved in neurotransmission is a complicated topic. In the study of Chang and Südhof (2009), the authors presented the possibility of a maturation step during exocytosis, previously unidentified, in which SV2 proteins render the primed vesicles in a fully calcium-responsive state. This means that SV2 proteins modulate neurotransmitter release in early stages of exocytosis, without affecting its final step. Importantly, in this study the authors demonstrated that the N-terminal sequence of SV2A that binds to synaptotagmin is not necessary for SV2A function, as a SV2A mutant lacking this motif fully can rescue the SV2-deficient phenotype, implying that the binding to synaptotagmin may not be functionally essential to a role of SV2 in exocytosis (Chang and Südhof, 2009).

A modulatory role in neurotransmitter release also is supported by the observation that the SV2A isoform is involved in dimensional modifications of the synaptic vesicles during neurotransmitter loading. Budzinski et al. (2009) reported that glutamatergic vesicles change significantly with respect to surface and volume upon filling with neurotransmitters, but the changes do not happen in vesicles that do not express SV2A. However, glutamate loading is possible in SV2A knock-out mice, indicating that SV2A has no role in processes of neurotransmitter loading itself, but only in the consequent dimensional adaptations of the vesicles, or, perhaps, that SV2A may influence the activity of other proteins involved in vesicle size changes. These findings also rejected the hypothesis that SV2 proteins are transporters of neurotransmitters. Given that loss of SV2A reduces the release probability, and that absence of SV2A prevents dimensional increase of vesicles filled with neurotransmitters, the authors suggested that the swelling of vesicles could be an intrinsic signal indicating that the vesicles are ready to be released (Budzinski et al., 2009).

Recently, the role of SV2A in calcium-induced exocytosis was evaluated by a new chemogenetic approach described by Bradberry and Chapman (2021), which allows the detection of both calcium entry and neurotransmitter release at the same pre-synaptic terminal. In hippocampal neurons lacking the expression of SV2A, the probability of neurotransmitter release declined without alterations of calcium influx, indicating that SV2A probably can increase the likelihood that calcium induces an event of vesicular fusion. These results confirm the modulatory action of SV2 proteins in exocytosis, and suggest a role for SV2A in excitation-secretion coupling (Bradberry and Chapman, 2021).

The hypothesis that SV2 proteins mediate a maturation step of the calcium-induced exocytosis is supported by other studies. Xu and Bajjalieh (2001) demonstrated that SV2 proteins are required to maintain the pool of vesicles ready to be released during calcium-induced exocytosis. The calcium-induced exocytosis goes through an initial rapid phase called exocytotic burst, in which the docked vesicles fuse with the plasma membrane. The exocytotic burst operationally defines the readily releasable pool (RRP) of vesicles. In SV2A knock-out chromaffin cells, the exocytotic burst was significantly decreased, but the decrease was not attributable to a reduction in number or size of the RRP vesicles, nor to changes in calcium dependency of the fusion process. Further analyses revealed that the reduction in the exocytotic burst is given by SV2A’s capability to modulate the concentration and organization of pre-fusion complexes, such as components of the SNARE complex. In other words, SV2 proteins (and the SV2A isoform in particular) guide the vesicles of RRP in a fusion-competent state (Xu and Bajjalieh, 2001). Consistent with these findings, Chang and Südhof (2009) did not detect a decrease in the RRP size after SV2 protein deletion.

Other studies support the hypothesis that SV2 proteins exert their action in a maturation step that possibly occurs after the docking, and before the final event of vesicle fusion. This observation was reported in a study by Custer et al. (2006), showing that loss of SV2 proteins is associated with reduced initial release probability and decreased post-synaptic currents; in this case, the reduction is associated with a smaller RRP of vesicles. Alteration of the RRP does not reflect reduction of RRP refilling or altered release probability of single vesicles. Ultrastructural analyses demonstrated that the number of docked vesicles is unaltered in neurons lacking SV2 protein expression, meaning that SV2 proteins act in a post-docking priming step (Custer et al., 2006). Alterations of the RRP after SV2A depletion have been detected also in peripheral sympathetic neurons (Vogl et al., 2015).



Synaptic Vesicle Glycoproteins 2 Interact With the Extracellular Matrix

SV2 proteins interact with components of the extracellular matrix. The study of Son et al. (2000) showed that purified SV2 proteins directly bind laminin-1 with high affinity. This interaction is likely to be activity-dependent, as it happens when SV2 proteins transiently become plasma membrane proteins after vesicular fusion. The capability of SV2 proteins to act as laminin receptors may be essential to the processes of axonal regeneration or the activity-dependent synaptic adhesion (Son et al., 2000).



Synaptic Vesicle Glycoproteins 2 Mediate the Cellular Entrance of Neurotoxins

The interactions between SV2 proteins and neurotoxins have been thoroughly investigated. It has been demonstrated that SV2 proteins mediate the neuronal entrance of neurotoxins, in particular the botulinum neurotoxins (BoNTs). BoNTs are among the most dangerous known bacterial toxins, as they cause botulism, a condition characterized by the blockade of acetylcholine transmission and flaccid paralysis. The 7 main serotypes (BoNT/A-G) exploit the synaptic proteins to enter inside neurons; in particular, the serotypes BoNT/A (Dong et al., 2006), BoNT/D (Kroken et al., 2011; Peng et al., 2011), BoNT/E (Dong et al., 2008; Mahrhold et al., 2013) and BoNT/F (Fu et al., 2009; Rummel et al., 2009) use the SV2 luminal domain as a surface receptor and take advantage of the vesicle recycling mechanism to enter the cells. The role of SV2 proteins as receptors for botulinum neurotoxins was demonstrated initially for the BoNT/A serotype with neurons in which SV2 proteins were knocked-out and the uptake of neurotoxins was prevented. The uptake could be re-established by restoring SV2 expression (Dong et al., 2006).

For the serotype A, immunoelectron microscopy showed that the neurotoxin is internalized in the lumen of small synaptic vesicles, and not in other endosomal compartments, followed by a fast cytosolic translocation of the neurotoxin. Each small vesicle can contain one or two toxin molecules, indicating that SV2 proteins regulate the amount of toxin molecule present in a single vesicle (Colasante et al., 2013). It is noteworthy that neurotoxin subtypes that exploit SV2 proteins establish a very different interaction from the subtypes that bind to other synaptic proteins; for example, BoNT/A-SV2 interaction has very different properties compared to the interaction between BoNT/B and the protein synaptotagmin (Weisemann et al., 2016). Several studies revealed the specificity of neurotoxin subtypes for the different SV2 isoforms and the properties of interaction. As an example, the subtype BoNT/A1 interacts mainly with the isoforms SV2C, and SV2C glycosylation is fundamental to the toxin’s recognition of both the peptide moieties ad the SV2C-linked glycan (Yao et al., 2016). High resolution crystal structure revealed the specific interaction between the neurotoxin subtype BoNT/A2 and the luminal domain of SV2C (Gustafsson et al., 2018). It has been shown that SV2 proteins (particularly SV2A and SV2B isoforms) are also responsible for the neuronal entry of tetanus toxins that cause rigid paralysis (Yeh et al., 2010). Botulinum and tetanus neurotoxins share the same mechanism of entry into central neurons, by binding SV2 proteins during vesicular recycling (Blum et al., 2012).



