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Amyotrophic lateral sclerosis (ALS) is a clinically progressive neurodegenerative syndrome predominantly affecting motor neurons and their associated tracts. Riluzole and edaravone are the only FDA certified drugs for treating ALS. Over the past two decades, almost all clinical trials aiming to develop a successful therapeutic strategy for this disease have failed. Genetic complexity, inadequate animal models, poor clinical trial design, lack of sensitive biomarkers, and diagnostic delays are some of the potential reasons limiting any significant development in ALS clinical trials. In this review, we have outlined the possible reasons for failure of ALS clinical trials, addressed the factors limiting timely diagnosis, and suggested possible solutions for future considerations for each of the shortcomings.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive disease-causing widespread neuronal loss (1, 2). The disease follows a characteristic pattern, causing destruction of both upper and lower motor neurons (LMNs) (1, 2). However, the clinical spectrum can range from predominant upper motor neuron (UMN) to predominant LMN lesions (1, 2). The disease progression is persistent and eventually leads to death (1–4). Despite many previous and ongoing multimillion dollar research studies, a cure remains distant. There are many shortcomings in the past clinical trials that need to be addressed. In this review, we have attempted to address the potential reasons for the limited success in past ALS trials and have concluded that genetic complexity, inadequate animal study models, issues with trial design, insensitive biomarkers, and diagnostic delays are the main culprits hindering major development in ALS treatment. We have tried to address the challenges that complicate the search for a cure, while aiming to provide a preliminary understanding that may be helpful in formulating future studies.

GENETIC COMPLEXITY

Background

About 90–95% of all reported ALS cases are sporadic (SALS), without any known family history and identifiable risk factors, whereas familial (FALS) accounts for 5–10% of all cases (1). An understanding of genes involved in ALS can be helpful in future for developing ideal therapeutic drugs.

Gene mutations associated with ALS are presented in Table 1.

TABLE 1 | Genetic mutations associated with ALS.
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Problems Related to Complex Genetic Association

A significant number of patients with apparent SALS carry an ALS-causing gene variant found in FALS patients (4). Among major mutations, C9ORF72 expansions are found in 7% of SALS patients, SOD1 in 1–2%, TARDBP in 1%, and FUS in <1% (4). This suggests that FALS-associated gene variants are present in up to 10% of patients with apparent SALS (4). Accordingly, it is increasingly recognized that because the characteristics of sporadic and familial disease overlap, differentiating between the two types is at times, challenging (4).

Given the predominant sporadic occurrence and rarity of the disease, gene mapping and identification of causative genes can be challenging (4). Genetic and phenotypic overlapping of SALS and FALS often results in misclassification of the two disease types (4). Patients with variable clinical subtypes are often pooled in the same study group, which later leads to significant statistical differences in the observations (4). Ascertainment bias can occur in patients with small family sizes, which can potentially cause misclassification of FALS as SALS (7). This is a commonly reported problem in patients with low penetrance familial disease variants such as the SOD1 mutations (7). As the penetrance of disease variant decreases, they are detected less often and more commonly misclassified as SALS (7, 8).

Potential Solutions for Future Considerations

Amyotrophic lateral sclerosis can have multitudinous presentations, ranging from predominant UMN or LMN features to non-motor symptoms; this heterogeneity poses significant diagnostic challenges (4). Understanding the genetic constituent of each disease-causing variant can help in delineating the underlying pathophysiology (4). There is a great need to extensively study all the genetic models and tailor a focused clinical study on each individual model (4). Studies should be formulated taking genotypic features into consideration to avoid discrepancies in recognizing the ALS subtypes (4). Understanding individual models and formulating focused clinical trials can be the cornerstone in the development of effective therapeutic agents (4).

INADEQUATE ANIMAL MODELS

Background

Multiple disease-causing mutations and effect of therapeutic drugs on disease progression have been tested in animal models (9–11). These animal models include mice, rat, and canine models.

Mice Models

Mice models were the first studied ALS animal models (9, 10). SOD1G93A coupled with human SOD1 promoter was tested in mice models, which replicated most of the ALS characteristics seen in humans (10).

Frey et al. studied three genetic mouse models with motor neuron disease of different origin and severity (10, 11). In their study, motor dysfunctions were seen at around 80–90 days after neuronal dysfunction and death occurred at around 130 days (10, 11). Studies showed that neuronal destruction preceded the clinical onset and was evident at around 40–50 days (12). Previously, it was believed that loss of dismutase function was the underlying reason for the observed clinical effects; however, it was seen that instead of motor neuron loss, SOD1 mice models developed distal motor axonopathy resulting in motor dysfunctions (13, 14). SOD1 mice models noticeably had mitochondrial vacuolization, but neuronal destruction was not evident until 2 years (15–17). Another study reported predilection for development of bladder symptoms in SOD1D90A mice models (10, 18) (Table 2).

TABLE 2 | Characteristics of genetic mutations tested in various animal models.
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Rat Models

H46R and G93A variants of SOD1 have been studied in rat models (10). These variants also reportedly produced UMN and LMN degeneration (10). SOD1G93A models showed findings corresponding to bulbar ALS with loss of motor neurons in the trigeminal, facial, and hypoglossal nuclei (10, 19). The majority of the randomized controlled trials (RCTs) for disease-modifying treatments have been tested on rat models (20). Drugs tested in numerous RCTs over the year are described in Table 3 (21–47).

