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Impairment of development, migration, or function of inhibitory interneurons are key features of numerous circuit-based neurological disorders, such as epilepsy. From a therapeutic perspective, symptomatic treatment of these disorders often relies upon drugs or deep brain stimulation approaches to provide a general enhancement of GABA-mediated inhibition. A more effective strategy to target these pathological circuits and potentially provide true disease-modifying therapy, would be to selectively add new inhibitory interneurons into these circuits. One such strategy, using embryonic medial ganglionic (MGE) progenitor cells as a source of a unique sub-population of interneurons, has already proven effective as a cell transplantation therapy in a variety of preclinical models of neurological disorders, especially in mouse models of acquired epilepsy. Here we will discuss the evolution of this interneuron-based transplantation therapy in acquired epilepsy models, with an emphasis on the recent adaptation of MGE progenitor cells for xenotransplantation into larger mammals.
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Introduction

Interneurons mediate inhibitory synaptic transmission, brain oscillations and cortical processing (Isaacson and Scanziani, 2011). Alteration of GABAergic transmission, following interneuron loss or dysfunction, can disrupt synaptic inhibition within neuronal networks and facilitate development of epilepsy (Kumar and Buckmaster, 2006; Knopp et al., 2008; Katsarou et al., 2017), autism spectrum disorders (Paterno et al., 2021; Fontes-Dutra et al., 2023), schizophrenia (Nakazawa et al., 2012) and other neurological conditions (Calcagnotto et al., 2005; Marín, 2012). Among these, epilepsy is a common and devastating condition, affecting more than 70 million people worldwide and approximately 3.4 million people in the United States (Ngugi et al., 2011; Zack and Kobau, 2017). As a first line treatment, antiseizure medications (ASMs) potentiating GABAergic inhibition are routinely used to control seizures (Löscher and Klein, 2021). However, alternative treatments are needed for drug-resistant epilepsy patients comprising nearly 30% of this patient population (Kwan and Brodie, 2000). In a select group of these patients, surgical removal of seizure foci is considered the best available treatment (Wiebe et al., 2001, Spencer and Huh, 2008, Jobst and Cascino, 2015). While a well-established procedure, invasive surgical resection carries significant risk for cognitive and psychological impact (Sherman et al., 2011); and its success is directly correlated with identification of seizure foci, which cannot always be defined or safely removed (Rosenow and Lüders, 2001). Deep brain stimulation (DBS) also provides a degree of seizure control in some patients by targeting propagation points within the epileptic network but is also invasive and not selective to inhibitory or excitatory pathways (Piper et al., 2022). In recent years, a promising alternative therapy using GABAergic progenitor cell-based transplantation has emerged with potential to selectively add new functional inhibitory neurons into the epileptic network (Baraban et al., 2009; Hunt et al., 2013; Casalia et al., 2017).

Preclinical transplantation studies using murine embryonic progenitors from medial ganglionic eminence (MGE) consistently demonstrate robust abilities to (i) migrate, differentiate and integrate into host circuits as inhibitory interneurons (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010), (ii) make synaptic inhibitory connections onto host brain excitatory neurons (Howard and Baraban, 2016; Hsieh and Baraban, 2017), (iii) enhance synaptic inhibition (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010; Howard et al., 2014) and (iv) abolish spontaneous seizures and epilepsy-related comorbidities in mouse models of acquired epilepsy (Baraban et al., 2009; Hunt et al., 2013; Casalia et al., 2017). Based on these investigations, transplanted MGE-derived interneurons are therapeutic because they increase surround inhibition in host brain by forming new inhibitory synapses within the epileptic network while other proposed mechanisms such as secretion of unidentified “trophic factors” or “reorganization of host circuitry” (Southwell et al., 2010, 2014; Priya et al., 2019) are not supported by experimental evidence. While these proof-of-principle studies involved embryonic donor cells from mice transplanted into recipient mice, moving to a larger mammal requires a cross-species xenotransplantation strategy. In our efforts to translate this promising therapy to larger mammals, we focused our attention on porcine donors as there is significant translational clinical precedent for using tissue or organs derived from pigs for xenotransplantation. In this mini-review, we discuss our earlier MGE transplantation work using mice and more recent studies highlighting the potential for porcine MGE xenotransplantation as a therapy for intractable epilepsies.