Other Functions of Synaptic Vesicle Glycoproteins 2

SV2 proteins are extremely multifaceted and possibly involved in more processes than those already described. Some of the additional hypothesized roles for SV2 proteins open promising research possibilities and are summarized as follows: The SV2A isoform is believed to have a mitochondrial localization and function. This hypothesis is suggested by the observed amelioration of mitochondrial dysfunctions typical of patients with Alzheimer’s disease upon administration of levetiracetam, the drug known to interact specifically with SV2A. This observation, together with the similarity between mitochondrial and vesicular membranes, led to the hypothesis of a mitochondrial role of SV2A, possibly as a fusion or fission factor (Stockburger et al., 2016). This finding could be extremely relevant to the study of pathological processes that involve mitochondrial dysfunctions.

SV2 proteins also are linked to the cellular energy balance by interaction with ATP. Yao and Bajjalieh (2008) reported that SV2A and SV2B bind to adenine-containing nucleotides, including ATP. The significance of this interaction is not clear, but it has been suggested that nucleotide binding somehow can regulate functions of SV2 proteins (Yao and Bajjalieh, 2008). Furthermore, interactions between SV2 isoforms and other synaptic proteins merit further investigations. Recently, cross-linking mass spectrometry studies uncovered an intricate network of links between the isoform SV2A and other synaptic vesicle proteins, such as synaptophysin and synaptobrevin-2 (Wittig et al., 2021). These interactions involve both the luminal and cytosolic domains of the proteins.

In summary, SV2 proteins seem mainly to have an important modulatory role in neurotransmission, especially by regulating a maturational step of vesicles during exocytosis and the coupling between calcium entry in the pre-synaptic terminal and release of neurotransmitter. The interaction with the calcium-sensor synaptotagmin is important. Other functions, especially the specific transport of galactose mediated by the isoform SV2A, the interaction with extracellular proteins like laminin, the interaction with adenine nucleotides and the possible mitochondrial localization and function are of interest and merit further investigations to fully understand SV2A protein roles in physiological and pathological conditions (Figure 1).
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FIGURE 1. Summary of the main putative roles of the isoform synaptic vesicle glycoprotein 2A (SV2A). SV2A participates in a pre-fusion maturation step during vesicular exocytosis; SV2A is involved in neurotransmission via multiple mechanisms, e.g., by modulating the coupling between calcium entry and neurotransmitter release or by regulating machinery involved in neurotransmitter release; SV2A interacts with extracellular matrix components, e.g., laminin; SV2A interacts with other synaptic vesicle proteins, such as the calcium-sensor synaptotagmin. Other SV2A possible functions are reported, for example the transport of galactose, mediation of vesicular entry of neurotoxins, interaction with adenine nucleotides and mitochondrial localization and role as fusion or fission factor.





SYNAPTIC VESICLE GLYCOPROTEIN 2A AND LEVETIRACETAM


The Anti-epileptic Drug Levetiracetam

Among the SV2 isoforms, SV2A has attracted particular attention due to the discovery that SV2A is the specific target of levetiracetam [(S)-α-ethyl-2-oxo-pyrrolidine acetamide], also known by the commercial name Keppra®. Levetiracetam is an atypical second-generation anti-epileptic drug, approved in 1999 by the Food and Drug Administration. The drug was discovered by random screening to have effects against different types of induced seizures, delineating a unique profile of action with features in common with different types of conventional anti-epileptic drugs (AEDs).

Levetiracetam has an interesting profile because of its broad spectrum of activity, high tolerability, and only few adverse effects; rodents treated with the drug showed only modest behavioral effects, such as a slight hyperactivity, even at high doses (Gower et al., 1992; Löscher and Hönack, 1993; Klitgaard et al., 1998). Along with the anticonvulsant activity, levetiracetam appears to exert antiepileptogenic effects. For example, it has been reported that levetiracetam is effective in preventing development and acquisition of pentylenetetrazole kindling (Ohno et al., 2010).

Levetiracetam is also characterized by long-term efficacy. A spontaneously epileptic rat model was used to test the efficacy of levetiracetam in comparison with conventional AEDs such as phenytoin, phenobarbital, valproate and carbamazepine. The results showed that levetiracetam is effective against seizures after single and repeated administration, with induction of long-lasting antiepileptic effects that are not reported with other AEDs (Ji-qun et al., 2005).

Epilepsy is associated with increased excitatory neuronal activity, and levetiracetam has been shown to prevent the hyperexcitability, exemplified by chronic treatment that fully prevents the development of hippocampal hyperexcitability in a model of pilocarpine-induced status epilepticus (Margineanu et al., 2008). In a rat neonatal model of hypoxia-induced seizures, levetiracetam has an anticonvulsant effect that renders long-term protection against behavioral seizures and neuronal injury (Talos et al., 2013).



Mechanisms of Action of Levetiracetam

How levetiracetam exerts its anticonvulsant and antiepileptic effects upon specific binding to SV2A remains elusive. In different studies, researchers have tried to identify the means by which levetiracetam affects synaptic functions preventing excessive neuronal activation. Yang et al. (2007) proposed that levetiracetam directly interferes with pre-synaptic neurotransmitter release. Electrophysiological and cellular imaging techniques revealed that prolonged exposure to levetiracetam reduces the rate of release of pre-synaptic vesicles, which is consistent with the localization and the hypothesized functions of the target SV2A (Yang et al., 2007). Electrophysiological evidence suggested that levetiracetam acts as an inhibitor of neurotransmission by decreasing the pool of the readily releasable vesicles, and so possibly reducing neurotransmission (Meehan et al., 2011). In antral mucous cells of guinea pig, which contain SV2A, levetiracetam reduces calcium-mediated exocytosis by counteracting the functions of SV2A and affecting the priming of granules (Harada et al., 2013).