TABLE 3 | List of drugs used in randomized control trials for potential treatment of Amyotrophic lateral sclerosis, their possible mechanism of action, and reasons for trial failure.
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Canine Models

Studies have shown that a neurodegenerative disorder in dogs presents with similar gene mutations as seen in ALS (52, 53). According to genome-wide association studies (52), dogs have lesser well-shuffled genomes than humans, making them somewhat ideal study models for genetic studies. T18S and E40K mutations affecting the SOD1 gene reportedly share similarities with canine degenerative myelopathy, a fatal neurodegenerative disease affecting dogs (10, 52, 53). Thus, canine study models may pave the way for future successes in finding ideal therapeutic targets for ALS.

Table 2 presents characteristics of genetic mutations tested in various animal models.

Challenges with Animal Models

Animal model studies have numerous methodological flaws, in particular, treatment is usually started before onset of symptoms in the majority of RCTs (47). SOD1 mice models were treated with therapeutic agents before the disease onset, which likely provided neuroprotection (47). Furthermore, the neuroprotective effects of therapeutic drugs and survival duration were overestimated in clinical trials conducted in mice models (47). The ALS Therapy Development Institute (TDI) trial, which tested around 100 potential therapeutic drugs in mice models, has confirmed the overestimated survival duration reported in the majority of previous therapeutic clinical trials (54). The trial proposed possible reasons for overestimated survival, which included failure to exclude mice deaths from causes other than the disease under study (54, 55). Gender-specific ALS presentation was not taken into consideration in multiple RCTs (54, 55). Mice SOD1 models showed earlier onset of symptoms and died week before female mice (54, 55). Such variability in survival could have been mistaken as a potential drug effect (54, 55). Like in many other diseases, ALS, animal models carry multiple copies of the disease-causing gene; however, all genes may not pass to subsequent generations, thereby resulting in loss of disease phenotype (54, 55).

Potential Solutions for Future Considerations

The ALS-TDI trials recently introduced the latest guidelines to limit unwanted clinical trials with misleading conclusions, which may be, helpful in formulating future studies (54). The guidelines include:

• Performing rigorous assessment of physical and biochemical traits of animal models and characterizing when disease symptoms and deaths occur and being alert to unexpected variation (54).

• To reduce false conclusions, it is suggested that male and female mice be separate in different groups, as they can show variations in symptom development and survival (54).

• Symptoms should be periodically reported to study variations in the occurrence pattern (54).

• Gene tracking is also highly recommended, as not all disease-causing genes are passed onto subsequent generations (54).

• Randomization and blinding should be implemented in animal studies to limit spurious conclusions (54).

ISSUES WITH TRIAL DESIGN

Background

More than 50 RCTs have been conducted in the past few decades to develop an effective therapeutic target for ALS (56). FDA has only approved 16% of all therapeutic interventions till date, used in trials by pharmaceutical companies (56). Such statistics clearly indicates the critical need for thorough reassessment of the current conducting methods being used in therapeutic development. Multiple therapeutic agents have been studied in past RCTs, including antioxidants, antiapoptotic agents, and neurotrophic factors (57).

Table 3 presents a list of the various drugs tested in past RCTs, their possible mechanism of action, and the reason for trial failure (21–47).

Problem with Trials

While more than 18 different drugs have been tested in phase 2 or 3 RCTs, none of them have emerged as an effective therapeutic agent (21–47).

Mitsumoto et al. (47) proposed potential reasons for negative results from RCTs and classified them into three broad categories: inappropriate trial rationale, pharmacological issues, and clinical trial design issues.

With respect to the trial’s rationale, studies reported that almost two-thirds of negative studies were due to apparent misleading positive results reported in SOD1 mice (47). Fourteen (78%) of 18 RCTs were based on previously positive SOD1 preclinical studies (47). SOD1 models failed to recapitulate similar results when tested in humans (20, 47). The majority of RCTs were reported to have significant pharmacological issues, including doses being too low, U-shaped effectiveness curves, problem with CNS access, and absence of pharmacokinetic and pharmacodynamic analyses (47). However, the most commonly reported problem was of potential drug interaction (47). The majority of RCTs testing new drugs were conducted on patients who were previously on riluzole therapy (21–47). Pharmacological interactions of drugs under study and effects of riluzole were not taken into consideration during RCTs (47).

The other reported concern was regarding clinical trial design and methodological issues. Investigators raised questions about the variability in disease presentation, enrollment of patients with advanced disease, and short study duration (47).

Every year, a large number of studies are conducted with the hope of developing effective therapeutic solutions for ALS, but only few reach conclusion and get published (47). Lack of publications of many negative clinical trials lead to repetition of the same study rationale elsewhere, thereby wasting valuable time and resources (47).

Potential Solutions for Future Considerations

In order to optimize results, trial designs should be modified according to the population under study, route of drug delivery, and phase of clinical trials (58).

Population under Study

Phenotypic heterogeneity of ALS poses significant challenges in classifying the study population (4). The majority of studies enroll patients regardless of their clinical subtype in the same study group, which confers statistical challenges (4). Recent trends suggest that studies should be formulated taking genotypic features into consideration to avoid discrepancies in recognizing the ALS subtypes (4, 58).

