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Gangliosides are cell membrane components, most abundantly in the central nervous system (CNS) where they exert among others neuro-protective and -restorative functions. Clinical development of ganglioside replacement therapy for several neurodegenerative diseases was impeded by the BSE crisis in Europe during the 1990s. Nowadays, gangliosides are produced bovine-free and new pre-clinical and clinical data justify a reevaluation of their therapeutic potential in neurodegenerative diseases. Clinical experience is greatest with monosialo-tetrahexosyl-ganglioside (GM1) in the treatment of stroke. Fourteen randomized controlled trials (RCTs) in overall >2,000 patients revealed no difference in survival, but consistently superior neurological outcomes vs. placebo. GM1 was shown to attenuate ischemic neuronal injuries in diabetes patients by suppression of ERK1/2 phosphorylation and reduction of stress to the endoplasmic reticulum. There is level-I evidence from 5 RCTs of a significantly faster recovery with GM1 vs. placebo in patients with acute and chronic spinal cord injury (SCI), disturbance of consciousness after subarachnoid hemorrhage, or craniocerebral injuries due to closed head trauma. In Parkinson's disease (PD), two RCTs provided evidence of GM1 to be superior to placebo in improving motor symptoms and long-term to result in a slower than expected symptom progression, suggesting disease-modifying potential. In Alzheimer's disease (AD), the role of gangliosides has been controversial, with some studies suggesting a “seeding” role for GM1 in amyloid β polymerization into toxic forms, and others more recently suggesting a rather protective role in vivo. In Huntington's disease (HD), no clinical trials have been conducted yet. However, low GM1 levels observed in HD cells were shown to increase cell susceptibility to apoptosis. Accordingly, treatment with GM1 increased survival of HD cells in vitro and consistently ameliorated pathological phenotypes in several murine HD models, with effects seen at molecular, cellular, and behavioral level. Given that in none of the clinical trials using GM1 any clinically relevant safety issues have occurred to date, current data supports expanding GM1 clinical research, particularly to conditions with high, unmet medical need.
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Gangliosides are a cell membrane component ubiquitous in vertebrates and most abundant in the central nervous system (CNS). Gangliosides are glycosphingolipids composed of a ceramide base with an oligosaccharide chain to which one or more sialic acids are bound. Description of the structure and the biosynthesis steps of the major gangliosides can be found in recent reviews (1, 2). Among over 60 known natural gangliosides, monosialo-tetrahexosyl-ganglioside (GM) 1, disialo-gangliosides GD1a and GD1b, and trisialo-ganglioside GT1b are the most common ones, with GM1 accounting for ~28% of the total human brain gangliosides (3). Although gangliosides are known for about 75 years, much of their role is still unknown and the research interest in their diverse functions remains high, as demonstrated by about 400–500 articles published in scientific journals worldwide every year.

Gangliosides have extensively been tested in diverse clinical applications. Until the early 1990s, a ganglioside extract produced from calf brains was marketed in Europe as treatment for acute or chronic CNS lesions and Parkinson's disease (PD) (e.g., Cronassial® in Germany, Nevrotal® in Spain, and Sygen® in Italy). Eventually, the product was withdrawn from the European market after reports of Guillain-Barré-Syndrome (GBS), a rare misdirected immune response to gangliosides causing peripheral nerve damage, often following infections. Noteworthy, this withdrawal coincided in Europe with the peak time of bovine spongiform encephalopathy (BSE) through a newly discovered type of infection caused by prions, raising scrutiny for any human use of products derived from bovine brain. Meanwhile, bovine-free ganglioside products were developed from porcine brain material. BSE has never been documented in pigs and is almost eradicated in 2019, limiting the potential for a spread across species. Neither epidemiological studies (4, 5) nor post-marketing safety data in over 1 million patients exposed to a GM1-product from porcine brain worldwide support the incidence of GBS to be associated with GM1 use. Additionally, the injection of GM1 alone had no immune-stimulant effects (6) and no anti-GM1 antibodies were detected after long-term treatment with GM1 doses of 1,000 mg i.v. followed by 200 mg/day s.c. for 18 weeks (7).

Recently, gangliosides have been proposed to play a key role also in cancer (8), diabetes (9), and infection (10). However, while these indications currently have effective treatments, therapy of many degenerative neurological diseases has not progressed much. The medical need for new treatments of neurodegenerative conditions continues to increase in aging populations and, particularly in those with orphan status, remains largely unmet. In parallel, preclinical evidence of potentially beneficial GM1 effects in such indications has evolved. Therefore, further clinical testing of GM1 in some neurological indications may warrant a reevaluation.

MECHANISMS OF ACTION

Gangliosides play an important role in the development, protection, and repair of the CNS (1, 11, 12). Not surprisingly, genetic defects that affect their synthesis result in severe early-onset neurological diseases (13). Mutations in the ST3GAL5 gene, which encodes the first sialyltransferase (GM3 synthase) in the ganglioside biosynthetic pathway, cause an early-onset epilepsy syndrome with severely delayed motor and cognitive development and choreoathetosis. Blindness and deafness are also present in most patients (14). Mutations in B4GALNT1, which codes for GM2/GD2 synthase, are linked to a form of hereditary spastic paraplegia characterized by limb spasticity, dysarthria, peripheral neuropathy, and severe intellectual disability (15, 16).

Besides these rare diseases, changes in the ganglioside profile (i.e., in the relative abundance of specific gangliosides) were reported in degenerative CNS conditions, including Alzheimer's (AD) (17, 18), PD (19), Huntington's disease (HD) (20, 21), multiple sclerosis (MS) (22, 23), and amyotrophic lateral sclerosis (ALS) (24). GM1 deficiencies in particular have been detected in PD (19) and HD (20), whereas GM1 expression and distribution were shown to be affected in CNS injury caused by trauma or disease (25, 26). GM1 is one of the predominant brain gangliosides (3), with demonstrated anti-neurotoxic, neuroprotective, and neurotrophic actions in vitro and in vivo (27–29).

Early studies suggested that the action of gangliosides is closely related to that of neurotrophins, as they display similar neuroprotective effects and modulate neurotrophin signaling (29, 30). This is supported by the ability of GM1 to facilitate the activation of tropomyosin-related kinase (Trk) receptors and the signaling cascade downstream, as well as the induction of neurotrophin synthesis and release (31–33). The neurotrophin family in mammals comprises 5 members, i.e., the nerve growth factor, the brain-derived neurotrophic factor (BDNF), and the neurotrophins 3, 4, and 5 (34). All neurotrophins promote survival of subpopulations of neurons in the central and the peripheral nervous system, but with different specificity, i.e., the potency of protective effects deviates for different subpopulations of neurons.

The neuroprotective profile of GM1, as shown in experimental models of spinal cord injury (SCI), PD, stroke, HD, and AD, is reminiscent of the actions of BDNF. BDNF has key neurotrophic and neuroprotective functions in the developing and adult brain, which makes it a potential tool for many therapeutic strategies (35), e.g., BDNF was shown to protect against tau-related neurodegeneration in a mouse model of AD (36). GM1 stimulates release of BDNF (37) and acts synergistically with BDNF (38). When BDNF binds to its receptor TrkB, it triggers the mitogen-activated protein kinase (MAPK) pathway, which mediates neurotrophic effects such as dendritic growth (39, 40). In recent studies in cultured rat cortical neurons, GM1 did neither stimulate BDNF synthesis or release, nor BDNF/TrkB signaling pathways. In mature and more complex brain preparations such as cortical prisms from adult mice, however, GM1 stimulated the MAPK pathway. In mixed cultures and co-cultures of various ages, GM1 activated the MAPK pathway in mature cultures, but only when astrocytes were present (41). These findings indicate that GM1 can activate similar pathways as BDNF, which has key neuroplastic and neuroprotective roles in the adult brain. Recent evidence has been provided that astrocytes can also be a source for BDNF and that possibly a bidirectional transfer of BDNF between astrocytes and neurons can be considered (42, 43), indicating that the presence of astrocytes is required for this effect (Figure 1).
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FIGURE 1. Astrocytes are required for the activation of the MAPK pathway by GM1 in neurons.



Additional mechanisms are likely to contribute to the protective effects of GM1 across different diseases. These could include a modulatory role of the ganglioside on ion channels and/or neuronal Ca2+ homeostasis (44–47). These and other potential neuroprotective roles of gangliosides have been reviewed elsewhere (29, 48) and will not be discussed further here. GM1 may have broader therapeutic potential than thought in the 1990's. To further elucidate the action of GM1 in the brain, its effect on gene expression in primary cultures of rat astrocytes and neurons was studied. Transcriptome analysis with next-generation sequencing (49) was used to determine the differential expression of genes under different conditions. Significant results were selected based on a ≥±1.5-fold change in expression. A large number of differentially regulated genes with GM1 vs. control were found: 291 in pure cultures of astrocytes, 800 in astrocytes co-cultured with neurons, 78 in pure cultures of neurons, and 1,719 in neurons co-cultured with astrocytes. Further studies are ongoing to identify major pathways regulated by GM1 in neurons and astrocytes.

THERAPEUTIC POTENTIAL IN NEUROLOGICAL INDICATIONS

Although many of the molecular mechanisms through which GM1 may exert neuroprotective actions remain unknown, those actions are quite evident, in vitro and in vivo, in animals as well as in humans, as demonstrated in the following key neurological indications.

Spinal Cord Injury

SCI is an indication with orphan designation in Europe and the US. The incidence of SCI in the US is approximately 54 cases per million or approximately 17,000 new cases each year (50). Although estimations of the annual incidence and prevalence vary by country and region (51, 52), the World Health Organization estimates the annual global incidence at 40-80 cases per million, with 250,000–500,000 people worldwide suffering from SCI every year (53). Most SCIs are traumatic in origin; affected patients are often young and remain severely disabled for the rest of their lives. Thus, the economic and social burden caused by SCI is enormous (54).

Current medical management of SCI is mechanical decompression and restoration of normal blood pressure to correct the low perfusion to the injured spinal cord tissue within 4 h post-injury and by this to limit secondary injury. Ideally, at about 24 h post injury medical management would add neurotrophic and regenerative therapy to block neuronal death. Currently, several neuroprotective and regenerative agents are in clinical development (55, 56), but none has obtained US FDA clearance or scientific community acceptance yet. Although the US FDA never approved high-dose methylprednisolone (MPSS) for the treatment of SCI, it has broadly been used as a neuroprotective treatment since the 1990s, based on the US NIH recommendations following the second National Acute Spinal Cord Injury Study (NASCIS II) (57). This study was a large NIH funded, multicenter, double-blind, randomized, controlled trial comparing the efficacy and safety of MPSS and naloxone vs. placebo. Following the subsequent NASCIS III study, the US NIH added further recommendations for patients to be maintained on MPSS for either 24 or 48 h, depending on whether treatment was initiated within 3 or within 3–8 h post-injury, respectively (58).