The mechanisms of action of levetiracetam are possibly more numerous, with effects as diverse as inhibition of endocytosis and enhancement of short-term depression (Li and Xue, 2018). The ability of levetiracetam to trigger short-term plasticity mechanisms is also of interest; over-active synapses undergo short-term depression process, known as supply rate depression, and levetiracetam appears to be able to enhance this process by shortening the induction time. The effect is not supported by SV2A knock-out neurons, once again consistent with the specific SV2A targeting of levetiracetam (García-Pérez et al., 2015). Along with the increase in short-term depression, levetiracetam reduces long-term potentiation. In a model of long-term potentiation induced in motor cortex by paired associative transcranial magnetic stimulation, the administration of levetiracetam reduced the long-term potentiation-like plasticity, a mechanism that possibly contributes to the antiepileptic action of the drug (Heidegger et al., 2010). In addition, there is general agreement that levetiracetam inhibits pre-synaptic voltage-activated calcium channels and reduces neuronal excitability through an intracellular pathway (Vogl et al., 2012).

Levetiracetam’s effects have been tested in a model of SV2A overexpression. The overexpression results in abnormal neurotransmission with decreased excitatory post-synaptic current amplitude and decreased synaptic depression, implying that an excessive presence of SV2A in the synapse is as aberrant as are low levels. Application of levetiracetam restores the normal synaptic transmission in SV2A-overexpressing terminals, and levetiracetam appears to be able to regulate SV2A localization in the synapses, rather than to influence its expression and turnover (Nowack et al., 2011).

As all synapses express SV2A ubiquitously, the logical consequence is that levetiracetam can produce its effects at both excitatory and inhibitory synaptic terminals. Meehan et al. (2012) demonstrated that levetiracetam also affects inhibitory neurotransmission, as it is able to reduce the release of GABA in a manner that qualitatively is similar to the reduction of the excitatory neurotransmission. The authors provided several explanations of how levetiracetam ameliorates an epileptic phenotype while acting on both excitatory and inhibitory systems. Among other reasons, the authors suggested that the dominance of excitatory hyperactivity in epilepsy makes the effects of levetiracetam preponderant in excitatory neurons. Alternatively, it is possible that levetiracetam would desynchronize GABA release, potentially slowing the inhibitory post-synaptic current time course and resulting in an overall increased inhibition (Meehan et al., 2012).



Synaptic Vesicle Glycoprotein 2A Is the Specific Target of Levetiracetam

The first evidence for SV2A as a specific target of levetiracetam derives from the study of Lynch et al. (2004) who showed that the drug is unable to bind to brain membranes and purified synaptic vesicles from mice lacking SV2A expression, and the SV2B and SV2C isoforms do not support the binding (Lynch et al., 2004). Moreover, the partial reduction of SV2A expression in a heterozygous SV2A-deficient mouse model is sufficient to halve the anti-epileptic effects of levetiracetam (Kaminski et al., 2009). Gillard et al. (2006) compared the binding features of levetiracetam in post-mortem human brains and Chinese hamster ovary cells expressing human SV2A. The binding was saturable and reversible, and the binding kinetics matched a two-phase model (Gillard et al., 2006).

The ability of levetiracetam to interact with SV2A, a pre-synaptic protein, is particularly relevant as levetiracetam differs from traditional AEDs that usually target channels or post-synaptic receptors. It is unclear how levetiracetam improves the epileptic phenotype upon SV2A binding, and a number of levetiracetam derivatives that maintain SV2A selective targeting and eventually have higher pharmacological effects are under scrutiny. In particular, brivaracetam is the main levetiracetam analog, with significant effects on neuronal excitability possibly due to multiple ionic mechanisms (Hung et al., 2021).

Understanding how SV2A and its tracers bind is a major issue as exact knowledge of the dynamics of the interaction could lead to more accurate interpretation of neuroimaging results and new discoveries. SV2A PET tracers derive from the drug levetiracetam, from which they inherit the specific targeting of SV2A, but the mechanism of entry of levetiracetam into neurons is not completely clear, and different mechanisms could mean different possibilities for the derived tracers to find and interact with the target, leading to different results and conclusions in neuroimaging.



Entry Mechanism of Levetiracetam

Not many studies have focused on the molecular interaction between SV2A and levetiracetam. The most accredited hypothesis was discussed by Meehan et al. (2011) according to whom levetiracetam is thought to use synaptic vesicles to enter neurons and bind to the luminal side of SV2A, exploiting the recycling and endocytosis of vesicles. The hypothesis is supported by electrophysiological evidence, showing that the increase of synaptic transmission by manipulation of spontaneous activity or application of stimulation protocols raises the pharmacological effects of levetiracetam. Onset and magnitude of action of levetiracetam seem to be higher at neuronal activity of higher frequency, consistent with the observation that more vesicles fuse and give the drug better access to its target. It is noteworthy that in the same work, the authors discussed a possible controversy: during high-frequency stimulations, some synapses present the “kiss-and-run” release mechanism, in which the vesicles do not undergo complete fusion with the membrane and are re-used multiple times. In this case, levetiracetam would have access only to a limited number of fusing vesicles and the pharmacological effects would be negligible. As discussed by the authors, an alternative entry mechanism of levetiracetam could be the direct crossing of the plasma membrane and interaction with the target SV2A (Meehan et al., 2011).



Putative Binding Site of Levetiracetam on Synaptic Vesicle Glycoprotein 2A

The understanding of the exact binding site of levetiracetam and the derived SV2A tracers on SV2A is a major issue, as the point of interaction leads to different interpretations of the neuroimaging findings. A combination of theoretical and experimental approaches helped the identification of a series of amino acidic residues possibly involved in the racetams binding to SV2A, localized in transmembrane regions of the protein (Shi et al., 2011; Correa-Basurto et al., 2015).

Interestingly, protein tomography identified two possible configurations of SV2A, a funnel structure with a pore-like opening toward the cytoplasm and a V-shaped structure with a cleft-like opening toward the vesicular lumen. This two-configuration model is coherent with the hypothesized transporter function of SV2A and could help the localization of the binding site of levetiracetam (Lynch et al., 2008). In a later study (Lee et al., 2015), the two configurations of SV2A protein were further characterized, and the outward configuration (with the putative binding site exposed to the vesicular lumen) was considered a more probable description of levetiracetam’s interaction than the inward configuration (with the binding site exposed to the cytoplasm), consistent with the hypothesis of the vesicular entry of the drug suggested by Meehan et al. (2011). However, according to Lynch et al. (2008), the two configurations of SV2A appear to be present in samples treated with levetiracetam, suggesting that the drug fails to provoke large configuration changes of the protein upon its binding and, more importantly, that it may not require a specific SV2A configuration to bind. Taken together, the results do not provide a definitive answer to the question of the interaction between SV2A and levetiracetam, although they may favor the vesicular entry of the drug.




SYNAPTIC VESICLE GLYCOPROTEIN 2A AND POSITRON EMISSION TOMOGRAPHY IMAGING


Synthesis and Validation of Synaptic Vesicle Glycoprotein 2A Positron Emission Tomography Tracers

The specificity of the interaction between levetiracetam and SV2A raised the possibility of exploiting this binding to label the SV2A protein in studies of changes of expression in health and disease. Since SV2A is a vesicular protein expressed in all the pre-synaptic terminals, it was thought to be a faithful indicator of the synaptic density. Altered SV2A density would then be related to changes of the density of synapses, and this is particularly relevant to the in vivo evaluation of physiological or pathological conditions that involve alterations of the density of synapses.