Route of Delivery

Although intrathecal or intramedullary delivery can be difficult to achieve, it can effectively address concerns regarding inadequate CNS drug dosage (58). Current study designs are being formulated to optimize intrathecal and intramedullary drug delivery so as to effectively bypass the blood–brain barrier and maximize the drug effect (58).

Modification of Traditional Study Design

Clinical trials can be divided into Learning Phase and Confirmatory Phase (58). The learning phase incorporates studies on learning potential toxicity, drug interaction, and the pharmacokinetic and pharmacodynamic parameters of a therapeutic agent (58). The confirmatory phase focuses on standard phase III randomized, placebo-controlled trial design, and aims to determine drug efficacy and safety (58). The combination of learning and confirmatory adaptive designs may further promote ALS trial efficiency and statistical power.

INSENSITIVE BIOMARKERS

Background

Biomarkers are objectively measured agents that indicate either a normal biological process, or a pathological process, or a biological response to a therapeutic intervention (58, 59). A reliable progression marker would make it possible to conduct shorter trials, on a smaller number of patients, thereby opening up the prospect of more diversified trials (60, 61). Despite intensive research spanning the past 20 years, there are currently no practical diagnostic biomarkers for ALS (58–61). This often leads to diagnostic delays before the appropriate treatment is administered (58–61). Neurophysiological approaches, such as electromyography and motor unit number estimation (MUNE), play a key part in detecting LMN pathology (62, 63). However, these methods do not always reliably monitor disease progression and treatment effects (62–66). While advanced techniques, such as motor unit number index (MUNIX), Bayesian MUNE, and electrical impedance myography, are more accurate, they still need further validation against neuropathological correlates (64–66).

Source of Biomarkers

Cerebrospinal fluid is an important source of biomarkers, as it communicates directly with the brain parenchyma. Hence, it contains proteins and metabolites, at a relatively higher concentration than in other fluids and can indicate the presence and extent of a neurodegenerative process (58). Blood appears to be the most suitable source for biomarker discovery, as it is easy to access and handle and allows minimally invasive multiple testing at a low cost (61, 67). On the other hand, it must be assumed that its composition is affected by biochemical changes in the brain and the spinal cord as a result of a pathological process (61, 67).

The FDA recognizes four different types of biomarkers based on their utility in drug-development trials (58, 68):

1. Diagnostic biomarkers possess characteristics that can categorize patients by the presence or absence of a specific physiological or pathophysiological state or disease (58, 68).

2. Prognostic biomarkers possess characteristics that can categorize patients by the degree of risk for disease occurrence or progression of a specific aspect of disease (58, 68).

3. Predictive biomarkers possess baseline characteristics that can categorize patients by their likelihood of response to a particular treatment relative to no treatment (58, 68).

4. Pharmacodynamic biomarkers possess characteristics that can show that a biological response has occurred in a patient who has received a therapeutic intervention (58, 68) (Table 4).

TABLE 4 | Biomarkers associated with amyotrophic lateral sclerosis and their potential benefits.
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An ideal prognostic biomarker should change in response to disease progression as well as to the introduction of a therapeutic intervention (69). The most promising biomarkers for ALS therapy development described till date can be broadly classified into biological fluid-based biomarkers and electrophysiological biomarkers (69).

Biological Fluid-Based Biomarkers

1. Phosphorylated neurofilament heavy and light chains: the neurofilament subunit proteins NfH and NfL, are found in blood and CSF in multiple pathological processes, including ALS (69). They can be easily detected by conventional antibody-based immunoassays (69). Higher levels of NfL correlate with faster future disease progression and shorter survival (69, 73)

2. p75 neurotrophin domain: neurotrophin p75 (p75NTR) stimulates neuronal cells to differentiate (69). Injury to nerves and schwann cells can lead to shedding of p75NTR from cell membranes, facilitated by neurotrophin action (69). A study showed that p75NTR is excreted into the urine of SOD1 mice and humans with ALS (69). The study also described changes in the expression of SOD1 in tissue and biological fluids for total and misfolded SOD1 (69).

Electrophysiological Markers

Electrophysiological markers such as MUNE; MUNIX, and compound motor action potential (CMAP) are extensively utilized not only to diagnose ALS, but also to monitor disease progression and effects of therapeutic interventions (69).

1. CMAP: reduced CMAP amplitude is one of the characteristic findings in ALS (69). Amplitude reduction correlates to the underlying axonal loss and is characteristically seen at the time of ALS diagnosis (69).

2. MUNE: MUNE, an electrophysiological biomarker, is commonly used for evaluation of ALS progression (69). It calculates the number of motor neurons innervating a particular muscle (69). Calculation of both MUNE and MUNIX is derived from CMAP (69).

3. Electric impedance myography (EIM): EIM measures conductive and capacitive properties of muscle groups by applying small high-frequency electric current (69, 74). EIM provides electro morphological data rather than being an electrophysiological marker. Multiple studies have proved its high reliability and sensitivity in monitoring disease progression (66, 69, 74–76).

4. Peripheral nerve excitability testing: excitability testing measures electrotonus threshold, strength duration time constant, and the recovery cycle (69, 77, 78). Studies have reported association of higher level of excitability with reduced survival (79).

5. Transcranial magnetic stimulation (TMS): multiple studies have reported the association of ALS with increased cortical excitation, an observation derived by TMS studies (69, 80–82). Other TMS measures such as motor threshold, motor evoked potential, cortical silent period, and central motor conduction time are also altered in ALS (69, 83).