Prior to the initial scientific publication of the NASCIS II in the NEJM, abbreviated lay study conclusions were disseminated via media, press release, and even the unprecedented step of sending a US NIH clinical alert to all US emergency rooms to start MPSS therapy in SCI patients. This massive dissemination of the claimed results of the NASCIS II study quickly established the use of MPSS in common practice in the US. However, it soon became apparent that the NASCIS II design was flawed and that the statistical analysis was incomplete and poorly reported. At least 11 peer reviewed articles on such issues were published (59) and acknowledged by the American College of Surgeons (60). In two Cochrane reviews, the latest in 2012, the main authors of the NASCIS studies still concluded though, that high-dose MPSS therapy was “the only pharmacologic therapy shown to have efficacy in a phase-III randomized trial when administered within 8 h of injury” and “additional benefit by extending the maintenance dose from 24 to 48 h, if start of treatment must be delayed to between 3 and 8 h after injury” (61, 62). However, in addition to the criticism of methods used in the NASCIS trials, CRASH (Corticosteroid Randomization After Significant Head injury), a randomized, placebo-controlled trial in 10,000 adults with head injury and Glasgow Coma Scale score of ≤14, revealed a higher risk of death in patients treated with the recommended MPSS regimen as compared to those treated with placebo (relative risk: 1.15, 95% CI 1.07–1.24; p = 0.0001). The CRASH results strongly discouraged further routine use of MPSS in any trauma patients (63) including those with SCI. It is noteworthy that the NASCIS studies required an initial neurologic examination from a cooperative patient, so acute SCI trauma patients unconscious from a head injury or intubated from chest trauma were excluded. This explains why the NASCIS studies did not reveal any negative MPSS drug effect on acute SCI trauma patients.

As a consequence of the CRASH results, evidence-based treatment guidelines no longer recommended routine use of high-dose MPSS for the treatment of SCI in the US (64, 65). Based on the flaws in design, presentation, analysis, and interpretation of results, the NASCIS trials were classified by Neurosurgery Guidelines as providing level III evidence at best (65). By contrast, two trials conducted with GM1 in acute traumatic SCI at about the same time were considered to provide level I evidence (64–66). In a single-center, double-blind, randomized, placebo-controlled, pilot study, 37 patients with SCI were enrolled to evaluate the efficacy of daily intravenous doses of 100 mg GM1 given for 18–32 doses starting within 72 h post-injury in enhancing the functional recovery of damaged neurons over a 1-year follow-up period (67, 68). Neurologic recovery was assessed using the 5-point Frankel score and the American Spinal Injury Association (ASIA) motor score. Patients treated with GM1 showed superior improvement vs. placebo in both these scores over 1 year.

Based on these encouraging results, a large multicenter, double-blind, randomized, placebo-controlled trial was launched testing two dose regimens of GM1 vs. placebo in 760 patients with acute SCI (69). Eligible patients had to have major SCI with a neurological deficit in one lower limb and a total ASIA motor score ≤15, without cord transection or penetration, cauda damage, significant plexus, or peripheral nerve injury. After completion of MPSS treatment within 8 h post-injury, patients were block-randomized to receive either placebo or GM1, at high (600 mg initially, followed by 200 mg/day i.v.) or low doses (300 mg initially, followed by 100 mg/day i.v). Randomization was stratified by the level of injury (cervical vs. thoracic), baseline ASIA Impairment Score (complete: no motor or sensory function preserved [A]; incomplete with sensory but no motor function preserved [B]; incomplete with motor function preserved [C+D] below the neurological level), and age (<29 vs. >29 years). Treatment started within 72 h post-injury and lasted for 8 weeks. The main efficacy measure was the fraction of patients achieving at least a 2-grade improvement from the entry ASIA Impairment Score to the modified 7-point Benzel classification during follow up (Figure 2) (70). This classification by marked recovery allowed using one common binary assessment of neurologic function. In 28 centers, 3,130 patients were screened of whom 797 were eligible and randomized, and 760 were analyzed for efficacy. In 482 patients SCI was complete (ASIA Impairment Score: A), in 278 incomplete (B-D), in 579 the lesion was at cervical and in 181 at thoracic level; 395 patients had cervical traction and 600 patients a spinal operation. The study population was typical for SCI patients in the distribution of neurological level, age, and sex. Median times from injury to MPSS treatment was <2 h. There were no relevant differences among treatment groups at baseline. At 8 (end of treatment) and 16 weeks, the proportion of patients with marked recovery, i.e., ≥2 grade improvement in the modified Benzel classification was significantly greater in both GM1 dose groups as compared to placebo (Figure 2). This difference in neurologic recovery between treatment groups was no longer present at week 26, the primary endpoint. Thus, the study demonstrated a significantly faster, although ultimately not greater recovery with GM1 therapy. Detailed analysis demonstrated that the partial SCI patients had the most pronounced acceleration in recovery rate (Figure 2C). The ASIA motor, light touch, and pinprick scores as well as bowel and bladder function, sacral sensation, and anal contraction all showed a consistent trend in favor of GM1 enhancing neurologic recovery (69–71).
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FIGURE 2. Percentage of SCI patients with marked recovery, i.e., ≥2-grade improvement from the entry ASIA Impairment Score to the modified 7-point Benzel classification during follow up. (A) Patients with complete SCI and no motor or sensory function preserved; (B) Patients with incomplete SCI and sensory but no motor function preserved; (C) Patients with incomplete SCI and motor function preserved below the neurological level.



Also in the literature were three rather small, double-blind, randomized, placebo-controlled trials demonstrating faster recoveries through GM1 in patients with chronic SCI (72), disturbance of consciousness after subarachnoid hemorrhage (73), or craniocerebral injuries due to closed trauma (74). None of these trials reported any clinically relevant safety issue with GM1.

Stroke

By far the greatest clinical experience with GM1 exists in the treatment of stroke with overall 14 double-blind, randomized, placebo-controlled, clinical trials in overall >2,000 patients (Table 1). The 4 largest trials enrolled 792, 502, 287, and 99 patients with acute ischemic stroke within 5, 12, 48, and 48 h from its onset, respectively (75–78). In 2 trials, higher i.v. loading doses of 300 and 200 mg were used (75, 78), otherwise GM1 was given in all studies at constant dose levels of either 40 or 100 mg and either i.v. or i.m. for 2–6 weeks. Patients were followed for 3–6 months.


Table 1. Double-blind Randomized Clinical Trials (RCTs) on the efficacy and safety of GM1 in patients with acute stroke in the order of decreasing size.
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In 3 of these largest 4 trials survival was analyzed, but none found any difference vs. placebo. Methods for the neurological evaluation varied among the four trials and only the Canadian Neurological and the Barthel scale were used more than once, i.e., each of them in two trials. In the largest study (75), the improvement from baseline in the Canadian Neurological score was greater with GM1 than with placebo, but only in the subgroup of patients treated within 4 h from stroke onset, the difference was significant. In the second study (76), among 427 patients who presented with a first ischemic hemispheric stroke, a significantly greater neurological improvement was found vs. placebo at the end of treatment. In the third study (77), the Toronto Stroke scale and Barthel Index showed no significant difference vs. placebo on Day 84. However, the difference in the improvement of the motor component of the Toronto Stroke scale was significant on Day 28 and still in favor of GM1 on day 84, as were all 10 components of the Barthel Index. In the last study (78), significant differences were found vs. placebo for both the Fritz-Werner and the Barthel Index on Day 21 which for the Barthel Index persisted for 6 months. Overall, all 4 studies demonstrated benefits through GM1 vs. placebo in neurological outcomes.

In 10 additional, smaller studies with <50 patients per trial, GM1 was given at either 40 or 100 mg/day again either i.m. or i.v. for up to 6 weeks, and outcomes were observed for up to 6 months. Of the 9 studies that assessed neurological outcomes, 8 reported significant effects in favor of GM1 (79–84, 86, 87) and one, i.e., the smallest trial with <20 patients, showed greater improvement with GM1 without reaching significance though (88). Of the 6 efficacy studies with brain imaging during follow-up (81–86), the 2 trials using PET showed a trend for an improvement of brain metabolism with GM1 (85, 86), whereas in none of the studies, CT revealed any morphological differences vs. placebo.

Except for one patient who stopped treatment due to an exfoliative dermatitis probably related to GM1, none of the 14 trials reported any major difference as compared to placebo regarding the frequency, nature, or severity of AEs.

Diabetes mellitus is a well-known risk factor for cerebral ischemia, and both acute hyperglycemia and chronic diabetes exacerbate ischemic brain damage (89). To determine if GM1 might be used as a neuroprotective agent in diabetes-associated cerebral ischemia/reperfusion injury, two in vivo studies in rats have investigated its effects in hyperglycemia-exacerbated ischemic brain damage. The first study indicated that GM1 attenuated diabetic-augmented ischemic neuronal injuries through the suppression of ERK1/2 phosphorylation (90). The second study showed that the attenuation of diabetes-associated cerebral ischemia/reperfusion injury by GM1 was related to the prevention of endoplasmic reticulum stress-induced apoptosis (91). These findings are in accordance with published results that have shown diabetes-enhanced ischemic brain damage is associated with activation of ERK1/2 (92) and augmentation of endoplasmic reticulum stress (93). Drugs that suppress ERK1/2 or elevate the endoplasmic reticulum stress have been reported to ameliorate brain damage in diabetic animals (94–96). These new experimental findings warrant further clinical investigation of GM1 particularly in the treatment of diabetes patients suffering ischemic stroke.

Parkinson's Disease

PD is the second most common, progressive neurodegenerative disorder after AD, with 1–2 cases per 1,000 being affected at any time (97, 98). Clinically, the disease is characterized by bradykinesia, rigidity, resting tremor, gait disturbance, and postural instability as well as by cognitive, affective, and autonomic components. Pathological characteristics are α-synuclein-containing Lewy bodies and a loss of dopaminergic neurons in the substantia nigra and forebrain. In most cases, the cause of PD is unknown, however some genetic factors have been identified in 5–10% of patients (97) and several environmental factors have been shown to be associated with an increased risk of PD (99).