Currently, much effort is exerted to produce radiolabeled tracers of SV2A that can be applied to PET imaging. Among the noteworthy attempts are the generation of a first version of levetiracetam labeled with carbon-11 (Cai et al., 2014) and the later version labeled with the metastable radioisotope technetium 99, used in single photon emission computed tomography after intranasal administration (Rashed et al., 2018). Consequently, using the tridimensional pharmacophore model of levetiracetam and strict analogs, new compounds were designed with the same specificity and eventually higher affinity for SV2A than the drug itself, including UCB-A, UCB-H and UCB-J; these molecules are suitable for PET radiolabeling (Mercier et al., 2014).

Numerous studies were performed to synthetize, evaluate and validate radiolabeled UCB-A (Estrada et al., 2016) and UCB-H (Bretin et al., 2013, 2015; Warnock et al., 2014; Warnier et al., 2016; Becker et al., 2017; Serrano et al., 2019a,b). In a study with healthy human volunteers, [18F]UCB-H uptake appeared to be ubiquitous in cortical and subcortical gray matter areas, reflecting the pattern of distribution of SV2A and so proving the reliability of UCB-H as a SV2A marker (Bahri et al., 2017). Recently, the pharmacokinetics of [18F]UCB-H were re-evaluated in healthy primate brains, revealing good parameters but a lower specific signal compared to the more recently developed tracers (Goutal et al., 2021).

[11C]UCB-J has proven itself to have excellent properties for PET imaging, with high uptake, fast kinetics, and whole-body biodistribution in non-human primates. The uptake is particularly high in gray matter brain areas, which is consistent with SV2A expression (Nabulsi et al., 2016). Validation studies in humans and non-human primates showed the SV2A-specific binding of [11C]UCB-J and its favorable imaging properties; a first in vivo [11C]UCB-J PET study in epileptic patients demonstrated its ability to detect changes in “synaptic density” in a non-invasive way (Finnema et al., 2016). [11C]UCB-J also presents favorable kinetic features and good test-retest reproducibility of binding parameters (Finnema et al., 2018). A white matter region, the centrum semiovale, was accepted as an adequate reference region for [11C]UCB-J PET analyses of non-human primate and human brains (Koole et al., 2019; Mertens et al., 2020; Rossano et al., 2020). The [11C]UCB-J radiation dosimetry was estimated by whole-body imaging of human adolescents and adults, with detection of residence times in different organs, resulting in higher values for brain and liver (Bini et al., 2020). A large human cohort study revealed that imaging for 60- to 90- min is sufficient for the precise quantification of [11C]UCB-J specific binding (Naganawa et al., 2021a). Preclinical studies have been performed to evaluate [11C]UCB-J PET in different animal models, including mice (Bertoglio et al., 2020), rats (Thomsen et al., 2021b) and minipigs (Thomsen et al., 2020).

The synthesis of improved SV2A PET markers is a rapidly developing field, and efforts are continuously made to produce the optimal SV2A radioligand. The improvement of synthesis and uptake evaluations are ongoing processes (Rokka et al., 2019; Milicevic Sephton et al., 2020). The results of [11C]UCB-J PET are promising, but its utilization is limited because of the short 20-min half-life of carbon-11. Thus, a [18F]-labeled version of UCB-J, with a half-life of 110 min, was synthetized and evaluated in PET studies (Li et al., 2019b). Several [18F]-labeled candidates have now been evaluated (Patel et al., 2020), especially UCB-J derivatives including [18F]MNI-1126 (Constantinescu et al., 2019), also named [18F]-SDM-8 and described by Li et al. (2019a) and then referred as [18F]-SynVesT-1 (Li et al., 2021; Naganawa et al., 2021b). Other recently developed compounds are [18F]-SynVesT-2 (Cai et al., 2020) and [18F]-SDM-16 (Zheng et al., 2021).

In order to assess tracer specificity, Nabulsi et al. (2016) performed PET studies in non-human primates in the presence of high doses of unlabeled UCB-J or levetiracetam, which resulted in a reduction of [11C]UCB-J binding compared to baseline, thus confirming the competition between the tracer and levetiracetam for the same binding sites. These findings were confirmed in humans by Finnema et al. (2016). The displacement of [11C]UCB-J later was evaluated after the administration of therapeutically relevant doses of levetiracetam and brivaracetam in healthy volunteers that resulted in a blockade of [11C]UCB-J binding by both drugs. Brivaracetam had a higher brain penetration and achieved high SV2A occupancy faster than levetiracetam, suggesting its higher affinity for the molecular target SV2A that may be therapeutically relevant (Finnema et al., 2019).

At the current state-of-art, SV2A PET imaging is a powerful tool used to evaluate potential changes in synaptic SV2A density in pathological and physiological contexts, as reported below (Table 2).


TABLE 2. Synaptic vesicle glycoprotein 2A (SV2A) density changes detected with positron emission tomography (PET) in different conditions.
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Synaptic Vesicle Glycoprotein 2A Positron Emission Tomography Imaging in Neurodegenerative Disorders


Alzheimer’s Disease

SV2A PET is useful in studies of progressive pathologies, such as neurodegeneration, and in the evaluation of the effects of drugs and treatments. The decline in synaptic density is a pathological hallmark of neurodegenerative diseases. In Alzheimer’s disease patients, PET imaging with different SV2A tracers revealed a decreased binding in several cortical areas, thalamus (Bastin et al., 2020) and hippocampus (Chen et al., 2018; Bastin et al., 2020). Another study showed reduced binding in the medial temporal cortex and neocortical areas (Mecca et al., 2020). Furthermore, in the medial temporal lobe, similar reductions were observed comparing [11C]UCB-J binding and [18F]-fluoro-deoxy-glucose ([18F]FDG) uptake as a measure of neuronal metabolic activity (Chen et al., 2021). Interestingly, contrary to these findings, a post-mortem study with [3H]UCB-J autoradiography revealed no differences of binding in the frontal cortex of Alzheimer’s patients compared to control subjects (Metaxas et al., 2019).

The binding of [11C]UCB-J was also compared with fibrillar Aβ deposition in patients with early Alzheimer’s disease, with amnestic mild cognitive impairment or mild dementia. Aβ deposition was more strongly inversely correlated with SV2A density in hippocampi of patients with amnestic impairment than in patients with dementia, although the authors suggested that Aβ deposition could reach a plateau phase in which there is no longer correlation with synaptic loss (O’Dell et al., 2021). Mecca et al. (2021) found a reduction in SV2A density in the hippocampus of early Alzheimer’s disease patients measured with [11C]UCB-J PET, inversely associated with tau deposition in the entorhinal cortex and probably due to the degeneration of entorhinal cortex neurons that project to the hippocampus in the early phase of the disease (Mecca et al., 2021). In a more recent study, [11C]UCB-J distribution volume ratio was found to be a good predictor of global cognitive performance in Alzheimer’s disease patients analyzed with an extensive neuropsychological test battery, allowing the correlation between synaptic density and cognitive dysfunction (Mecca et al., 2022).