Problems with Biological Biomarkers

Interpretation of biological fluid-based biomarkers can be challenging, as errors are known to occur in both the pre-analytic and analytic phases (69, 84).

Pre-Analytic Phase Issues

Study Designs

Ideally, study designs for evaluation of diagnostic biomarkers should differentiate ALS from other ALS mimics that can pose diagnostic challenges (69). Studies have reported that use of case-control design for diagnostic evaluation tends to overestimate the sensitivity and specificity of diagnostic tests (69, 84). Similarly, longitudinal studies have significant risk of loss of patient follow-up as the disease progresses (69).

Confounders

Age, ethnicity, gender, and comorbidities are all known to confound the association between biomarkers and clinically relevant phenotypic features (69).

Variabilities

Multiple factors can potentially introduce significant degree of variability that can influence biomarker quantification (69). Differences in sample collection, processing, storage, and diurnal fluctuations in biomarker levels can cause significant variation in measurement (69).

Analytic Phase Issues

Problem with Electrophysiological Biomarkers

All electrophysiological biomarkers utilize parameters like CMAP, MUNIX, and MUNE that can only be obtained from nerves and muscles that are effectively stimulated (69). Electrophysiological biomarkers have their own challenges, the most important being repeatability, which can significantly vary with discrepancies in electrode positioning, limb and hand positioning, electrode size, and limb temperature (69). Compared with CMAP, MUNE and MUNIX are somewhat superior electrophysiological markers, as they can indicate disease progression at much earlier stages, when CMAP size is apparently normal, owing to ongoing reinnervation (69–72). However, MUNE can be challenging to perform and requires expertise (69–72). Furthermore, it is associated with high test–retest variation, which significantly limits its utility (69–72). MUNIX is relatively easier to obtain; however, its reliability has not been extensively evaluated (69–72).

Nonetheless, extensive research studies are required to ascertain the use of biological and electrophysiological biomarkers as an indicator of disease progression in ALS (69).

Potential Solutions for Future Consideration

Potential biomarkers should also be evaluated in more appropriate control conditions that can mimic ALS, the exclusion of which causes regular diagnostic delays during early disease stages, when patients present with only UMN or LMN signs (85). Different studies on the same candidate biomarker can sometimes produce contradictory results (85). To avoid this inconsistency, both the choice of well-defined individuals and the standardization of quantification methods should be mandatory (69, 85). To address the analytical phase issues and clinical validation of the immunoassay studies, the FDA has recommended specific guidelines that pertain to documentation of the specificity of the immunoassay, sensitivity for detecting the specific biomarker in the biological fluid of interest, precision and accuracy of the method, and robustness over different days and in different laboratories (69, 86). Development of biomarker assays according to the FDA guidelines can provide uniformity in characterization of analytical performance of immunoassays (69, 85, 86).

An approach similar to earlier biomarker initiatives such as the Parkinson Progression Markers Initiative and the Parkinson Disease Biomarkers Program (69) is required to collaborate large pharmaceutical companies along with academic centers to form an ALS Biomarker Consortium in order to develop effective biomarkers (69). Northeast lateral amyotrophic lateral sclerosis consortium have undertaken a novel initiative and developed a repository of serum, plasma (CSF), and other biological fluid samples from patients with ALS and motor neuron diseases to implement research studies for therapeutic development and biomarker testing (69).

Diagnostic Delays

Diagnosis of ALS is often delayed and is generally reported months after commencement of neuronal destruction (57). By the time patients enter a clinical trial, their disease may be too advanced for the drug to work (57). The potential reasons for delay in diagnosis include; the general perception of people to avoid visiting physicians for vague symptoms and wait until they are questionably ill (87). Moreover, earlier presentation of ALS symptoms can be confused with multiple other neurological processes including spinal cord diseases, mononeuropathies, and several neurological syndromes that further delay the diagnosis (87). Delayed referral to a neurologist is one of the major reasons for delayed diagnosis (87, 88). According to one observational study, after first consultation by a general practitioner, the referral to a neurologist, on average, takes 7 months (87–89). The average duration between presentation of first symptoms to diagnosis of ALS is 9.3 months, according to El Escorial and Airlie House criteria (87–90). Time to diagnosis can be further prolonged in patients with spinal onset of ALS and age between 65 and 75 years (87, 89). Limited trial centers for ALS also significantly hinder the access to quality health care and enrollment in trial studies (87, 88).

The El Escorial and Awaji diagnostic criteria utilizes clinical, electrophysiological, and imaging parameters and classify ALS based on diagnostic certainty (87). The accuracy can be limited by multiple variations in ALS presentation (87) (Table 5).

TABLE 5 | Revised El Escorial criteria for diagnosis of amyotrophic lateral sclerosis (ALS).
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Potential Solutions for Future Considerations

There is a strong need for neurologists to undertake a collaborative effort to incorporate various patient organizations to raise public awareness for ALS (91). To ensure early referral to a neuromuscular specialist, general practitioners should be educated about the early symptoms of illness and the importance of electrophysiological criteria for accurate diagnosis (87, 91). To overcome the limitation of inadequate trial centers, small community-based centers should be registered to larger university trial centers, adopting universal enrollment and monitoring criteria for affected patients (87, 91). Telemedicine and other latest advances to target home-based care for providing improved access to patients should be implemented (57).