Although there are numerous clinical trials ongoing in PD, the unmet need for better symptomatic as well as disease-modifying therapies is still high. The most efficacious symptomatic treatment for PD is still the first drug approved, i.e., the combination of levodopa and a dopa decarboxylase inhibitor and no treatment has yet been shown to unequivocally slow disease progression. Development of therapies with neuroprotective/restorative effects is a rational approach for drug development in PD: the disease is slowly progressive and patients get worse over time; the dopaminergic reserve early in the disease (i.e., residual intact dopamine neurons) is a potential target for neuroprotection; damaged or dysfunctional, but still viable, dopamine neurons are targets for restoration.

Treatment of PD with GM1 may particularly make sense as the pathology of PD is multifactorial, including mechanisms such as Fas-mediated cell death, oxidative stress, mitochondrial dysfunction, cytoskeletal disruption, expression of inflammatory cytokines, ATP depletion, excitotoxicity, and loss of trophic support, among other possible factors. Accordingly, to achieve effective disease modification, multiple mechanisms may need to be targeted and GM1 is known to act through diverse mechanisms including inhibiting apoptosis, inflammation, excitotoxicity, and oxidative stress reactions, modulating calcium homeostasis, neurotrophic factor signaling, membrane integrity, cAMP levels, protein kinase activity, neuritogenesis, and axonogenesis (29, 48). Additionally, GM1 levels in neuronal plasma membranes may stabilize lipid raft signaling domains (100, 101) and intracellularly, may inhibit toxic synuclein aggregation (102).

GM1 was shown to rescue damaged dopaminergic neurons in vitro (103) and in vivo, to cause (a) increases in striatal dopamine levels and tyrosine hydroxylase-positive fiber density in the striatum and (b) reduced loss of pars compacta neurons in the substantia nigra in mice exposed to the Parkinson-producing neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (104). These results were confirmed in MPTP-treated monkeys, which in addition to increased striatal dopamine levels and enhanced dopaminergic innervation of the striatum, also recovered from PD-like motor symptoms after treatment with GM1 (105). GM1 also increased the density of striatal dopamine transporter sites, suggestive of recovery or possibly sprouting of dopaminergic terminals. Based on these and other promising results in animal models of PD, GM1 went into clinical testing in PD patients.

In a first, open-label study, effects of GM1 were tested in 10 PD patients who received 1,000 mg GM1 i.v. once after the last of three baseline functional assessments. Thereafter, patients self-administered GM1 at 200 mg/d s.c. for 18 weeks (7). There were no serious adverse events and none of the patients developed elevated anti-GM1 antibody titers. Most patients demonstrated improvements on at least some functional measures, beginning after 4–8 weeks of treatment. When functional improvements occurred, they lasted for the duration of the study. In a subsequent double-blind, randomized, placebo-controlled study, 45 patients with mild to moderate PD received either placebo or GM1, again with an i.v. loading dose of 1,000 mg followed by 200 mg/day s.c. for 16 weeks (Figure 3A) (106). The primary efficacy measure was the change in the Unified Parkinson's Disease Rating Scale (UPDRS) motor score, assessed at three independent baseline visits and then monthly while on treatment. At 16 weeks, there was a significant difference between treatment and placebo groups in UPDRS motor scores as well as in activities of daily living (ADL) scores. GM1-treated patients also had significantly greater improvements in performance of timed motor tests, including tests of arm, hand, and foot movements, and walking. GM1 was well tolerated and no serious adverse events were reported.
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FIGURE 3. (A) Significant improvements in mean (±SD) Unified Parkinson's Disease Rating Scale (UPDRS) motor scores were noted in GM1-treated patients (red bars) beginning after 4 weeks of treatment and were maintained during the 16-week study. Mean UPDRS motor scores for the placebo group (blue bars) did not change significantly. Asterisks represent significant difference from baseline within the GM1 group. [Reprinted with permission from: Schneider et al. (106). https://n.neurology.org/content/neurology/50/6/1630.full]. (B) Changes in Unified Parkinson's Disease Rating Scale (UPDRS) Motor Subsection scores in a delayed start trial of GM1 in PD. The mean (±SE) change from baseline (observed scores) in Early-start and Delayed-start study subjects and in the standard-of-care Comparison group, assessed in the practically defined “off” condition. The dashed vertical line at week 24 indicates the end of study Phase I. The dashed vertical line at week 120 indicates the end of study Phase II. The horizontal dashed line indicates baseline level. An increase of score indicates symptom worsening; a decrease in score indicates symptom improvement. These data suggest a potential disease modifying effect of GM1 on PD. *p < 0.0001 Early-start vs. Delayed-start; p < 0.05 Early-start vs. Delayed-start. [Reprinted from Schneider et al. (107), with permission from Elsevier].



To evaluate long-term safety and efficacy of GM1, patients completing this 16-week trial were offered to enter an open-label extension study (108). Twenty-six patients received GM1 at 200 mg/day s.c. for up to 5 years. Safety was evaluated monthly and efficacy every 6 months. After 5 years, patients of the former placebo group improved in UPDRS motor, but not ADL scores. Patients treated with GM1 throughout both the double blind and the open-label extension study showed only a slight deterioration of UPDRS motor and ADL scores over 5 years, with both scores remaining significantly below those obtained at baseline prior to randomization into the original study. No relevant safety issues or changes in safety laboratory measurement were noted over the course of the study. Results suggested that long-term GM1 use in PD is safe and may have some disease modifying potential. That the patients treated with placebo during the double-blind study did not fully catch up to the patients who used GM1 during the double-blind study over the subsequent 5-year period is of particular interest, as this would have been expected for a purely symptomatic treatment.

These findings led to the conduct of another double-blind, randomized, placebo-controlled study using a delayed-start design to distinguish between potential symptomatic and disease modifying effects of GM1 in PD: 77 patients were randomized to receive either GM1 (early-start) for 120 weeks or placebo for the first 24 weeks and subsequently GM1 for 96 weeks (delayed-start); 17 additional patients received standard-of-care in order to follow the natural disease progression (Figure 3B) (107). At week 24, the early-start group demonstrated significant improvement in UPDRS motor scores vs. a significant worsening of scores in the delayed-start (placebo) group. The delayed start group showed improvements in UPDRS scores after starting GM1 after week 24. The early-start group showed a sustained benefit vs. the delayed-start group at week 72 and at week 120, and the trajectory of the two groups remained divergent at the end of the treatment period. Both groups had significant symptom worsening after 1 and 2 years of washout. The most prevalent AEs were injection site reactions and only 3 subjects reported serious adverse events (i.e., asthenia, worsening of PD symptoms, and anastomotic ulcer/stomach cancer). There were no consistent relevant changes in clinical chemistry. This study provided evidence that GM1 use for 24 weeks was superior to placebo in improving motor symptoms and that extended GM1 use (up to 120 weeks) resulted in a lower than expected rate of symptom progression. Thus, GM1 may not only have symptomatic effects on PD but may also have disease-modifying effects.

Huntington's Disease

HD is an autosomal-dominant, progressive neurodegenerative disorder with the highest prevalence in the Caucasian population, with 7 per 100,000 being affected (109). The disease usually starts at around 40 years of age and progresses inexorably to death within 10–20 years. Patients with HD display characteristic choreic involuntary movements and impaired motor coordination, but also cognitive and psychiatric problems such as anxiety and depression, that often precede motor symptoms and are the most difficult to manage (110, 111).

The underlying cause of HD is the pathological expansion of a polyQ stretch at the N-terminus of huntingtin (HTT) (112), a ubiquitous scaffold protein with roles in vesicular traffic, autophagy, and transcriptional control of neural genes, among others (113). The HD mutation results in mutant HTT misfolding and aggregation, which in turn cause a plethora of cellular and network dysfunctions, leading first to changes in brain connectivity and generalized atrophy of the white matter, and then to neuronal death, mainly in regions that control movement, i.e., the striatum and the cerebral cortex (114).

Synthesis of gangliosides was shown to be decreased in cellular and animal models of HD (20, 21, 115) and in fibroblasts from HD patients (20). In HD cells, GM1 levels lower than normal correlated with increased susceptibility to apoptosis, suggesting a potential role in disease pathogenesis and/or progression (20). Administration of GM1 restored ganglioside levels and normal survival in HD cells in vitro, in part by increasing activation of the PI3K/AKT pathway and HTT phosphorylation (20). These initial observations prompted extensive pre-clinical in vivo studies to assess the therapeutic potential of ganglioside in HD.

In line with rigorous NIH guidelines, GM1 was tested in three different - and for many aspects complementary—genetic models of HD, i.e., R6/2, Q140, and YAC128 mice (Figure 4) (116–118). Intraventricular infusion of GM1 for 28–42 days (depending on the animal model used) resulted in profound therapeutic and disease-modifying effects across all models (119, 120). Motor behavior was dramatically improved in R6/2 mice and restored to normal in YAC128 and Q140 mice, including gait abnormalities which are often resistant to treatments (119, 120). GM1 administration also corrected anxiety-like and depression-like behaviors, and improved cognitive functions in both YAC128 and Q140 mice (120). Phenotypic improvement upon treatment with GM1 correlated with profound disease-modifying effects. In R6/2 mice, which express a toxic N-terminal fragment of mutant HTT that causes widespread neuronal death and an accelerate disease phenotype (117), GM1 treatment slowed down neurodegeneration and decreased white matter atrophy and ferritin levels (120), which in HD patients correlate with iron accumulation and cortical and striatal atrophy (121, 122). In Q140 and YAC128 mice, GM1 administration restored normal expression and phosphorylation levels of dopamine- and cAMP-regulated neuronal phosphoprotein 32 (DARPP32) (119, 120), a key regulator of dopamine signaling and striatum output pathways (123, 124), suggesting that GM1 improved overall HD striatal function. Additional beneficial outcomes of GM1 administration were restoration of normal cortical levels of key neurotransmitters, including glutamate and GABA, modulation of dopamine and serotonin metabolism, and normal expression of glia markers (120).