Synaptic vesicle glycoprotein 2A (SV2A) PET may aid in the evaluation of drug effects on synaptic density. In a mouse model of Alzheimer’s disease, [11C]UCB-J binding indicated synaptic loss in the hippocampus that was then restored after the administration of saracatinib, an experimental drug for the treatment of Alzheimer’s disease (Toyonaga et al., 2019).

Continuous efforts aim to improve the analyses and interpretation of SV2A PET results in Alzheimer’s disease. New studies apply partial volume correction algorithms to verify the true SV2A density changes in the patients (Lu et al., 2021) and to make use of the most recent and best-performing tracers in animal models of the disease (Sadasivam et al., 2021). The group of Xiong et al. (2021) created two transgenic mouse models for Alzheimer’s and Parkinson’s disease and performed [11C]UCB-J PET to investigate synaptic loss in different brain areas (Xiong et al., 2021).



Parkinson’s Disease

The first evidence of synaptic loss in living patients with Parkinson’s disease obtained with [11C]UCB-J PET was found in brain areas involved in the pathogenesis of the disease, including the substantia nigra, red nucleus, locus coeruleus, and relevant cortical regions (Matuskey et al., 2020). Another study found a significant decrease in [11C]UCB-J binding in the substantia nigra of patients with early Parkinson’s disease, compared to healthy control subjects (Delva et al., 2020).

Wilson et al. (2020) investigated possible correlations between mitochondrial, endoplasmic reticulum and synaptic dysfunctions in early drug-naïve Parkinson’s patients using PET tracers for mitochondrial complex 1, sigma 1 receptor and SV2A, with [18F]-BCPP-EF, [11C]-SA-4503, and [11C]UCB-J, respectively (Wilson et al., 2020). The kinetics of these three PET markers had been evaluated in a previous work (Mansur et al., 2020) where [11C]UCB-J, used for SV2A detection, showed a significant decrease in volume of distribution in the caudate, putamen, thalamus, brain stem, dorsal raphe and cortical areas of patients compared to healthy controls. Interestingly, no significant changes were detected in the volume of distribution of [18F]-BCPP-EF and [11C]-SA-4503 in these regions (Wilson et al., 2020).

The tracer [11C]UCB-J was further tested by visualization in vivo as a marker of synaptic SV2A density loss in rats with unilateral striatal lesions using 6-hydroxydopamine (6-OHDA) to model toxin-induced Parkinson’s disease (Thomsen et al., 2021b) or preformed α-synuclein fibrils to model progressive Parkinson’s disease (Thomsen et al., 2021a). In both studies, small (6%) reductions of SV2A binding were observed in the ipsilateral side of the brain; these small changes were consistent with views that dopamine projections from the substantia nigra constitute only 10% of terminals in the striatum (Groves et al., 1994; Uchigashima et al., 2016). The same team did [3H]UCB-J autoradiography of brain sections from an early model of Parkinson’s disease induced by unilateral intranigral injection of recombinant adeno-associated viral vectors expressing the human α-synuclein protein, but did not find changes of SV2A density in the striatum or substantia nigra in this early model, despite the reduction of dopaminergic pre-synaptic terminal markers including the dopamine transporter and the vesicular monoamine transporter 2 (Stokholm et al., 2021). A transgenic mouse model of Parkinson’s disease was developed and assessed with [11C]UCB-J PET in the work mentioned above by Xiong et al. (2021). Raval et al. (2021a) used the 6-OHDA rat model to investigate correlations between changes in SV2A density and neuronal metabolism with [11C]UCB-J and [18F]FDG PET, finding a similar decrease of both [11C]UCB-J and [18F]FDG signals in the basal ganglia of the lesioned hemisphere (Raval et al., 2021a).

SV2A imaging may be useful as a tool to study the effects of treatments on alleged synaptic loss associated with neurodegenerative disorders. For example, 6-OHDA-injected parkinsonian rats subjected to treadmill exercise were found to have restored striatal and nigral [3H]UCB-J binding by in vitro autoradiography (Binda et al., 2021).



Dementia With Lewy Bodies

[11C]UCB-J binding was used to verify changes in synaptic density in patients with dementia with Lewy bodies, showing that patients display reduced signal especially in parietal and occipital regions (Nicastro et al., 2020). A widespread reduction of cortical synaptic density was also confirmed by Andersen et al. (2021) in patients with Parkinson’s disease dementia and dementia with Lewy bodies.



Frontotemporal Dementia

[18F]UCB-H uptake was assessed in patients with a behavioral variant of frontotemporal dementia, showing a trend toward a decrease in the distribution volume of the tracer in the right parahippocampal region compared to healthy subjects. Comparisons between patients with the behavioral variant of frontotemporal dementia and data from a group of patients with Alzheimer’s disease did not result in significant differences (Salmon et al., 2021).



Huntington’s Disease

Loss of synapses was reported with SV2A microPET in a heterozygous knock-in Q175DN mouse model of Huntington’s disease. The values were confirmed with [3H]UCB-J autoradiography and SV2A immunofluorescence (Bertoglio et al., 2021). SV2A microPET and autoradiography also revealed dose-dependent reductions of striatal SV2A binding in response to quinolinic acid injected in rat to induce an acute lesion model of Huntington’s disease (Thomsen et al., 2021b). A study of patients with premanifest and early Huntington’s disease revealed reduced [11C]UCB-J binding in putamen, caudate, pallidum, cerebellum, and parietal, temporal, and frontal cortices of the patients. Comparative analyses with [18F]-FDG revealed reduced metabolism only in putamen and caudate (Delva et al., 2021).



Other Neurodegenerative Pathologies

A decrease of synaptic SV2A density was assessed in a study of progressive supranuclear palsy (Richardson’s syndrome) and in amyloid-negative corticobasal syndrome. [11C]UCB-J detection revealed greatly reduced binding in frontal, temporal, parietal, and occipital lobes, cingulate, hippocampus, insula, amygdala and subcortical areas in both pathologies (Holland et al., 2020).