CONCLUSION

Amyotrophic lateral sclerosis is a relentlessly progressive motor neuron disease with high mortality. Despite decades of extensive research and numerous RCTs, no effective therapeutic intervention or diagnostic biomarker has thus far been developed. In this review, we have attempted to provided potential solutions for major problems plaguing any significant development in ALS clinical trials, which can be helpful in formulating future studies. The most important goal for the next decade of ALS research should be a multidisciplinary approach collaborating with international ALS clinical trials, funding agencies, pharmaceutical companies, basic scientists, and patient advocacy groups to formulate an adaptive clinical study design to test drugs with possible biological and therapeutic targets in ALS (47).

Search Strategy and Selection Criteria

We searched PubMed records between January 1, 1980, and January 1, 2016, and retrieved references from relevant articles. The search terms included “Amyotrophic lateral sclerosis,” “Motor Neuron Disease,” and “Randomized Control Trials,” every drug or therapeutic agent used in the review was used in the search list. There were no language restrictions. The final reference list was generated on the basis of relevance to the topics covered in the review.

AUTHOR CONTRIBUTIONS

NK and RG: literature review and review writing.

FUNDING

Authors have no financial disclosure or conflicts of interest to report.

REFERENCES

1. Amyotrophic Lateral Sclerosis (ALS) Fact Sheet. NINDS, NIH Publication No. 16–91 (2013).

2. Miller RG, Mitchell JD, Moore DH. Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst Rev (2002) 2:CD001447. doi:10.1002/14651858.CD001447.pub3

3. Mehta P, Kaye W, Bryan L, Larson T, Copeland T, Wu J, et al. Prevalence of amyotrophic lateral sclerosis – United States, 2012–2013. MMWR Surveill Summ (2016) 65:1–12. doi:10.15585/mmwr.ss6508a1

4. Su XW, Xiaowei W, Broach JR, Connor JR, Gerhard GS, Simmons Z. Genetic heterogeneity of ALS: implications for clinical practice and research: ALS Genetics. Muscle Nerve (2014) 49:786–803. doi:10.1002/mus.24198

5. Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson S, et al. Frequency of the C9orf72 hexanucleotide repeat expansion in patients with amyotrophic lateral sclerosis and frontotemporal dementia: a cross-sectional study. Lancet Neurol (2012) 11:323–30. doi:10.1016/S1474-4422(12)70043-1

6. van Es MA, Dahlberg C, Birve A, Veldink JH, van den Berg LH, Andersen PM. Large-scale SOD1 mutation screening provides evidence for genetic heterogeneity in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry (2010) 81:562–6. doi:10.1136/jnnp.2009.181453

7. Al-Chalabi A, Lewis CM. Modelling the effects of penetrance and family size on rates of sporadic and familial disease. Hum Hered (2011) 71:281–8. doi:10.1159/000330167

8. Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited: revised criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord (2000) 1:293–9. doi:10.1080/146608200300079536

9. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD, et al. Motor neuron degeneration in mice that express a human Cu, Zn superoxide dismutase mutation. Science (1994) 264:1772–5. doi:10.1126/science.8209258

10. Picher-Martel V, Valdmanis PN, Gould PV, Julien JP, Dupré N. From animal models to human disease: a genetic approach for personalized medicine in ALS. Acta Neuropathol Commun (2016) 4:70. doi:10.1186/s40478-016-0340-5

11. Frey D, Schneider C, Xu L, Borg J, Spooren W, Caroni P. Early and selective loss of neuromuscular synapse subtypes with low sprouting competence in motoneuron diseases. J Neurosci (2000) 20:2534–42.

12. Kennel PF, Finiels F, Revah F, Mallet J. Neuromuscular function impairment is not caused by motor neurone loss in FALS mice: an electromyographic study. Neuroreport (1996) 7:1427–31. doi:10.1097/00001756-199605310-00021

13. Reaume AG, Elliott JL, Hoffman EK, Kowall NW, Ferrante RJ, Siwek DF, et al. Motor neurons in Cu/Zn superoxide dismutase-deficient mice develop normally but exhibit enhanced cell death after axonal injury. Nat Genet (1996) 13:43–7. doi:10.1038/ng0596-43

14. Shefner JM, Reaume AG, Flood DG, Scott RW, Kowall NW, Ferrante RJ, et al. Mice lacking cytosolic copper/zinc superoxide dismutase display a distinctive motor axonopathy. Neurology (1999) 53:1239–46.

15. Jaarsma D, Haasdijk ED, Grashorn JA, Hawkins R, van Duijn W, Verspaget HW, et al. Human Cu/Zn superoxide dismutase (SOD1) overexpression in mice causes mitochondrial vacuolization, axonal degeneration, and premature motoneuron death and accelerates motoneuron disease in mice expressing a familial amyotrophic lateral sclerosis mutant SOD1. Neurobiol Dis (2000) 7:623–43. doi:10.1006/nbdi.2000.0299

16. Graffmo KS, Forsberg K, Bergh J, Birve A, Zetterstrom P, Andersen PM, et al. Expression of wild-type human superoxide dismutase-1 in mice causes amyotrophic lateral sclerosis. Hum Mol Genet (2013) 22:51–60. doi:10.1093/hmg/dds399