[image: image]

FIGURE 4. Disease-modifying effects of GM1 administration in HD mouse models. (A) Intraventricular infusion of GM1for 28 days resulted in a significant decrease in striatal neuron loss in the R6/2 mouse model of HD. LH, Left brain hemisphere. (B) Brain ferritin accumulation was attenuated in R6/2 mice treated with GM1. (C) Mutant HTT protein levels were decreased in the striatum of Q140 mice treated with GM1 for 42 days. (D) GM1 administration also attenuated accumulation of SDS-insoluble mHTT aggregates (as measured by a filter-trap assay). (E) GM1 administration resulted in restoration of normal motor function in YAC128 mice. Motor performance was scored as the mice walked along a narrow beam. (F) GM1 administration decreased depression-like behavior in YAC128 mice, as measured by the time mice spent immobile in a forced swim test. (G) In the novelty-suppressed feeding test, GM1 corrected anxiety-like behavior in YAC128 mice, as measured by the latency to consume sweetened condensed milk in a novel environment. Box-and-whisker plots show median, maximum and minimum values. *p < 0.05; **p < 0.001; ***p < 0.0001. (A–D,F,G) are reproduced with permission from Alpaugh et al. (120); (E) is reproduced with permission from Di Pardo et al. (119).



Remarkably, GM1 treatment affected mutant HTT itself. Administration of GM1 increased HTT phosphorylation at Ser13 and Ser16 (119), a post-translational modification that was shown to decrease mutant HTT aggregation (125) and toxicity (125–127). Moreover, GM1 decreased levels of soluble and aggregated (SDS-insoluble) mutant HTT, without affecting HTT gene transcription and wild-type HTT levels (120). These important effects on mutant HTT, along with the more general neuroprotective activities described for GM1 (29, 30, 128), explain the widespread therapeutic effects of GM1 in HD models, which were comparable to (and in some cases exceeded) those observed in pre-clinical studies where antisense oligonucleotides were used to lower HTT levels (129).

In view of the wide therapeutic and disease-modifying effects of GM1 in HD models, clinical studies in this indication are certainly encouraged. To date, there is no cure or disease-modifying therapy for HD. Drug candidates in clinical development are either still in early phases or have failed to show benefits in HD patients (114, 130, 131). A Phase I/IIa clinical trial with antisense oligonucleotides (ASO) (ClinicalTrials.gov Identifier: NCT02519036) to lower HTT levels was recently completed and showed dose-dependent reduction of mutant HTT, prompting a Phase III trial to assess efficacy. While there is obvious enthusiasm toward the possibility to reduce, at least in part, mutant HTT levels in patients, important questions remain to be answered concerning long-term safety and the potential consequences of concomitantly lowering the levels of wild-type HTT, which has important functions in the nervous system (132). In light of these considerations, a combination therapy with ASOs and GM1 could be desirable and highly effective, by engaging additional pathways for mutant HTT clearance and neuroprotection, allowing for decreased ASO dosing and for extended therapeutic benefits.

Alzheimer's Disease

AD is the most prevalent cause of dementia worldwide and remains a therapeutic challenge despite rapidly expanding research efforts (133). Given the important neuroprotective roles of brain gangliosides, GM1 was proposed as a therapeutic agent in AD (134). However, early clinical investigations of GM1 in AD were inconclusive (135): a double-blind, placebo-controlled trial of intramuscular GM1 did not find any significant cognitive amelioration (136); an uncontrolled study of intraventricular GM1 in five patients with AD showed marked improvements in several clinical outcomes (137). Nevertheless, these studies confirmed safety of GM1 administration even upon intraventricular administration.

AD is characterized by amyloid deposits, consisting mainly of aggregated variants of amyloid β (Aβ). The involvement of gangliosides in AD remains controversial. Early studies showed that GM1 binds to Aβ and seeds the conformational transition from random coil to an ordered structure rich in β-sheets (138), a pathological hallmark of the disease. Later experiments, however, suggested that this happens only at very high concentrations, while physiological levels of GM1 in an environment that mimics the composition of the neuronal plasma membrane inhibits the oligomerization of Aβ monomers driven by sphingomyelin (139). It remains to be determined whether high concentrations of GM1 with Aβ seeding can be achieved locally in specialized cellular compartments such as endosomes and synaptic terminals (140, 141). Studies in animal models support a non-detrimental or even a protective role of GM1 in AD.

In an AD mouse model with deletion of GD3 synthase (APP/PS-1/GD3S−/−), which lacked b-series gangliosides but had >50% increase in a-series gangliosides, including GM1 and GD1a, decreased accumulation of Aβ deposits and dramatically improved neuropathology and behavior were observed (142). Beneficial effects were also reported with administration of GM1 in the APP/PSEN-1 model of AD (143). At therapeutic concentrations, GM1 may help reducing overall Aβ load, sequestering excess Aβ in AD patients (144), activating autophagy to help with Aβ clearance (145), and by promoting Aβ elimination by microglia (146).

In conclusion, although the clinical experience of GM1 in AD is inconclusive, new insights into the neuroprotective potential of GM1 in AD might revitalize clinical research in this field.

PERSPECTIVES

In summary, there is good evidence for faster recovery by GM1 in SCI, but the total extent of recovery about the same as without GM1. Therefore, there might be an adjunctive role only and it is not the highest medical need. Stroke is best investigated and numerous trials provided evidence of clinical efficacy of GM1; new clinical trials may only be needed for specific aspects. In PD, benefits are well documented, although studies need to be repeated in larger patient groups; other disease modifying therapies are under development. AD is highly prevalent and medical need for new treatment is high but the role of GM1 is still unclear and clinical data not conclusive. In HD, the medical need is high and preclinical results are convincing, but there are no clinical trials yet.

An important issue to be considered in the design of future clinical trials in neurodegenerative conditions is the route of drug administration and the extent to which GM1 would cross the blood-brain barrier. Although “central” neurotrophic effects of peripherally administered gangliosides have been shown in animal models of PD or stroke (105, 147, 148), and in PD patients by slowing down the loss of a marker for striatal dopaminergic terminals (149), it remains unclear whether GM1 can cross an intact blood-brain barrier (BBB) and reaches therapeutic concentrations in the human brain (150–153). In favor of the use of GM1 in various neurodegenerative/trauma-related indications is that the BBB is not entirely intact, so that more peripherally administered GM1 crosses a leaky BBB than predicted based on studies in models with an intact BBB. Perhaps, negative or inconclusive results in some of the past trials with GM1 might have been related to use of suboptimal dosages and/or lack of significant CNS penetration if the BBB was not compromised (154–156).

To facilitate the design of successful new clinical trials, distributions of the ganglioside to different brain regions upon administration through various routes should be carefully determined in relevant non-human primate disease models, as rodents often display different BBB permeability to various molecules (157, 158). Recent developments in strategies to overcome issues with drug delivery across the BBB might also help with GM1 CNS delivery in future studies.

AUTHOR'S NOTE

Lectures on the individual sections of this article were held on the International Workshop “Gangliosides in the twenty-first century: therapeutic prospects,” Washington, DC, November 10, 2017, convened by TRB Chemedica.

AUTHOR CONTRIBUTIONS

PM and HF: authored section Mechanisms of Action. FG: section Spinal Cord Injury. PL: section Stroke. JS: section Parkinson's Disease. SS: sections Huntington's Disease and Alzheimer's disease. All authors contributed to the final version of the review article.

FUNDING

SS work was funded by the Huntington Society of Canada, Brain Canada and the Canadian Institutes for Health Research (CIHR MOP #111219). HF received a fellowship from TRB in 2010 and 2011.

ACKNOWLEDGMENTS

We thank Uwe Totzke and Don Dreher (Totzke & Dreher Scientific SA) for medical writing support.

REFERENCES

 1. Ledeen R, Wu G. Gangliosides of the nervous system. Methods Mol Biol. (2018) 1804:19–55. doi: 10.1007/978-1-4939-8552-4_2

 2. Schnaar RL. Chapter Three—The Biology of Gangliosides. In: Baker DC, editor. Advances in Carbohydrate Chemistry and Biochemistry. Academic Press (2019). p. 113–48.

 3. Schnaar RL, Gerardy-Schahn R, Hildebrandt H. Sialic acids in the brain: gangliosides and polysialic acid in nervous system development, stability, disease, and regeneration. Physiol Rev. (2014) 94:461–518. doi: 10.1152/physrev.00033.2013

 4. Govoni V, Granieri E, Tola MR, Paolino E, Casetta I, Fainardi E, et al. Exogenous gangliosides and Guillain-Barre syndrome. An observational study in the local health district of Ferrara, Italy. Brain. (1997) 120:1123–30. doi: 10.1093/brain/120.7.1123

 5. Govoni V, Granieri E, Manconi M, Capone J, Casetta I. Is there a decrease in Guillain-Barre syndrome incidence after bovine ganglioside withdrawal in Italy? A population-based study in the Local Health District of Ferrara, Italy. J Neurol Sci. (2003) 216:99–103. doi: 10.1016/S0022-510X(03)00215-6

 6. Gallo P, Piccinno MG, Tavolato B, Innocenti M, Callegaro L, Kirschner G, et al. Effect of parenteral administration of GM1 on cytokines and anti-ganglioside antibody patterns. Preliminary report in normal human individuals. J Neuroimmunol. (1992) 36:81–6. doi: 10.1016/0165-5728(92)90033-H

 7. Schneider JS, Roeltgen DP, Rothblat DS, Chapas-Crilly J, Seraydarian L, Rao J. GM1 ganglioside treatment of Parkinson's disease: an open pilot study of safety and efficacy. Neurology. (1995) 45:1149–54. doi: 10.1212/WNL.45.6.1149

 8. Groux-Degroote S, Guerardel Y, Delannoy P. Gangliosides: structures, biosynthesis, analysis, and roles in cancer. Chembiochem. (2017) 18:1146–54. doi: 10.1002/cbic.201600705

 9. Inokuchi J. GM3 and diabetes. Glycoconj J. (2014) 31:193–7. doi: 10.1007/s10719-013-9516-4

 10. Rueda R. The role of dietary gangliosides on immunity and the prevention of infection. Br J Nutr. (2007) 98(Suppl. 1):S68–73. doi: 10.1017/S0007114507832946

 11. Skaper SD, Leon A. Monosialogangliosides, neuroprotection, and neuronal repair processes. J Neurotrauma. (1992) 9 (suppl. 2):S507–16.