Embryonic MGE progenitors transplantation therapy

During development, MGE is a primary source of inhibitory interneuron progenitors, generating primarily parvalbumin-expressing (PV) and somatostatin-expressing (SOM) cells (Wonders and Anderson, 2006). Over the past 20 years, studies utilizing embryonic murine MGE progenitors were extremely successful in demonstrating that MGE-derived cells are valuable candidates for interneuron transplantation therapies (Alvarez-Dolado et al., 2006; Martínez-Cerdeño et al., 2010; Zipancic et al., 2010; Bráz et al., 2012; Hunt et al., 2013; Hunt and Baraban, 2015; Casalia et al., 2017; Zhu et al., 2019; Paterno et al., 2020). Transplanted MGE progenitors offer widespread therapeutic coverage in a dysfunctional brain as embryonic MGE-derived progenitors survive (up to 22%) and migrate (up to 5 mm from injection site) extensively within cortical and hippocampal regions following transplantation (Alvarez-Dolado et al., 2006; Baraban et al., 2009; Hunt et al., 2013). In nearly two decades of investigation, embryonic MGE-derived cells have never been shown to proliferate in the host brain, but consistently share morphological features of native interneurons, with elaborated dendritic trees, and typical interneuron morphologies: bipolar cells, multipolar cells, basket cells, neurons with small body or chandelier cells (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010; Hunt et al., 2013). Most importantly, interneurons derived from embryonic murine MGE progenitors express the primary inhibitory neurotransmitter GABA and differentiate into a specific sub-population of PV-and SOM-positive GABAergic interneurons (Table 1). MGE-derived interneurons maintain electrophysiological properties of mature interneurons in vitro, such as fast-spiking and regular-spiking firing properties in current-clamp recordings (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Howard and Baraban, 2016), and receive both inhibitory and excitatory synaptic input from host brain neurons as measured by voltage-clamp recordings of postsynaptic current (Martínez-Cerdeño et al., 2010; Sebe and Baraban, 2010; Howard and Baraban, 2016). Importantly, murine MGE-derived interneurons do not enhance GABA-mediated synaptic inhibition to endogenous interneurons which would suggest a caudal ganglionic eminence (CGE) interneuron lineage (Baraban et al., 2009; Larimer et al., 2016; Hsieh and Baraban, 2017). Enhancement of GABA-mediated inhibition following transplantation of MGE progenitors is also ‘self-limiting’ in that increased inhibition observed in host circuits does not scale with injection size but reaches a plateau (Sebe et al., 2014; Southwell et al., 2014). As expected for these interneuron sub-populations, MGE-derived interneurons integrate in hosts brain to mediate synaptic inhibition onto somatic and dendritic postsynaptic neuronal compartments of principal excitatory neurons as shown in dual patch-clamp recordings (Howard and Baraban, 2016) and optogenetic stimulation of transplant-derived interneurons (Hsieh and Baraban, 2017). Moreover, as a basis for therapeutic application in conditions where synaptic inhibition may be compromised (e.g., epilepsy, autism or schizophrenia), MGE-derived interneurons consistently enhance miniature and spontaneous inhibitory postsynaptic currents onto excitatory (but not inhibitory) pyramidal neurons in host brain (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Howard and Baraban, 2016; Casalia et al., 2017; Hsieh and Baraban, 2017). The consistency of these findings across time and different investigators sets a standard for how any transplantation protocol purporting to utilize MGE progenitor cells should be judged.