17. McCombe PA, Henderson RD. Effects of gender in amyotrophic lateral sclerosis. Gend Med (2010) 7:557–70. doi:10.1016/j.genm.2010.11.010

18. Jonsson PA, Graffmo KS, Brannstrom T, Nilsson P, Andersen PM, Marklund SL. Motor neuron disease in mice expressing the wild type-like D90A mutant superoxide dismutase-1. J Neuropathol Exp Neurol (2006) 65:1126–36. doi:10.1097/01.jnen.0000248545.36046.3c

19. Kashlan ON, Kashlan BN, Oh SS, McGinley LM, Chen KS, Kupfer R, et al. Histological bulbar manifestations in the ALS rat. Neurodegener Dis (2015) 15:121–6. doi:10.1159/000377725

20. Rothstein JD. Of mice and men: reconciling preclinical ALS mouse studies and human clinical trials. Ann Neurol (2003) 53:423–6. doi:10.1002/ana.10561

21. Meininger V, Bensimon G, Bradley WR, Brooks B, Douillet P, Eisen AA, et al. Efficacy and safety of xaliproden in amyotrophic lateral sclerosis: results of two phase III trials. Amyotroph Lateral Scler Other Motor Neuron Disord (2004) 5:107–17. doi:10.1080/14660820410019602

22. Shefner JM, Cudkowicz ME, Schoenfeld D, Conrad T, Taft J, Chilton M, et al. A clinical trial of creatine in ALS. Neurology (2004) 63:1656–61. doi:10.1212/01.WNL.0000142992.81995.F0

23. Rosenfeld J, King RM, Jackson CE, Bedlack RS, Barohn RJ, Dick A, et al. Creatine monohydrate in ALS: effects on strength, fatigue, respiratory status and ALSFRS. Amyotroph Lateral Scler (2008) 9:266–72. doi:10.1080/17482960802028890

24. Graf M, Ecker D, Horowski R, Kramer B, Riederer P, Gerlach M, et al. High dose vitamin E therapy in amyotrophic lateral sclerosis as add-on therapy to riluzole: results of a placebo-controlled double-blind study. J Neural Transm (2005) 112:649–60. doi:10.1007/s00702-004-0220-1

25. Cudkowicz ME, Shefner JM, Schoenfeld DA, Zhang H, Andreasson KI, Rothstein JD, et al. Trial of celecoxib in amyotrophic lateral sclerosis. Ann Neurol (2006) 60:22–31. doi:10.1002/ana.20903

26. Meininger V, Asselain B, Leigh PN, Ludolph A, Lacomblez L, Guillet P. Pentoxifylline in ALS: a double-blind, randomized, multicenter, placebo-controlled trial. Neurology (2006) 66:1786–87; author reply 1786–7. doi:10.1212/01.wnl.0000230561.21579.ad

27. Gordon PH, Moore DH, Miller RG, Florence JM, Verheijde JL, Doorish C, et al. Efficacy of minocycline in patients with amyotrophic lateral sclerosis: a phase III randomised trial. Lancet Neurol (2007) 6:1045–53. doi:10.1016/S1474-4422(07)70270-3

28. Milane A, Tortolano L, Fernandez C, Bensimon G, Meininger V, Farinotti R. Brain and plasma riluzole pharmacokinetics: effect of minocycline combination. J Pharm Sci (2009) 12:209–17.

29. Miller R, Bradley W, Cudkowicz M, Hubble J, Meininger V, Mitsumoto H, et al. Phase II/III randomized trial of TCH346 in patients with ALS. Neurology (2007) 69:776–84. doi:10.1212/01.wnl.0000269676.07319.09

30. Sorenson EJ, Windbank AJ, Mandrekar JN, Bamlet WR, Appel SH, Armon C, et al. Subcutaneous IGF-1 is not beneficial in 2-year ALS trial. Neurology (2008) 71:1770–5. doi:10.1212/01.wnl.0000335970.78664.36

31. Kaufmann P, Thompson JL, Levy G, Buchsbaum R, Shefner J, Krivickas LS, et al. Phase II trial of CoQ10 for ALS finds insufficient evidence to justify phase III. Ann Neurol (2009) 66:235–44. doi:10.1002/ana.21743

32. Lauria G, Bella ED, Antonini G, Borghero G, Capasso M, Caponnetto C, et al. Erythropoietin in amyotrophic lateral sclerosis: a multicentre, randomized, double-blind, placebo-controlled, phase III study (EPOS trial). Amyotroph Lateral Scler Frontotemporal Degener (2009) 10:410–5. doi:10.3109/17482960902995246

33. Meininger V, Drory VE, Leigh PN, Ludolph A, Robberecht W, Silani V. Glatiramer acetate has no impact on disease progression in ALS at 40 mg/day: a double-blind, randomized, multicentre, placebo-controlled trial. Amyotroph Lateral Scler (2009) 10:378–83. doi:10.3109/17482960902803432

34. Mosley RL, Gordon PH, Hasiak CM, Van Wetering FJ, Mitsumoto H, Gendelman HE. Glatiramer acetate immunization induces specific antibody and cytokine responses in ALS patients. Amyotroph Lateral Scler (2007) 8:235–42. doi:10.1080/17482960701374601