 12. Palmano K, Rowan A, Guillermo R, Guan J, McJarrow P. The role of gangliosides in neurodevelopment. Nutrients. (2015) 7:3891–913. doi: 10.3390/nu7053891

 13. Li TA, Schnaar RL. Congenital disorders of ganglioside biosynthesis. Prog Mol Biol Transl Sci. (2018) 156:63–82. doi: 10.1016/bs.pmbts.2018.01.001

 14. Simpson MA, Cross H, Proukakis C, Priestman DA, Neville DCA, Reinkensmeier G, et al. Infantile-onset symptomatic epilepsy syndrome caused by a homozygous loss-of-function mutation of GM3 synthase. Nat Genet. (2004) 36:1225–9. doi: 10.1038/ng1460

 15. Boukhris A, Schule R, Loureiro JL, Lourenco CM, Mundwiller E, Gonzalez MA, et al. Alteration of ganglioside biosynthesis responsible for complex hereditary spastic paraplegia. Am J Hum Genet. (2013) 93:118–23. doi: 10.1016/j.ajhg.2013.05.006

 16. Harlalka GV, Lehman A, Chioza B, Baple EL, Maroofian R, Cross H, et al. Mutations in B4GALNT1 (GM2 synthase) underlie a new disorder of ganglioside biosynthesis. Brain. (2013) 136:3618–24. doi: 10.1093/brain/awt270

 17. Blennow K, Davidsson P, Wallin A, Fredman P, Gottfries CG, Karlsson I, et al. Gangliosides in cerebrospinal fluid in ‘probable Alzheimer's disease'. Arch Neurol. (1991) 48:1032–5. doi: 10.1001/archneur.1991.00530220048018

 18. Blennow K, Davidsson P, Wallin A, Fredman P, Gottfries CG, Mansson JE, et al. Differences in cerebrospinal fluid gangliosides between “probable Alzheimer's disease” and normal aging. Aging. (1992) 4:301–6. doi: 10.1007/BF03324111

 19. Wu G, Lu ZH, Kulkarni N, Ledeen RW. Deficiency of ganglioside GM1 correlates with Parkinson's disease in mice and humans. J Neurosci Res. (2012) 90:1997–2008. doi: 10.1002/jnr.23090

 20. Maglione V, Marchi P, Di Pardo A, Lingrell S, Horkey M, Tidmarsh E, et al. Impaired ganglioside metabolism in Huntington's disease and neuroprotective role of GM1. J Neurosci. (2010) 30:4072–80. doi: 10.1523/JNEUROSCI.6348-09.2010

 21. Desplats PA, Denny CA, Kass KE, Gilmartin T, Head SR, Sutcliffe JG, et al. Glycolipid and ganglioside metabolism imbalances in Huntington's disease. Neurobiol Dis. (2007) 27:265–77. doi: 10.1016/j.nbd.2007.05.003

 22. Zaprianova E, Deleva D, Ilinov P, Sultanov E, Filchev A, Christova L, et al. Serum ganglioside patterns in multiple sclerosis. Neurochem Res. (2001) 26:95–100. doi: 10.1023/A:1011027125744

 23. Miyatani N, Saito M, Ariga T, Yoshino H, Yu RK. Glycosphingolipids in the cerebrospinal fluid of patients with multiple sclerosis. Mol Chem Neuropathol. (1990) 13:205–16. doi: 10.1007/BF03159923

 24. Dodge JC, Treleaven CM, Pacheco J, Cooper S, Bao C, Abraham M, et al. Glycosphingolipids are modulators of disease pathogenesis in amyotrophic lateral sclerosis. Proc Natl Acad Sci USA. (2015) 112:8100–5. doi: 10.1073/pnas.1508767112

 25. Mahadik SP, Karpiak SK. Gangliosides in treatment of neural injury and disease. Drug Dev Res. (1988) 15:337–60. doi: 10.1002/ddr.430150402

 26. Rubovitch V, Zilberstein Y, Chapman J, Schreiber S, Pick CG. Restoring GM1 ganglioside expression ameliorates axonal outgrowth inhibition and cognitive impairments induced by blast traumatic brain injury. Sci Rep. (2017) 7:41269. doi: 10.1038/srep41269

 27. Hadjiconstantinou M, Neff NH. GM1 ganglioside: in vivo and in vitro trophic actions on central neurotransmitter systems. J Neurochem. (1998) 70:1335–45. doi: 10.1046/j.1471-4159.1998.70041335.x

 28. Newburn EN, Duchemin AM, Neff NH, Hadjiconstantinou M. GM1 ganglioside enhances Ret signaling in striatum. J Neurochem. (2014) 130:541–54. doi: 10.1111/jnc.12760

 29. Ledeen RW, Wu G. The multi-tasked life of GM1 ganglioside, a true factotum of nature. Trends Biochem Sci. (2015) 40:407–18. doi: 10.1016/j.tibs.2015.04.005

 30. Mocchetti I. Exogenous gangliosides, neuronal plasticity and repair, and the neurotrophins. Cell Mol Life Sci. (2005) 62:2283–94. doi: 10.1007/s00018-005-5188-y

 31. Ferrari G, Greene LA. Prevention of neuronal apoptotic death by neurotrophic agents and ganglioside GM1: insights and speculations regarding a common mechanism. Perspect Dev Neurobiol. (1996) 3:93–100.

 32. Rabin SJ, Bachis A, Mocchetti I. Gangliosides activate Trk receptors by inducing the release of neurotrophins. J Biol Chem. (2002) 277:49466–72. doi: 10.1074/jbc.M203240200

 33. Chiricozzi E, Pome DY, Maggioni M, Di Biase E, Parravicini C, Palazzolo L, et al. Role of the GM1 ganglioside oligosaccharide portion in the TrkA-dependent neurite sprouting in neuroblastoma cells. J Neurochem. (2017) 143:645–59. doi: 10.1111/jnc.14146

 34. Saxena S, Brody AL, Ho ML, Alborzian S, Ho MK, Maidment KM, et al. Cerebral metabolism in major depression and obsessive-compulsive disorder occurring separately and concurrently. Biol Psychiatry. (2001) 50:159–70. doi: 10.1016/S0006-3223(01)01123-4

 35. Kowianski P, Lietzau G, Czuba E, Waskow M, Steliga A, Morys J. BDNF: a key factor with multipotent impact on brain signaling and synaptic plasticity. Cell Mol Neurobiol. (2018) 38:579–93. doi: 10.1007/s10571-017-0510-4

 36. Jiao SS, Shen LL, Zhu C, Bu XL, Liu YH, Liu CH, et al. Brain-derived neurotrophic factor protects against tau-related neurodegeneration of Alzheimer's disease. Transl Psychiatry. (2016) 6:e907. doi: 10.1038/tp.2016.186

 37. Lim ST, Esfahani K, Avdoshina V, Mocchetti I. Exogenous gangliosides increase the release of brain-derived neurotrophic factor. Neuropharmacology. (2011) 60:1160–7. doi: 10.1016/j.neuropharm.2010.10.012

 38. Fadda E, Negro A, Facci L, Skaper SD. Ganglioside GM1 cooperates with brain-derived neurotrophic factor to protect dopaminergic neurons from 6-hydroxydopamine-induced degeneration. Neurosci Lett. (1993) 159:147–50. doi: 10.1016/0304-3940(93)90820-B

 39. Numakawa T, Suzuki S, Kumamaru E, Adachi N, Richards M, Kunugi H. BDNF function and intracellular signaling in neurons. Histol Histopathol. (2010) 25:237–58. doi: 10.14670/HH-25.237

 40. Finsterwald C, Fiumelli H, Cardinaux JR, Martin JL. Regulation of dendritic development by BDNF requires activation of CRTC1 by glutamate. J Biol Chem. (2010) 285:28587–95. doi: 10.1074/jbc.M110.125740

 41. Fiumelli H, Allaman I, Martin JL, Magistretti PJ. Effects of GM1 on activation of signaling pathways in neurons and astrocytes, dependence of astrocyte-neuron interactions. In: Society for Neuroscience Meeting, abstract 211.23. San Diego, CA (2016).

 42. Stahlberg MA, Kügler S, Dean C. Visualizing BDNF cell-to-cell transfer reveals astrocytes are the primary recipient of neuronal BDNF. bioRxiv. (2018) 255935. doi: 10.1101/255935

 43. Quesseveur G, David DJ, Gaillard MC, Pla P, Wu MV, Nguyen HT, et al. BDNF overexpression in mouse hippocampal astrocytes promotes local neurogenesis and elicits anxiolytic-like activities. Transl Psychiatry. (2013) 3:e253. doi: 10.1038/tp.2013.30

 44. Ledeen R, Wu G. GM1 in the nuclear envelope regulates nuclear calcium through association with a nuclear sodium-calcium exchanger. J Neurochem. (2007) 103(Suppl. 1):126–34. doi: 10.1111/j.1471-4159.2007.04722.x

 45. Wang Y, Tsui Z, Yang F. Antagonistic effect of ganglioside GM1 and GM3 on the activity and conformation of sarcoplasmic reticulum Ca(2+)-ATPase. FEBS Lett. (1999) 457:144–8. doi: 10.1016/S0014-5793(99)01024-8

 46. Xie X, Wu G, Lu ZH, Ledeen RW. Potentiation of a sodium-calcium exchanger in the nuclear envelope by nuclear GM1 ganglioside. J Neurochem. (2002) 81:1185–95. doi: 10.1046/j.1471-4159.2002.00917.x

 47. Prendergast J, Umanah GK, Yoo SW, Lagerlof O, Motari MG, Cole RN, et al. Ganglioside regulation of AMPA receptor trafficking. J Neurosci. (2014) 34:13246–58. doi: 10.1523/JNEUROSCI.1149-14.2014

 48. Schengrund CL. Gangliosides: glycosphingolipids essential for normal neural development and function. Trends Biochem Sci. (2015) 40:397–406. doi: 10.1016/j.tibs.2015.03.007

 49. Mutz KO, Heilkenbrinker A, Lonne M, Walter JG, Stahl F. Transcriptome analysis using next-generation sequencing. Curr Opin Biotechnol. (2013) 24:22–30. doi: 10.1016/j.copbio.2012.09.004

 50. National_SCI_Database. National Spinal Cord Injury Statistical Center, Facts and Figures at a Glance. (2016). Available online at: www.msktc.org/sci/model-system-centers

 51. Singh A, Tetreault L, Kalsi-Ryan S, Nouri A, Fehlings MG. Global prevalence and incidence of traumatic spinal cord injury. Clin Epidemiol. (2014) 6:309–31. doi: 10.2147/CLEP.S68889

 52. Furlan JC, Sakakibara BM, Miller WC, Krassioukov AV. Global incidence and prevalence of traumatic spinal cord injury. Can J Neurol Sci. (2013) 40:456–64. doi: 10.1017/S0317167100014530

 53. WHO. Spinal Cord Injury. (2013). Available online at: https://www.who.int/news-room/fact-sheets/detail/spinal-cord-injury (accessed November 19, 2013).