Synaptic Vesicle Glycoprotein 2A Positron Emission Tomography Imaging in Other Neurological Disorders and Neuropsychiatric Disorders


Epilepsy

The synthesis of SV2A tracers from the pharmacophore of the anti-epileptic drug levetiracetam makes the application of SV2A PET highly relevant to studies of epilepsy. The expression of SV2A in epilepsy displays a complex and variable pattern during the progression of the pathology. Thus, [18F]UCB-H PET detected SV2A variations in specific cases of kainic acid-induced temporal lobe epilepsy during the distinct phases of the pathological progression (early, late, transition and chronic). The analysis showed a progressive increase of [18F]UCB-H binding in healthy animals, and a smaller increase in epileptic animals along the phases. In the last two phases, [18F]UCB-H binding was significantly reduced in epileptic animals compared to control subjects in several brain areas (Serrano et al., 2020). The reduction of SV2A expression in temporal lobe epilepsy was seen also in a study of [11C]UCB-J PET in epileptic patients. In particular, reductions of SV2A density in the epileptogenic (ipsilateral) medial temporal lobe were detected in comparison with the contralateral lobe, consistent with the putative seizure onset zone, making SV2A imaging useful in the pre-surgical evaluation of patients (Finnema et al., 2020).



Schizophrenia

Investigations of neuropsychiatric disorders also adopted SV2A PET imaging. Onwordi et al. (2020) reported reduced binding of [11C]UCB-J in frontal and anterior cingulate cortices of patients with schizophrenia compared to control subjects. The administration of antipsychotic drugs failed to change SV2A levels in frontal cortex of healthy rats determined by [3H]UCB-J autoradiography and immunohistochemistry, implying that antipsychotic medications have no effect on SV2A expression (Onwordi et al., 2020). A later study reported that neither the chronic exposure to antipsychotic drugs such as haloperidol and olanzapine, nor the administration of lithium had effects on SV2A levels, measured with immunochemistry (Halff et al., 2021).

Radhakrishnan et al. (2021) also found a reduction of [11C]UCB-J binding in patients with schizophrenia, especially in frontal, anterior cingulate, occipital, parietal and temporal cortices and hippocampus compared with healthy controls (Radhakrishnan et al., 2021).

Glutamatergic dysfunction is an important factor in schizophrenia onset, and SV2A density and glutamate levels in anterior cingulate cortex and hippocampus have been measured in patients with schizophrenia compared to healthy volunteers with [11C]UCB-J PET. Interestingly, no significant relationship was reported between [11C]UCB-J binding and glutamate levels in the patients, while a positive correlation was detected in healthy control subjects (Onwordi et al., 2021).



Depression and Post-traumatic Stress Disorder

The group of Holmes et al. (2019) tested individuals with major depressive disorder, post-traumatic stress disorder or both, with [11C]UCB-J PET, revealing an inverse correlation between the severity of depressive symptoms and SV2A density measure in the dorsolateral prefrontal and anterior cingulate cortices, and hippocampus. In the same study, the authors discovered aberrant network connectivity by magnetic resonance imaging of patients compared to healthy individuals, including in particular lower whole-brain resting functional connectivity in the dorsolateral prefrontal cortex (Holmes et al., 2019).

The psychedelic substance psilocybin appears to have antidepressant effects. In a study with [3H]UCB-J autoradiography, acute administration of psilocybin persistently raised the SV2A density measure in prefrontal cortex and hippocampus in pig brain. Psilocybin also induced an acute decrease in serotonin receptor levels in the same areas, which did not persist 7 days after the treatment. These findings could contribute to the explanation of how psilocybin produces its antidepressant action (Raval et al., 2021b).

In a recent study of Holmes et al., [11C]UCB-J PET scans were performed to search for possible alteration of SV2A density in response to ketamine, which is known to have antidepressant effects. The study was performed in patients with major depressive disorder or post-traumatic stress disorder, and in healthy control subjects. Despite the evident reduction of the depressive symptoms, no significant differences of [11C]UCB-J binding were detected in patient or control groups 24 h after the administration of a single dose of ketamine, in any analyzed brain areas (dorsolateral prefrontal cortex, anterior cingulate cortex, hippocampus). The authors also completed a post hoc study, showing that patients with lower SV2A density at baseline may exhibit an increased SV2A density 24 h after ketamine administration, coherent with the reduction in severity of depression (Holmes et al., 2022).



Substance Use Disorder

Recent studies focused on the detection of synaptic loss with SV2A PET associated with substances of abuse. In cannabis consuming subjects, PET analyses demonstrated a significant lowering of [11C]UCB-J binding in the hippocampus (D’Souza et al., 2021). A [11C]UCB-J PET study with humans affected by cocaine use disorder revealed a decrease in SV2A density in the prefrontal cortex, demonstrating the regional alteration of synapses induced by cocaine (Angarita et al., 2021).




Synaptic Vesicle Glycoprotein 2A Positron Emission Tomography in Other Conditions


Normal Aging

[11C]UCB-J PET has been used to test if age and sex are factors associated with abnormal synaptic density in the human brain. The imaging results suggested that healthy aging is not correlated with cortical synaptic density loss, and no differences of synaptic SV2A binding were found between males and females (Michiels et al., 2021a).



Human Immunodeficiency Virus Infection

Recently, SV2A imaging was also applied to patients with HIV infection, as synaptic loss is a common hallmark of this condition. SV2A density was found to be reduced in the fronto-striatal-thalamic regions and other cortical areas of patients compared to control subjects (Weiss et al., 2021).



Ischemic Stroke

SV2A PET was used to evaluate changes of synaptic density in damaged brain tissue after ischemic stroke, resulting in a decrease of SV2A density in the lesioned area compared to healthy controls and in a lower [11C]UCB-J signal in the non-lesioned regions of the affected hemisphere compared to the unaffected one (Michiels et al., 2021b).



Obesity

A possible correlation between synaptic density and body mass index was tested in the study by Asch et al. (2021). Lower synaptic density was detected in overweight compared to normal weight participants; moreover, synaptic density was negatively correlated with body mass index especially in individuals with diagnosed stress-related psychiatric disorders, compared to mentally healthy controls (Asch et al., 2021).





SYNAPTIC VESICLE GLYCOPROTEIN 2A: SOME POINTS OF REFLECTION


Synaptic Vesicle Glycoprotein 2A-Tracer Interactions and Relevance in Neuroimaging

SV2A imaging is a field of increasing interest in neuroscience, as it allows the in vivo evaluation of alterations interpreted as changes in synaptic density. However, there are some aspects of the SV2A molecule, and the use of SV2A markers, that have not been completely clarified by the literature, which may suggest the need for new experimental approaches aimed to more deeply understand the role of SV2A in neuroimaging.