35. Aggarwal SP, Zinman L, Simpson E, McKinley J, Jackson KE, Pinto H, et al. Safety and efficacy of lithium in combination with riluzole for treatment of amyotrophic lateral sclerosis: a randomised, double-blind, placebo-controlled trial. Lancet Neurol (2010) 9:481–8. doi:10.1016/S1474-4422(10)70068-5

36. Chiò A, Borghero G, Calvo A, Capasso M, Caponnetto C, Corbo M, et al. Lithium carbonate in amyotrophic lateral sclerosis: lack of efficacy in a dose-finding trial. Neurology (2010) 75:619–25. doi:10.1212/WNL.0b013e3181ed9e7c

37. Miller RG, Moore DH, Forshew DA, Katz JS, Barohn RJ, Valan M, et al. Phase II screening trial of lithium carbonate in amyotrophic lateral sclerosis: examining a more efficient trial design. Neurology (2011) 77:973–9. doi:10.1212/WNL.0b013e31822dc7a5

38. Verstraete E, Veldink JH, Huisman MH, Draak T, Uijtendaal EV, van der Kooi AJ, et al. Lithium lacks effect on survival in amyotrophic lateral sclerosis: a phase IIb randomised sequential trial. J Neurol Neurosurg Psychiatry (2012) 83:557–64. doi:10.1136/jnnp-2011-302021

39. UKMND-LiCALS Study Group, Morrison KE, Dhariwal S, Hornabrook R, Savage L, Burn DJ, et al. Lithium in patients with amyotrophic lateral sclerosis (LiCALS): a phase 3 multicentre, randomised, double-blind, placebo-controlled trial. Lancet Neurol (2013) 12:339–45. doi:10.1016/S1474-4422(13)70037-1

40. Pascuzzi RM, Shefner J, Chappell AS, Bjerke JS, Tamura R, Chaudhry V, et al. A phase II trial of talampanel in subjects with amyotrophic lateral sclerosis. Amyotroph Lateral Scler (2010) 11:266–71. doi:10.3109/17482960903307805

41. Dupuis L, Dengler R, Heneka MT, Meyer T, Zierz S, Kassubek J, et al. A randomized, double blind, placebo-controlled trial of pioglitazone in combination with riluzole in amyotrophic lateral sclerosis. PLoS One (2012) 7:e37885. doi:10.1371/journal.pone.0037885

42. Berry JD, Shefner JM, Conwit R, Schoenfeld D, Keroack M, Felsenstein D, et al. Design and initial results of a multi-phase randomized trial of ceftriaxone in amyotrophic lateral sclerosis. PLoS One (2013) 8:e61177. doi:10.1371/journal.pone.0061177

43. Beghi E, Pupillo E, Bonito V, Buzzi P, Caponnetto C, Chiò A, et al. Randomized double-blind placebo-controlled trial of acetyl-L-carnitine for ALS. Amyotroph Lateral Scler Frontotemporal Degener (2013) 14:397–405. doi:10.3109/21678421.2013.764568

44. Cudkowicz ME, van den Berg LH, Shefner JM, Mitsumoto H, Mora JS, Ludolph A, et al. Dexpramipexole versus placebo for patients with amyotrophic lateral sclerosis (EMPOWER): a randomised, double-blind, phase 3 trial. Lancet Neurol (2013) 12:1059–67. doi:10.1016/S1474-4422(13)70221-7

45. Bozik M, Mitsumoto H, Brooks BR, Rudnicki SA, Moore DH, Zhang B, et al. A post-hoc analysis of subgroup outcomes and biomarkers in the phase 3 clinical trial (EMPOWER) of dexpramipexole in ALS. Amyotroph Lateral Scler Frontotemporal Degener (2014) 15:406–13. doi:10.3109/21678421.2014.943672

46. Lenglet T, Lacomblez L, Abitbol JL, Ludolph A, Mora JS, Robberecht W, et al. A phase II–III trial of olesoxime in subjects with amyotrophic lateral sclerosis. Eur J Neurol (2014) 21:529–36. doi:10.1111/ene.12344

47. Mitsumoto H, Brooks BR, Silani V. Clinical trials in amyotrophic lateral sclerosis: why so many negative trials and how can trials be improved? Lancet Neurol (2014) 13:1127–38. doi:10.1016/S1474-4422(14)70129-2

48. Joyce PI, McGoldrick P, Saccon RA, Weber W, Fratta P, West SJ, et al. A novel SOD1-ALS mutation separates central and peripheral effects of mutant SOD1 toxicity. Hum Mol Genet (2015) 24:1883–97. doi:10.1093/hmg/ddu605

49. Jaarsma D, Teuling E, Haasdijk ED, De Zeeuw CI, Hoogenraad CC. Neuron-specific expression of mutant superoxide dismutase is sufficient to induce amyotrophic lateral sclerosis in transgenic mice. J Neurosci (2008) 28:2075–88. doi:10.1523/JNEUROSCI.5258-07.2008

50. Pramatarova A, Laganiere J, Roussel J, Brisebois K, Rouleau GA. Neuron-specific expression of mutant superoxide dismutase 1 in transgenic mice does not lead to motor impairment. J Neurosci (2001) 21:3369–74.

51. Gong YH, Parsadanian AS, Andreeva A, Snider WD, Elliott JL. Restricted expression of G86R Cu/Zn superoxide dismutase in astrocytes results in astrocytosis but does not cause motoneuron degeneration. J Neurosci (2000) 20:660–5.