 54. DeVivo MJ. Causes and costs of spinal cord injury in the United States. Spinal Cord. (1997) 35:809–13. doi: 10.1038/sj.sc.3100501

 55. Witiw CD, Fehlings MG. Acute spinal cord injury. J Spinal Disord Tech. (2015) 28:202–10. doi: 10.1097/BSD.0000000000000287

 56. Kabu S, Gao Y, Kwon BK, Labhasetwar V. Drug delivery, cell-based therapies, and tissue engineering approaches for spinal cord injury. J Control Release. (2015) 219:141–54. doi: 10.1016/j.jconrel.2015.08.060

 57. Bracken MB, Shepard MJ, Collins WF, Holford TR, Young W, Baskin DS, et al. A randomized, controlled trial of methylprednisolone or naloxone in the treatment of acute spinal-cord injury. Results of the second national acute spinal cord injury study. N Engl J Med. (1990) 322:1405–11. doi: 10.1056/NEJM199005173222001

 58. Bracken MB, Shepard MJ, Holford TR, Leo-Summers L, Aldrich EF, Fazl M, et al. Administration of methylprednisolone for 24 or 48 hours or tirilazad mesylate for 48 hours in the treatment of acute spinal cord injury. Results of the third national acute spinal cord injury randomized controlled trial national acute spinal cord injury study. JAMA. (1997) 277:1597–604. doi: 10.1001/jama.1997.03540440031029

 59. Coleman WP, Benzel D, Cahill DW, Ducker T, Geisler F, Green B, et al. A critical appraisal of the reporting of the National Acute Spinal Cord Injury Studies (II and III) of methylprednisolone in acute spinal cord injury. J Spinal Disord. (2000) 13:185–99. doi: 10.1097/00002517-200006000-00001

 60. Kortbeek JB, Al Turki SA, Ali J, Antoine JA, Bouillon B, Brasel K, et al. Advanced trauma life support, 8th edition, the evidence for change. J Trauma. (2008) 64:1638–50. doi: 10.1097/TA.0b013e3181744b03

 61. Bracken MB. Steroids for acute spinal cord injury. Cochrane Database Syst Rev. (2002) 1:CD001046. doi: 10.1002/14651858.CD001046

 62. Bracken MB. Steroids for acute spinal cord injury. Cochrane Database Syst Rev. (2012) 1:CD001046. doi: 10.1002/14651858.CD001046.pub2

 63. Edwards P, Arango M, Balica L, Cottingham R, El-Sayed H, Farrell B, et al. Final results of MRC CRASH, a randomised placebo-controlled trial of intravenous corticosteroid in adults with head injury-outcomes at 6 months. Lancet. (2005) 365:1957–9. doi: 10.1016/S0140-6736(05)66552-X

 64. Walters BC, Hadley MN, Hurlbert RJ, Aarabi B, Dhall SS, Gelb DE, et al. Guidelines for the management of acute cervical spine and spinal cord injuries: 2013 update. Neurosurgery. (2013) 60 (suppl. 1):82–91. doi: 10.1227/01.neu.0000430319.32247.7f

 65. Hadley MN, Walters BC, Grabb PA, Oyesiku NM, Przybylski GJ, Resnick DK, et al. Guidelines for the management of acute cervical spine and spinal cord injuries. Clin Neurosurg. (2002) 49:407–98.

 66. Walters BC, Hadley MN. Guidelines for GM-1 ganglioside in acute spinal cord injury. Neurosurgery. (2013) 73:E752. doi: 10.1227/NEU.0b013e318276ed9a

 67. Geisler FH, Dorsey FC, Coleman WP. Correction: recovery of motor function after spinal-cord injury–a randomized, placebo-controlled trial with GM-1 ganglioside. N Engl J Med. (1991) 325:1659–60. doi: 10.1056/NEJM199112053252321

 68. Geisler FH, Dorsey FC, Coleman WP. Recovery of motor function after spinal-cord injury–a randomized, placebo-controlled trial with GM-1 ganglioside. N Engl J Med. (1991) 324:1829–38. doi: 10.1056/NEJM199106273242601

 69. Geisler FH, Coleman WP, Grieco G, Poonian D, Sygen Study G. The Sygen multicenter acute spinal cord injury study. Spine. (2001) 26:S87–98. doi: 10.1097/00007632-200112151-00015

 70. Geisler FH, Coleman WP, Grieco G, Poonian D, Sygen Study G. Recruitment and early treatment in a multicenter study of acute spinal cord injury. Spine. (2001) 26:S58–67. doi: 10.1097/00007632-200112151-00013

 71. Geisler FH, Coleman WP, Grieco G, Poonian D, Sygen Study G. Measurements and recovery patterns in a multicenter study of acute spinal cord injury. Spine. (2001) 26:S68–86. doi: 10.1097/00007632-200112151-00014

 72. Walker JB, Harris M. GM-1 ganglioside administration combined with physical therapy restores ambulation in humans with chronic spinal cord injury. Neurosci Lett. (1993) 161:174–8. doi: 10.1016/0304-3940(93)90287-U

 73. Papo I, Benedetti A, Carteri A, Merli GA, Mingrino S, Bruno R. Monosialoganglioside in subarachnoid hemorrhage. Stroke. (1991) 22:22–6. doi: 10.1161/01.STR.22.1.22

 74. Hoermann M. Efficacy and safety of ganglioside GM1 treatment in the rehabilitation of patients following closed traumatic head injury. Results of an interim evaluation. In: Ledeen RW, Hogan EL, Tettamanti G, Yates AJ, Yu RK editors. New Trends in Ganglioside Research: Neurochemical and Neuroregenerative Aspects (FIDIA Research Series). Padova: Liviana Press (1988). p. 595–604.

 75. Lenzi GL, Grigoletto F, Gent M, Roberts RS, Walker MD, Easton JD, et al. Early treatment of stroke with monosialoganglioside GM-1. Efficacy and safety results of the Early Stroke Trial. Stroke. (1994) 25:1552–8. doi: 10.1161/01.STR.25.8.1552

 76. Argentino C, Sacchetti ML, Toni D, Savoini G, D'Arcangelo E, Erminio F, et al. GM1 ganglioside therapy in acute ischemic stroke. Italian acute stroke study–hemodilution + drug. Stroke. (1989) 20:1143–9. doi: 10.1161/01.STR.20.9.1143

 77. Alter M, Bell R, Brass L, Gaines K, Goldstein LB, Hollander J, et al. Ganglioside GM1 in acute ischemic stroke. The SASS trial. Stroke. (1994) 25:1141–8. doi: 10.1161/01.STR.25.6.1141

 78. Scarpino O, Martinazzo C, Magi M, Bruno R. GM1 Ganglioside therapy in acute ischemic stroke. In: Hartmann A, Kuschinsky W, Hoyer S editors. Cerebral Ischemia and Dementia. Berlin; Heidelberg: Springer (1991). p. 435–41.

 79. Hoffbrand BI, Bingley PJ, Oppenheimer SM, Sheldon CD. Trial of ganglioside GM1 in acute stroke. J Neurol Neurosurg Psychiatry. (1988) 51:1213–4. doi: 10.1136/jnnp.51.9.1213

 80. Reuther R, Bolcioni G, Braune S. Wirksamkeit und Verträglichkeit von GM1-Fidia bei Patienten mit Hirninfarkt (Effectiveness and Tolerance of GM1 (Fidia) in Patients With Apoplexy). Final Report Fidia-GM1-GE-DB-PLA-10. Neurological Clinic of the University of Heidelberg (1989).

 81. Battistin L, Cesari A, Galligioni F, Marin G, Massarotti M, Paccagnella D, et al. Effects of GM1 ganglioside in cerebrovascular diseases: a double-blind trial in 40 cases. Eur Neurol. (1985) 24:343–51. doi: 10.1159/000115823

 82. Bassi S, Albizzati MG, Sbacchi M, Frattola L, Massarotti M. Double-blind evaluation of monosialoganglioside (GM1) therapy in stroke. J Neurosci Res. (1984) 12:493–8. doi: 10.1002/jnr.490120232

 83. Frattola L. Monosialotetraesosilganglioside: Studio Dell'efficacia Clinica e della Tollerabilitá in Pazienti Affetti da Vasculopatia Cerebrale Acuta su base Ischemica o Emorragica (Monosialoganglioside: Study of Clinical Efficacy and Tolerance in Patients Affected by Acute Cerebrovascular Disorders of Ischemic or Hemorrhagic Origin). Study Report Ospedale Bassini, Clinica Neurologica, Universitá di Milano (1983).

 84. D'Agnini G, Cesari A. Monosialotetraesosilganglioside: Studio Dell'efficacia Clinica e Della Tollerabilità in Pazienti Affetti da Patologia Cerebrovascolare Acuta Su Base Ischemica ed Emorragica (Monosialoganglioside: Study of Clinical Efficacy and Tolerance IN Patients Affected by Acute Cerebrovascular Disorders of Ischemic or Hemorrhagic Origin). Study Report Report from Ospedale Civile, Divisione Medica III, Padova (1983).

 85. Jamieson DG, Reivich M, Alves W, Fazekas F, Kushner M, Chawluk J, et al. The effect of ganglioside (GM1) treatment in acute ischemic infarction: a positron emission tomography study. J Cereb Blood Flow Metab. (1989) 9:S602.

 86. Heiss WD, Naserke K, Braune S. Effects of gangliosides upon rehabilitation of patients following stroke. In: Krieglstein J, Oberpichler-Schwenk H editors. Pharmacology of Cerebral Ischemia. Stuttgart:Wissenschaftliche Verlagsgesellschaft (1988). p. 433ff.

 87. De Blasio E, Iannuzzi E, Caruso R. Trattamento precoce con monosialoganglioside GM1 nella fase acuta degli accidenti cerebrovascolari (Early treatment with monosialoganglioside GM1 in the acute phase of stroke). Abstract Presented at The XLIII National Congress. Modena: Società Italiana di Anestesia, Analgesia, Rianimazione e Terapia Intensiva (SIAARTI) (1989).

 88. Abraham R, Lange L. Clinical Trial of GM1 in Patients Following Cerebrovascular Accidents. Report F. 110/3CT1 Advisory Services (Clinical & General) Ltd., Brighton (1986).