Currently, it is assumed that levetiracetam, and possibly the derived SV2A tracers, all bind to the luminal side of SV2A, and it has been suggested that they could access their molecular target through the vesicle recycling and endocytosis process (Meehan et al., 2011). This is particularly relevant to the explanation of how the SV2A tracers enter the neurons and it would have important consequences for the interpretation of neuroimaging outcomes. For example, the possibility of a vesicular uptake of levetiracetam/SV2A tracers would signify that only vesicles that undergo recycling are labeled, thus representing only a subset of the entire vesicular content of the terminal. However, there are several critical shortcomings of this possibility. The synaptic vesicles belong to different functional pools, defined as readily releasable, recycling and reserve pools. The vesicles of the recycling pool maintain the release in conditions of physiological stimulation, and they represent the 5–20% of the entire vesicular content of the terminal (Rizzoli and Betz, 2005). Hence, if only recycling vesicles were labeled, the number of accessible targets for SV2A tracers would be too low and the radioactive signal probably too weak to efficiently allow detection of changed binding. A study by Smart et al. (2021) showed that [11C]UCB-J signal in fact remained unchanged in visual cortex of healthy volunteers during a visual stimulation task, despite the evidence of increased regional blood flow and thus tracer delivery, suggesting that SV2A is an unlikely indicator of vesicular dynamics and the recycling process, because the tracer signal would be expected to rise upon this stimulation in the cortical areas.

An alternative possibility, already mentioned in the work by Meehan et al. (2011) is the suggestion that the tracers cross the plasma membrane and the vesicular membrane to reach the target, thus potentially labeling the entire vesicular content of the terminal. This would be possible, as suggested by the biophysical features of SV2A tracers (e.g., lipophilicity and low molecular weight). However, even in this scenario, some mechanisms must be clarified, such as the accessibility of the tracer to the target. As the exact binding site of SV2A tracer on the luminal side of the protein is still uncertain, it would be interesting, for example, to precisely identify it and to verify if the two hypothesized conformational states of SV2A (Lynch et al., 2008; Lee et al., 2015) both equally enable the accessibility to the binding site, and, if not, to determine how SV2A conformation varies among the functionally different pools of vesicles in relation to vesicular dynamics. It is also important to ascertain whether all the SV2A copies in a single vesicle are labeled by the tracers, or only a subset.

Another noteworthy point is the meaning of “changed SV2A density.” The common interpretation is that a change of SV2A density is indicative of a change of the synaptic density, but it is important to consider possible alternatives, such as the variability of the number of vesicles related to the functional state of the synapse, and so of the presence of SV2A in a synaptic terminal according to its activity. It is also unclear if and how SV2A copy numbers may vary inside the same vesicles, with possible implications for imaging results (Figure 2). Future research may try to solve these issues, to figure out how the SV2A signal may be altered in relation to variations of vesicular trafficking, and whether these variations are related to changes of synaptic density. It remains to be clarified to what extent the SV2A density is related to the synaptic density, and how the SV2A protein is capable of representing the synapse as a whole. These queries aim to solicit further investigation of the SV2A protein and, ultimately, to understand what information is actually reported in neuroimaging studies.
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FIGURE 2. What does “altered SV2A density” represent? Three possibilities: (A) Altered synaptic vesicle glycoprotein 2A (SV2A) tracer binding could be associated with changes in “synaptic density” (exemplified as a change in the number of dendritic spines). (B) Altered SV2A tracer binding could be associated with changes in the number of vesicles in the pre-synaptic terminal, according to the functional state of the synapse, and so with functional properties of the synapses rather than their density. (C) Altered SV2A tracer binding could be associated with changes in the number of SV2A copies in the vesicles. The number of SV2A copies reached by the tracers and thus labeled may also vary. The alternative scenarios (B) and (C) do not necessarily implicate a change in the overall synaptic density.




Synaptic Vesicle Glycoprotein 2A Is Preferentially Associated With GABAergic Terminals

SV2A is expressed in all synaptic terminals; however, recent studies reported that SV2A expression can be differentially associated with different types of synaptic terminals in some brain structures. Vanoye-Carlo and Gómez-Lira (2019) analyzed the expression of SV2A during the post-natal development of the rat hippocampus, using immunofluorescence to identify the distribution of SV2A and its co-localization either with the vesicular GABA or the glutamate transporters. The authors observed a preferential expression of SV2A in GABAergic terminals in the principal cells (granular and pyramidal) layers, while SV2A was mostly associated with glutamatergic terminals in hilus and stratum lucidum (Vanoye-Carlo and Gómez-Lira, 2019). Differential expression of SV2A in excitatory and inhibitory terminals was also assessed in the olfactory bulb, cortex, hippocampus and cerebellum of the adult rat brain. Immunofluorescence assays revealed SV2A and vesicular GABA transporter co-localization surrounding the principal cells of most of the layers of the analyzed structures, reinforcing a relationship between SV2A and the GABAergic system (Mendoza-Torreblanca et al., 2019).

Knowing how SV2A density is distributed in different synaptic terminal types, in different brain structures and in different conditions will help evaluate not only changes in “synaptic density,” but also the kind of neurotransmission affected in a particular condition, with relevant consequences for pathology studies. In the study by Contreras-García et al. (2021), the authors analyzed SV2A distribution and SV2A co-localization with vesicular glutamate and GABA transporters (VGLUT and VGAT, respectively) in different areas of the hippocampus of rats in an early state of pilocarpine-induced epilepsy. Epileptic rats were divided in two groups, saline-treated and levetiracetam-treated, and the latter group further divided in responders and non-responders to levetiracetam action based on the detected drug effects on seizures. SV2A total expression was unchanged among the experimental groups, however, the authors could observe a significant association of SV2A with inhibitory terminals, as principal and synaptic hippocampal layers showed high percentages of GABAergic terminals co-expressing SV2A, while lower percentages were observed in the glutamatergic terminals. Furthermore, SV2A-VGLUT co-localization was decreased in different hippocampal strata of non-responder compared to responder animals, suggesting an importance of SV2A expression in glutamatergic terminals for the responsiveness to levetiracetam. In contrast, no differences were detected in SV2A-VGAT co-localization, underlining the possibility that the inhibitory system maintains normal functionality in the early state of this epilepsy model (Contreras-García et al., 2021). Overall, the importance of SV2A in excitatory and inhibitory neurotransmission remains to be clarified.

In addition to the diverse expression in GABAergic and glutamatergic synapses, SV2A has been shown to contribute differentially to the synaptic vesicle recycling process in excitatory and inhibitory terminals. A recent study (Bae et al., 2020) demonstrated that SV2A is responsible for a 75% slower synaptic vesicle endocytosis rate in inhibitory compared to excitatory synapses of rat hippocampus. The difference probably was due to the differential expression of the protein, and the authors confirmed the higher expression of SV2A in inhibitory compared to excitatory terminals. Moreover, the overexpression of SV2A in excitatory neurons resulted in slower synaptic vesicle endocytosis kinetics, suggesting that the efficiency of the molecular process possibly is controlled by the amount of SV2A in the terminal. In the same work of Bae et al. (2020), the authors also demonstrated that SV2A seems to interact with synaptotagmin-I predominantly in inhibitory terminals, suggesting a role of SV2A as coordinator of synaptotagmin-I-mediated synaptic vesicle trafficking mostly in inhibitory neurons.