TABLE 1 Medial ganglionic eminence.
[image: Table1]

Mice provide unique advantages for development of MGE-derived transplantation protocols as a potential disease modifying therapy for epilepsy. First, our understanding of interneuron origins, sub-populations and functions derive from a wealth of rodent publications. Second, a variety of rodent epilepsy models are already available and easily accessible. As discussed, anatomical, immunohistochemical and functional properties of transplanted murine MGE-derived interneurons are now established (Alvarez-Dolado et al., 2006; Howard et al., 2014; Howard and Baraban, 2016; Hsieh and Baraban, 2017). As are studies (replicated over several publications) that transplanted murine MGE progenitors offer a potential cure in mouse models of epilepsy. One of the most studied rodent epilepsy models representing temporal lobe epilepsy (TLE), is the pilocarpine model (Turski et al., 1983; Cavalheiro et al., 1991; Cavalheiro, 1995; Sanabria et al., 2002). Using this model we demonstrated that at 60 days following transplantation, adult epileptic mice receiving MGE progenitor cells (after the emergence of documented epileptic phenotypes) exhibit a 92% reduction in spontaneous seizure frequency as measured by video-EEG monitoring and rescue of epilepsy-related comorbid behaviors in a variety of established assays including open field and Morris-Water maze deficits (Hunt et al., 2013). Despite some initial unfounded concerns following this report questioning “whether transplanted interneurons can integrate into neural circuits affected by long-standing epilepsy, or whether they exert a long-lasting effect on seizure phenotypes” (Henderson et al., 2014; Southwell et al., 2014), these effects were robust. Indeed in 2017, again using the pilocarpine model, we reported that embryonic MGE transplantation into adult epileptic mice produced an 84 to 88% reduction in spontaneous seizure frequency, again rescued open field and handling comorbid behaviors, and functionally restored GABA-mediated inhibition to levels similar to age-matched naïve controls. These effects, noted at 60 to 240 days after transplantation, demonstrate a clear functional restoration of synaptic inhibition in a hippocampal network affected by seizures and a persistent rescue of epilepsy phenotypes (Casalia et al., 2017).

Potential physiological incompatibility and ethical issues that come with murine progenitor cells limit the translation of this approach to a larger mammal. While some would argue that human induced pluripotent stem cells (hiPSC) could solve these issues, published hiPSC protocols do not convincingly report data for PV-and SOM-expressing neurons with the ability to migrate widely and functionally integrate as mature interneurons following transplantation. Despite Waldau et al. (2010) claims that the “majority” of hiPSC-derived cells become GABAergic cells, only 10% of these cells co-labeled with an antibody recognizing GABA while, inconsistent with an MGE lineage, 57% of these cells co-labeled with an antibody recognizing S-100B (Waldau et al., 2010). In Nicholas et al. (2013), following transplantation into immune-deficient mice only a very small fraction of hiPSC-derived putative “MGE-like” cells survive (3–9%), PV-positive neurons were not identified and 73% of cells expressed calretinin (e.g., an interneuron marker for cells originating in CGE) (Nicholas et al., 2013). Additionally, Maroof et al. (2013) demonstrated that hiPSC-derived neurons did not differentiate morphologically into interneurons, nor express SOM or PV (Maroof et al., 2013). Putative human iPSC-derived “MGE” cells in Upadhya et al. (2019) expanded by ~129% following intra-hippocampal grafting suggesting that these stem cells continued to proliferate in the host brain and could result in teratoma formation (Upadhya et al., 2019). Functional integration and enhancement of synaptic inhibition in host brain receiving these hiPSC-derived cells was not demonstrated in any of these studies. Finally, a recent single-nuclei and single-cell transcriptomic analysis of these published hiPSC-derived interneuron protocols (Allison et al., 2021) concluded that “none of these methods produced mature, postnatal-like interneurons as defined functionally (electrophysiology) or transcriptionally.” Therefore, current human iPSC protocols do not faithfully recapitulate crucial properties of embryonic MGE progenitors, and should be interpreted with a note of caution before being used as a strategy for interneuron-based transplant therapy in patients with epilepsy, and other neurological disorders, such as ASD, Alzheimer’s disease and schizophrenia.