 89. Kusaka I, Kusaka G, Zhou C, Ishikawa M, Nanda A, Granger DN, et al. Role of AT1 receptors and NAD(P)H oxidase in diabetes-aggravated ischemic brain injury. Am J Physiol Heart Circ Physiol. (2004) 286:H2442–51. doi: 10.1152/ajpheart.01169.2003

 90. Zhang JZ, Jing L, Ma Y, Guo FY, Chang Y, Li PA. Monosialotetrahexosy-1 ganglioside attenuates diabetes-enhanced brain damage after transient forebrain ischemia and suppresses phosphorylation of ERK1/2 in the rat brain. Brain Res. (2010) 1344:200–8. doi: 10.1016/j.brainres.2010.05.044

 91. Su D, Ma J, Yang J, Kang Y, Lv M, Li Y. Monosialotetrahexosy-1 ganglioside attenuates diabetes-associated cerebral ischemia/reperfusion injury through suppression of the endoplasmic reticulum stress-induced apoptosis. J Clin Neurosci. (2017) 41:54–9. doi: 10.1016/j.jocn.2017.03.047

 92. Li PA, He QP, Yi-Bing O, Hu BR, Siesjo BK. Phosphorylation of extracellular signal-regulated kinase after transient cerebral ischemia in hyperglycemic rats. Neurobiol Dis. (2001) 8:127–35. doi: 10.1006/nbdi.2000.0363

 93. Srinivasan K, Sharma SS. Augmentation of endoplasmic reticulum stress in cerebral ischemia/reperfusion injury associated with comorbid type 2 diabetes. Neurol Res. (2011) 33:858–65. doi: 10.1179/1743132811Y.0000000015

 94. Liu P, Yang X, Hei C, Meli Y, Niu J, Sun T, et al. Rapamycin reduced ischemic brain damage in diabetic animals is associated with suppressions of mTOR and ERK1/2 signaling. Int J Biol Sci. (2016) 12:1032–40. doi: 10.7150/ijbs.15624

 95. Srinivasan K, Sharma SS. 3-Bromo-7-nitroindazole attenuates brain ischemic injury in diabetic stroke via inhibition of endoplasmic reticulum stress pathway involving CHOP. Life Sci. (2012) 90:154–60. doi: 10.1016/j.lfs.2011.10.017

 96. Srinivasan K, Sharma SS. Sodium phenylbutyrate ameliorates focal cerebral ischemic/reperfusion injury associated with comorbid type 2 diabetes by reducing endoplasmic reticulum stress and DNA fragmentation. Behav Brain Res. (2011) 225:110–6. doi: 10.1016/j.bbr.2011.07.004

 97. Tysnes OB, Storstein A. Epidemiology of Parkinson's disease. J Neural Transm. (2017) 124:901–5. doi: 10.1007/s00702-017-1686-y

 98. Elbaz A, Carcaillon L, Kab S, Moisan F. Epidemiology of Parkinson's disease. Rev Neurol. (2016) 172:14–26. doi: 10.1016/j.neurol.2015.09.012

 99. Ascherio A, Schwarzschild MA. The epidemiology of Parkinson's disease: risk factors and prevention. Lancet Neurol. (2016) 15:1257–72. doi: 10.1016/S1474-4422(16)30230-7

 100. Allende ML, Proia RL. Lubricating cell signaling pathways with gangliosides. Curr Opin Struct Biol. (2002) 12:587–92. doi: 10.1016/S0959-440X(02)00376-7

 101. Michel V, Bakovic M. Lipid rafts in health and disease. Biol Cell. (2007) 99:129–40. doi: 10.1042/BC20060051

 102. Martinez Z, Zhu M, Han S, Fink AL. GM1 specifically interacts with alpha-synuclein and inhibits fibrillation. Biochemistry. (2007) 46:1868–77. doi: 10.1021/bi061749a

 103. Stull ND, Schneider JS, Iacovitti L. GM1 ganglioside partially rescues cultured dopaminergic neurons from MPP(+)-induced damage: dependence on initial damage and time of treatment. Brain Res. (1994) 640:308–15. doi: 10.1016/0006-8993(94)91886-4

 104. Schneider JS, Yuwiler A. GM1 ganglioside treatment promotes recovery of striatal dopamine concentrations in the mouse model of MPTP-induced parkinsonism. Exp Neurol. (1989) 105:177–83. doi: 10.1016/0014-4886(89)90117-9

 105. Schneider JS, Pope A, Simpson K, Taggart J, Smith MG, DiStefano L. Recovery from experimental parkinsonism in primates with GM1 ganglioside treatment. Science. (1992) 256:843–6. doi: 10.1126/science.1350379

 106. Schneider JS, Roeltgen DP, Mancall EL, Chapas-Crilly J, Rothblat DS, Tatarian GT. Parkinson's disease: improved function with GM1 ganglioside treatment in a randomized placebo-controlled study. Neurology. (1998) 50:1630–6. doi: 10.1212/WNL.50.6.1630

 107. Schneider JS, Gollomp SM, Sendek S, Colcher A, Cambi F, Du W. A randomized, controlled, delayed start trial of GM1 ganglioside in treated Parkinson's disease patients. J Neurol Sci. (2013) 324:140–8. doi: 10.1016/j.jns.2012.10.024

 108. Schneider JS, Sendek S, Daskalakis C, Cambi F. GM1 ganglioside in Parkinson's disease: results of a five year open study. J Neurol Sci. (2010) 292:45–51. doi: 10.1016/j.jns.2010.02.009

 109. Rawlins MD, Wexler NS, Wexler AR, Tabrizi SJ, Douglas I, Evans SJW, et al. The prevalence of Huntington's disease. Neuroepidemiology. (2016) 46:144–53. doi: 10.1159/000443738

 110. Roos RA. Huntington's disease: a clinical review. Orphanet J Rare Dis. (2010) 5:40. doi: 10.1186/1750-1172-5-40

 111. Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA, Nance M, et al. Detection of Huntington's disease decades before diagnosis: the Predict-HD study. J Neurol Neurosurg Psychiatry. (2008) 79:874–80. doi: 10.1136/jnnp.2007.128728

 112. MacDonald ME, Ambrose CM, Duyao MP, Myers RH, Lin C, Srinidhi L, et al. A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington's disease chromosomes. Cell. (1993) 72:971–83. doi: 10.1016/0092-8674(93)90585-E

 113. Saudou F, Humbert S. The biology of Huntingtin. Neuron. (2016) 89:910–26. doi: 10.1016/j.neuron.2016.02.003

 114. Ghosh R, Tabrizi SJ. Huntington disease. Handb Clin Neurol. (2018) 147:255–78. doi: 10.1016/B978-0-444-63233-3.00017-8

 115. Denny CA, Desplats PA, Thomas EA, Seyfried TN. Cerebellar lipid differences between R6/1 transgenic mice and humans with Huntington's disease. J Neurochem. (2010) 115:748–58. doi: 10.1111/j.1471-4159.2010.06964.x

 116. Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF. Time course of early motor and neuropathological anomalies in a knock-in mouse model of Huntington's disease with 140 CAG repeats. J Comp Neurol. (2003) 465:11–26. doi: 10.1002/cne.10776

 117. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, et al. Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a progressive neurological phenotype in transgenic mice. Cell. (1996) 87:493–506. doi: 10.1016/S0092-8674(00)81369-0

 118. Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK, Deng Y, et al. Selective striatal neuronal loss in a YAC128 mouse model of Huntington disease. Hum Mol Genet. (2003) 12:1555–67. doi: 10.1093/hmg/ddg169

 119. Di Pardo A, Maglione V, Alpaugh M, Horkey M, Atwal RS, Sassone J, et al. Ganglioside GM1 induces phosphorylation of mutant huntingtin and restores normal motor behavior in Huntington disease mice. Proc Natl Acad Sci USA. (2012) 109:3528–33. doi: 10.1073/pnas.1114502109

 120. Alpaugh M, Galleguillos D, Forero J, Morales LC, Lackey SW, Kar P, et al. Disease-modifying effects of ganglioside GM1 in Huntington's disease models. EMBO Mol Med. (2017) 9:1537–57. doi: 10.15252/emmm.201707763

 121. Sanchez-Castaneda C, Squitieri F, Di Paola M, Dayan M, Petrollini M, Sabatini U. The role of iron in gray matter degeneration in Huntington's disease: a magnetic resonance imaging study. Hum Brain Mapp. (2015) 36:50–66. doi: 10.1002/hbm.22612

 122. Muller M, Leavitt BR. Iron dysregulation in Huntington's disease. J Neurochem. (2014) 130:328–50. doi: 10.1111/jnc.12739

 123. Greengard P, Allen PB, Nairn AC. Beyond the dopamine receptor: the DARPP-32/protein phosphatase-1 cascade. Neuron. (1999) 23:435–47. doi: 10.1016/S0896-6273(00)80798-9

 124. Svenningsson P, Nishi A, Fisone G, Girault JA, Nairn AC, Greengard P. DARPP-32: an integrator of neurotransmission. Ann Rev Pharmacol Toxicol. (2004) 44:269–96. doi: 10.1146/annurev.pharmtox.44.101802.121415

 125. Gu X, Greiner ER, Mishra R, Kodali R, Osmand A, Finkbeiner S, et al. Serines 13 and 16 are critical determinants of full-length human mutant huntingtin induced disease pathogenesis in HD mice. Neuron. (2009) 64:828–40. doi: 10.1016/j.neuron.2009.11.020

 126. Thompson LM, Aiken CT, Kaltenbach LS, Agrawal N, Illes K, Khoshnan A, et al. IKK phosphorylates Huntingtin and targets it for degradation by the proteasome and lysosome. J Cell Biol. (2009) 187:1083–99. doi: 10.1083/jcb.200909067

 127. Atwal RS, Desmond CR, Caron N, Maiuri T, Xia J, Sipione S, et al. Kinase inhibitors modulate huntingtin cell localization and toxicity. Nat Chem Biol. (2011) 7:453–60. doi: 10.1038/nchembio.582

 128. Posse de Chaves E, Sipione S. Sphingolipids and gangliosides of the nervous system in membrane function and dysfunction. FEBS Lett. (2010) 584:1748–59. doi: 10.1016/j.febslet.2009.12.010

 129. Kordasiewicz HB, Stanek LM, Wancewicz EV, Mazur C, McAlonis MM, Pytel KA, et al. Sustained therapeutic reversal of Huntington's disease by transient repression of huntingtin synthesis. Neuron. (2012) 74:1031–44. doi: 10.1016/j.neuron.2012.05.009

 130. Testa CM, Jankovic J. Huntington disease: a quarter century of progress since the gene discovery. J Neurol Sci. (2018) 396:52–68. doi: 10.1016/j.jns.2018.09.022