The differential participation of SV2A in different kinds of neurotransmission is poorly understood, and further studies are needed. Future research would likely improve the understanding of the differential expression of SV2A in different terminals and would clarify the apparent stronger SV2A association with GABAergic neurotransmission in particular brain structures and conditions.



Synaptic Vesicle Glycoprotein 2A Participation in Excitation-Inhibition Balance

SV2A is essential to the maintenance of normal neurotransmission, and altered SV2A expression can affect the balance between excitation and inhibition, as it happens in the epileptic phenotype. Several studies examined how SV2A impacts the excitation-inhibition balance in neuronal circuits, especially in light of the stronger association between SV2A and GABAergic terminals. A mouse model lacking SV2A expression was created to investigate changes of GABAergic and glutamatergic transmissions in hippocampal neurons. Electrophysiological studies detected a reduction of spontaneous inhibitory post-synaptic currents, and an increase in spontaneous excitatory post-synaptic currents, indicating that GABAergic neurotransmission is affected by SV2A deficiency, and the excitation-inhibition balance is altered. Remarkably, both inhibitory and excitatory miniature post-synaptic currents were unaltered, implying that SV2A has no effect on activity-independent neurotransmitter release (Venkatesan et al., 2012).



Synaptic Vesicle Glycoprotein 2A Expression in Epilepsy

Epilepsy demonstrates the intricate dynamics of SV2A expression, since it derives from a disruption of the excitation-inhibition balance in which SV2A seems to play a role. SV2A levels change during the development of the pathology and vary according to a complex pattern of different pathological stages that would hinder the interpretation of any change detected of SV2A. Generally, a decreased SV2A level (Feng et al., 2009; Kaminski et al., 2009; van Vliet et al., 2009; Hanaya et al., 2012; Shi et al., 2015; Menten-Dedoyart et al., 2016) or mutations of the sv2a gene (Douaud et al., 2011; Serajee and Huq, 2015; Harper et al., 2020) are associated with an epileptic phenotype. Hippocampal low frequency stimulation contributes to the rescue of SV2A expression as it ameliorates the epileptic phenotype in pharmacoresistant epileptic rats (Wang et al., 2014).

In 2016, a new rat model with a sv2a missense mutation was generated (Tokudome et al., 2016a,b). Although the basal GABA release in hippocampus and amygdala and the global SV2A expression level in inhibitory neurons remained unaffected, the authors observed reduced activity-induced GABAergic (but not glutamatergic) release and higher susceptibility of the animals to kindling-induced epileptogenesis, again suggesting the complicated relationship between SV2A and GABAergic transmission in epilepsy.

In a mouse pentylenetetrazole-kindled model with induced epileptic seizures, Ohno et al. (2009) demonstrated increased SV2A expression in GABAergic interneurons of the hilar region of dentate gyrus, probably as counteraction to the excessive excitatory activity that is typical of epilepsy. SV2A expression was unaltered in other hippocampal regions and in other brain areas, suggesting a region-specific protein up-regulation (Ohno et al., 2009). Furthermore, SV2A shows temporal changes of expression and patterns of association with GABAergic or glutamatergic systems in the hippocampus during the progression of epileptogenic pathology. Contreras-García et al. (2018) studied SV2A expression in a lithium-pilocarpine-induced temporal lobe epilepsy rat model, focusing on status epilepticus, early epilepsy and late epilepsy. After status epilepticus, the authors reported a region-specific increase of the SV2A level in principal cells layers, mainly associated with GABAergic terminals. SV2A levels were reduced to the baseline in early epilepsy; in late epilepsy, SV2A labeling was increased in stratum lacunosum-moleculare, and inner molecular and hilar layers, without a clear association with GABAergic or glutamatergic transmission. These findings indicate that SV2A density varies intriguingly during the evolution of epilepsy (Contreras-García et al., 2018). Similar studies are fundamentally important to identify when SV2A levels are altered in other brain structures and during progressions of other pathologies, especially of those that are studied with SV2A imaging, as the complicated expression patterns can confound the understanding of the imaging results.




CONCLUSION

In this work, we summarized the current literature of SV2 proteins, focusing in particular on the isoform SV2A that has acquired increasing importance in the neuroimaging field in recent years. We reviewed the hypothetical functions of SV2 proteins, pointing out both accepted and hypothesized functions. We next reported the peculiarities of SV2A which is used as a candidate marker of synaptic density because of its ubiquitous expression throughout the brain and its specific binding by the anti-epileptic drug levetiracetam. Levetiracetam pharmacophore has been exploited to design specific SV2A radiolabeled tracers that currently are intensively used in neuroimaging, especially in PET. Despite the broad use of SV2A tracers, there are some unclear points about the utilization of the protein as a synaptic density marker. For example, the accessibility of the tracers to the molecular target should be further investigated, because it could have different meanings in neuroimaging, depending on whether the tracers are able to label all the targets in the synaptic terminal or only a subset of them. Moreover, SV2A expression seems to be preferentially associated with the GABAergic rather than the glutamatergic transmission, an observation that could help associating changes of SV2A distribution with alterations of a specific neurotransmission type in a particular condition. Finally, we reported that SV2A expression seems to be regulated in a complicated way, with very dynamic changes in time and space during the progression of epilepsy. The study of how the expression of SV2A varies temporally and regionally in epilepsy and other pathological contexts will improve our understanding of the pathological mechanisms, potentially pointing out new roles of SV2A, and helping in the evaluation of the SV2A imaging outcomes. In this way, SV2A would not just be a marker of a generalized synaptic density measure, but the distribution pattern and its alterations would provide an overall framework in a pathological or physiological context, from which it would be possible to extrapolate meaningful information.



AUTHOR’S NOTE

In recent years, the development of radiolabeled tracers specific for the synaptic vesicle glycoprotein 2A (SV2A) significantly advanced neuroimaging with positron emission tomography (PET). SV2A is a ubiquitous transmembrane protein of synaptic vesicles now used as an index or measure of a variable known as “synaptic density.” The measure is held to allow in vivo evaluation of synaptic density under physiological or pathological circumstances. Despite the common use of SV2A tracers and the resulting evidence of changes to the measure, specific questions remain unanswered: What are the true biological roles of SV2A? What are the entry mechanisms of SV2A tracers, and where do they bind, e.g., to all vesicles in the pre-synaptic terminal, or selectively to a subset of vesicles? How do SV2A expression patterns vary in different contexts and brain structures? Here we discuss the use of SV2A as a general marker of the variable known as synaptic density, and we bring to light topics for further research with the ultimate aim of improving interpretation of the SV2A imaging outcomes in health and disease.
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