Porcine MGE progenitor cells

Porcine xenotransplantation studies raise the possibility of developing safe and effective human therapies for several neurological disorders (Fink et al., 2000; Cooper et al., 2002; Hryhorowicz et al., 2017; Sykes and Sachs, 2019; Casalia et al., 2021; Simeone et al., 2022). As such, our laboratory recently turned our attention to using porcine embryonic tissue as an MGE progenitor source for xenotransplantation. In Casalia et al. (2021), we demonstrated that porcine MGE-derived cells recapitulate molecular, morphological and immunohistochemical profiles similar to those established for murine MGE-derived cells (Casalia et al., 2021). First, embryonic porcine MGE express transcription factors, such as Nkx2.1, Lhx6, and Dlx2, indicative of an MGE lineage (Cobos et al., 2005, 2006, 2007; Vogt et al., 2014). Second, in vitro and in vivo protocols show that porcine MGE progenitors exhibit a robust migratory capacity similar to murine MGE progenitors (Wichterle et al., 1999, 2001; Alvarez-Dolado et al., 2006; Hunt and Baraban, 2015). Third, under appropriate in vitro induction protocols, porcine MGE progenitors differentiate into cortical or hippocampal GABAergic with mature interneuron-like morphologies and expression of GABA, SOM and the vesicular GABA transporter (vGAT) (Casalia et al., 2021). Fourth, following xenotransplantation into adult rat hippocampus, porcine MGE-derived neurons migrate, display morphological similarities similar to mature native interneurons (e.g., basket cells, multipolar neurons, bipolar cells) and express both GABA and SOM (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Casalia et al., 2021). Note, commercially available antibodies recognizing porcine PV-expressing neurons were not selective enough to evaluate this sub-population in these studies. Further, porcine MGE-derived neurons did not exhibit morphologic features of mature cortical pyramidal neurons and tumors were not observed in any host animal receiving porcine MGE progenitors. Together, these findings confirm that MGE-derived interneuron development is conserved across species. Future studies should evaluate the intrinsic electrophysiological properties and functional enhancement of synaptic inhibition for these porcine MGE-derived interneurons following xenotransplantation.

While additional characterization of porcine MGE progenitors awaits, a highly successful N-of-1 trial was recently reported for a refractory, domoic-acid poisoned epileptic California sea-lion playfully named Cronutt (Simeone et al., 2022). Domoic-acid poisoned sea lions consistently present with spontaneous convulsive seizures, hippocampal atrophy including loss of hippocampal PV-and SOM-expressing interneurons, and cognitive/behavioral deficits, similar to patients with TLE (de Lanerolle et al., 2003; Buckmaster et al., 2014; Cendes et al., 2014; Ives-Deliperi and Butler, 2021). Cronutt, rescued initially by the Marine Mammal Center and eventually adopted by Six Flags Discovery Kingdome presented with uncontrollable convulsive seizures (up to 10 per day), hippocampal atrophy (Cook et al., 2021), lethargy and severe weight loss. After considering euthanasia, we developed a protocol for stereotaxic-guided xenotransplantation of embryonic porcine MGE progenitors in a sea lion. In the initial case report at 12 months following xenotransplantation, handlers at the Six Flags pinniped facility reported Cronutt’s complete absence of convulsive seizures, with significant improvements in appetite, weight gain, and general behaviors (Simeone et al., 2022). Anecdotal observations now stretching beyond 28 months post xenotransplantation continue to report a seizure-free outcome and significant improvements in behavior and cognition.



Conclusion

While precise mechanism(s) by which interneuron dysfunction contributes to epilepsy (and related neurological disorders) remains an active area of investigation, an aspirational treatment goal is a “no seizures, no side effects” outcome. Although this goal remains elusive, patient and animal model data converge on a hypothesis that such a treatment could involve enhancement of GABA-mediated synaptic inhibition. Transplanted embryonic MGE progenitors have consistently been shown to migrate and functionally integrate in host circuits to enhance synaptic inhibition in a manner resembling that possible with native interneurons. Properties of interneurons derived from murine and porcine MGE progenitors make them ideal candidates for a cell transplantation treatment (Figure 1). Indeed, MGE transplantation drastically reduced seizures, abolished epilepsy-related comorbidities and failed to show any adverse side effects in experimental rodent models of acquired epilepsy and the case of a naturally occurring large mammal with TLE. Therefore, we are optimistic embryonic MGE progenitors offer a safe and effective means toward developing a disease-modifying (no seizures, no side effects) treatment for intractable epilepsies.
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FIGURE 1
 Interneuron-based cell transplantation therapy.
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