 131. Caron NS, Dorsey ER, Hayden MR. Therapeutic approaches to Huntington disease: from the bench to the clinic. Nat Rev Drug Discov. (2018) 17:729–50. doi: 10.1038/nrd.2018.133

 132. van Roon-Mom WMC, Roos RAC, de Bot ST. Dose-dependent lowering of mutant Huntingtin using antisense oligonucleotides in Huntington disease patients. Nucleic Acid Ther. (2018) 28:59–62. doi: 10.1089/nat.2018.0720

 133. Scheltens P, Blennow K, Breteler MM, de Strooper B, Frisoni GB, Salloway S, et al. Alzheimer's disease. Lancet. (2016) 388:505–17. doi: 10.1016/S0140-6736(15)01124-1

 134. Svennerholm L. Gangliosides–a new therapeutic agent against stroke and Alzheimer's disease. Life Sci. (1994) 55:2125–34. doi: 10.1016/0024-3205(94)00393-9

 135. Yamin G, Ono K, Inayathullah M, Teplow DB. Amyloid beta-protein assembly as a therapeutic target of Alzheimer's disease. Curr Pharm Des. (2008) 14:3231–46. doi: 10.2174/138161208786404137

 136. Flicker C, Ferris SH, Kalkstein D, Serby M. A double-blind, placebo-controlled crossover study of ganglioside GM1 treatment for Alzheimer's disease. Am J Psychiatry. (1994) 151:126–9. doi: 10.1176/ajp.151.1.126

 137. Svennerholm L, Brane G, Karlsson I, Lekman A, Ramstrom I, Wikkelso C. Alzheimer disease - effect of continuous intracerebroventricular treatment with GM1 ganglioside and a systematic activation programme. Dement Geriatr Cogn Disord. (2002) 14:128–36. doi: 10.1159/000063604

 138. Yanagisawa K. GM1 ganglioside and Alzheimer's disease. Glycoconj J. (2015) 32:87–91. doi: 10.1007/s10719-015-9579-5

 139. Amaro M, Sachl R, Aydogan G, Mikhalyov II, Vacha R, Hof M. GM1 ganglioside inhibits β-amyloid oligomerization induced by sphingomyelin. Angew Chem Int Ed Engl. (2016) 55:9411–5. doi: 10.1002/anie.201603178

 140. Yuyama K, Yamamoto N, Yanagisawa K. Accelerated release of exosome-associated GM1 ganglioside (GM1) by endocytic pathway abnormality: another putative pathway for GM1-induced amyloid fibril formation. J Neurochem. (2008) 105:217–24. doi: 10.1111/j.1471-4159.2007.05128.x

 141. Yamamoto N, Matsubara T, Sato T, Yanagisawa K. Age-dependent high-density clustering of GM1 ganglioside at presynaptic neuritic terminals promotes amyloid beta-protein fibrillogenesis. Biochim Biophys Acta. (2008) 1778:2717–26. doi: 10.1016/j.bbamem.2008.07.028

 142. Bernardo A, Harrison FE, McCord M, Zhao J, Bruchey A, Davies SS, et al. Elimination of GD3 synthase improves memory and reduces amyloid-beta plaque load in transgenic mice. Neurobiol Aging. (2009) 30:1777–91. doi: 10.1016/j.neurobiolaging.2007.12.022

 143. Yang R, Wang Q, Min L, Sui R, Li J, Liu X. Monosialoanglioside improves memory deficits and relieves oxidative stress in the hippocampus of rat model of Alzheimer's disease. Neurol Sci. (2013) 34:1447–51. doi: 10.1007/s10072-012-1263-y

 144. Ariga T, McDonald MP, Yu RK. Role of ganglioside metabolism in the pathogenesis of Alzheimer's disease–a review. J Lipid Res. (2008) 49:1157–75. doi: 10.1194/jlr.R800007-JLR200

 145. Dai R, Zhang S, Duan W, Wei R, Chen H, Cai W, et al. Enhanced autophagy contributes to protective effects of GM1 ganglioside against Aβ1-42-induced neurotoxicity and cognitive deficits. Neurochem Res. (2017) 42:2417–26. doi: 10.1007/s11064-017-2266-0

 146. Yuyama K, Sun H, Sakai S, Mitsutake S, Okada M, Tahara H, et al. Decreased amyloid-β pathologies by intracerebral loading of glycosphingolipid-enriched exosomes in Alzheimer model mice. J Biol Chem. (2014) 289:24488–98. doi: 10.1074/jbc.M114.577213

 147. Herrero MT, Perez-Otano I, Oset C, Kastner A, Hirsch EC, Agid Y, et al. GM-1 ganglioside promotes the recovery of surviving midbrain dopaminergic neurons in MPTP-treated monkeys. Neuroscience. (1993) 56:965–72. doi: 10.1016/0306-4522(93)90142-3

 148. Rothblat DS, Schneider JS. Effects of GM1 ganglioside treatment on dopamine innervation of the striatum of MPTP-treated mice. Ann N Y Acad Sci. (1998) 845:274–7. doi: 10.1111/j.1749-6632.1998.tb09680.x

 149. Schneider JS, Cambi F, Gollomp SM, Kuwabara H, Brasic JR, Leiby B, et al. GM1 ganglioside in Parkinson's disease: pilot study of effects on dopamine transporter binding. J Neurol Sci. (2015) 356:118–23. doi: 10.1016/j.jns.2015.06.028

 150. Polo A, Kirschner G, Guidotti A, Costa E. Brain content of glycosphingolipids after oral administration of monosialogangliosides GM1 and LIGA20 to rats. Mol Chem Neuropathol. (1994) 21:41–53. doi: 10.1007/BF03160083

 151. Saulino MF, Schengrund CL. Differential accumulation of gangliosides by the brains of MPTP-lesioned mice. J Neurosci Res. (1994) 37:384–91. doi: 10.1002/jnr.490370310

 152. Ghidoni R, Trinchera M, Venerando B, Fiorilli A, Sonnino S, Tettamanti G. Incorporation and metabolism of exogenous GM1 ganglioside in rat liver. Biochem J. (1986) 237:147–55. doi: 10.1042/bj2370147

 153. Svennerholm L, Gottfries CG, Blennow K, Fredman P, Karlsson I, Mansson JE, et al. Parenteral administration of GM1 ganglioside to presenile Alzheimer patients. Acta Neurol Scand. (1990) 81:48–53. doi: 10.1111/j.1600-0404.1990.tb00930.x

 154. Schengrund CL. The role(s) of gangliosides in neural differentiation and repair: a perspective. Brain Res Bull. (1990) 24:131–41. doi: 10.1016/0361-9230(90)90297-D

 155. Bradley WG. Critical review of gangliosides and thyrotropin-releasing hormone in peripheral neuromuscular diseases. Muscle Nerve. (1990) 13:833–42. doi: 10.1002/mus.880130910

 156. Coombs DW, Colburn RW, McCarthy LE, DeLeo JA, Hoopes PJ, Twitchell BB. Neurotoxicology of chronic infusion of the ganglioside GM1 in the ewe: phase I. intrathecal administration. Anesth Analg. (1993) 77:507–15. doi: 10.1213/00000539-199309000-00015

 157. Syvanen S, Lindhe O, Palner M, Kornum BR, Rahman O, Langstrom B, et al. Species differences in blood-brain barrier transport of three positron emission tomography radioligands with emphasis on P-glycoprotein transport. Drug Metab Dispos. (2009) 37:635–43. doi: 10.1124/dmd.108.024745

 158. Deo AK, Theil FP, Nicolas JM. Confounding parameters in preclinical assessment of blood-brain barrier permeation: an overview with emphasis on species differences and effect of disease states. Mol Pharm. (2013) 10:1581–95. doi: 10.1021/mp300570z 

Conflict of Interest Statement: SS holds a non-provisional US patent for the use of GM1 in treating HD. PM advised TRB Chemedica for the organization of the workshop.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Magistretti, Geisler, Schneider, Li, Fiumelli and Sipione. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-10-00859-t001.jpg
References

Lenz etal. (75)

Argentino et al. (76)

Alter et al. (77)
Scarpino et al. (78)

Hoffbrand et al. (79)
Reuther et al. (30)
Battistin et al. (81)
Bassi et al. (82)
Frattola (83)

D’Agnini and Cesari
(©4)

Jamieson et al. (85)
Heiss et al. (86)
De Blasio et al. (87)

Abraham and Lange
(©8)

CT, computed tomography; d, day; EEG, electroencephalogram; i.m., intramuscular; i

792

502

287

49

L88BR

25
20

19

N of patients GM1 dose

[mg/day]

300iv. (d1),
100iv.
(d2-10), 100
im. (@11-21)
100iy. &
hemodilution

100i.m.
100/200 v,
(d1), 100 i.v.
(d2-21)
100i.m.
100iv.
40im.
40i.m.
40im.
40im.

401y,
100i.v.
100iv.

100i.m.

Treatment
duration

3w

2w

4w
3w

4w
3w
6w
6w
6w
6w

ns.
3w
10d

Efficacy measures

Follow-up Neurological Barthel CT EEG PET Survival Other scales

3m
ém

em
3m
ew
6w
ew
ew

ém
3m
10d

assessment scale

X Canadian
neurological
X Rankin, modified;
Canadian
neurological
X X Toronto stroke
X Fiitz-Werner
X X
X X
X X X
X X Mathew
X X X
X X X
X X X
X X X X Stroke index
Glasgow-pittsburg
coma, acute
stroke, modified
X X

intravenous; m, month; PET, positron emission tomography; s.c., subcutaneous; w, week.





OPS/images/fneur-10-00859-g003.gif
UPDRS Motor Scores

Moan Change In UPDRS Motor Score (points)

Baseline

Week 4

@Mt

W Placebo

Week ' Week 12 Week 16






OPS/images/fneur-10-00859-g004.gif





OPS/images/fneur-10-00859-g001.gif





OPS/images/fneur-10-00859-g002.gif
Fracton Madkod Recovery. Fraction Marked Recovery

Fraction Marked Recavery

(AR

Mochaod Rocovery of ASIAA Spinal Cond Injury Patients
S v

"o tond oty

Marked Rocovery of ASIA B Spinal Cord njury Patients

FE=E)

T Spn4 ey

Markad Recovery of ASIA C+D Spinal Cord Ijury Patients






OPS/images/cover.jpg
, frontiers
in Neurology

Gangliosides: Treatment Avenues in
Neurodegenerative Disease









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