52. Awano T, Johnson GS, Wade CM, Katz ML, Johnson GC, Taylor JF, et al. Genome-wide association analysis reveals a SOD1 mutation in canine degenerative myelopathy that resembles amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A (2009) 106:2794–9. doi:10.1073/pnas.0812297106

53. Wininger FA, Zeng R, Johnson GS, Katz ML, Johnson GC, Bush WW, et al. Degenerative myelopathy in a bernese mountain dog with a novel SOD1 missense mutation. J Vet Intern Med (2011) 25:1166–70. doi:10.1111/j.1939-1676.2011.0760.x

54. Steve P. Preclinical research: make mouse studies work. Nature (2014) 507:423–5. doi:10.1038/507423a

55. Hatzipetros T, Bogdanik LP, Tassinari VR, Kidd JD, Moreno AJ, Davis C, et al. C57BL/6J congenic Prp-TDP43A315T mice develop progressive neurodegeneration in the myenteric plexus of the colon without exhibiting key features of ALS. Brain Res (2014) 1584:59–72. doi:10.1016/j.brainres.2013.10.013

56. Habib AA, Mitsumoto H. Emerging drugs for amyotrophic lateral sclerosis. Expert Opin Emerg Drugs (2011) 16:537–58. doi:10.1517/14728214.2011.604312

57. Swash M. We have a problem: why have ALS trials been negative? Amyotroph Lateral Scler (2007) 8:259. doi:10.1080/17482960701649887

58. Nicholson KA, Cudkowicz ME, Berry JD. Clinical trial designs in amyotrophic lateral sclerosis: does one design fit all? Neurotherapeutics (2015) 12:376–83. doi:10.1007/s13311-015-0341-2

59. Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: preferred definitions and conceptual framework. Clin Pharmacol Ther (2001) 69:89–95. doi:10.1067/mcp.2001.113989

60. Ryberg H, Bowser R. Protein biomarkers for amyotrophic lateral sclerosis. Expert Rev Proteomics (2008) 5:249–62. doi:10.1586/14789450.5.2.249

61. Turner MR, Kiernan MC, Leigh PN, Talbot K. Biomarkers in amyotrophic lateral sclerosis. Lancet Neurol (2009) 8:94–109. doi:10.1016/S1474-4422(08)70293-X

62. Joyce NC, Carter GT. Electrodiagnosis in persons with amyotrophic lateral sclerosis. PM R (2013) 5:89–95. doi:10.1016/j.pmrj.2013.03.020

63. Rashidipour O, Chan KM. Motor unit number estimation in neuromuscular disease. Can J Neurol Sci (2008) 35:153–9. doi:10.1017/S0317167100008568

64. Nandedkar SD, Barkhaus PE, Stålberg EV. Reproducibility of MUNIX in patients with amyotrophic lateral sclerosis. Muscle Nerve (2011) 44:919–22. doi:10.1002/mus.22204

65. Henderson RD, Ridall PG, Hutchinson NM, Pettitt AN, McCombe PA. Bayesian statistical mune method. Muscle Nerve (2007) 36:206–13. doi:10.1002/mus.20805

66. Rutkove SB, Zhang H, Schoenfeld DA, Raynor EM, Shefner JM, Cudkowicz ME, et al. Electrical impedance myography to assess outcome in amyotrophic lateral sclerosis clinical trials. Neurophysiol Clin (2007) 118:2413–8. doi:10.1016/j.clinph.2007.08.004

67. Tarasiuk J, Kułakowska A, Drozdowski W, Kornhuber J, Lewczuk P. CSF markers in amyotrophic lateral sclerosis. J Neural Transm (2012) 119:747–57. doi:10.1007/s00702-012-0806-y

68. US Department of Health and Human Services Food and Drug Administration, Center for Drug Evaluation and Research (CDER). Guidance for Industry and FDA Staff: Qualification Process for Drug Development Tools. Washington, DC: CDER (2014).

69. Benatar M, Boylan K, Jeromin A, Rutkove SB, Berry J, Atassi N, et al. ALS biomarkers for therapy development: state of the field & future directions: ALS biomarkers. Muscle Nerve (2016) 53:169–82. doi:10.1002/mus.24979

70. Shefner JM. Motor unit number estimation in human neurological diseases and animal models. Clin Neurophysiol (2001) 112:955–64. doi:10.1016/S1388-2457(01)00520-X

71. Shefner JM, Cudkowicz ME, Zhang H, Schoenfeld D, Jillapalli D, Northeast ALSC. The use of statistical MUNE in a multicenter clinical trial. Muscle Nerve (2004) 30:463–9. doi:10.1002/mus.20120

72. Felice KJ. A longitudinal study comparing thenar motor unit number estimates to other quantitative tests in patients with amyotrophic lateral sclerosis. Muscle Nerve (1997) 20:179–85. doi:10.1002/(SICI)1097-4598(199702)20:2<179::AID-MUS7>3.0.CO;2-9

73. Ludolph AC, Bendotti C, Blaugrund E, Chio A, Greensmith L, Loeffler JP, et al. Guidelines for preclinical animal research in ALS/MND: a consensus meeting. Amyotroph Lateral Scler (2010) 11:38–45. doi:10.3109/17482960903545334

74. Rutkove SB. Electrical impedance myography: background, current state, and future directions. Muscle Nerve (2009) 40:936–46. doi:10.1002/mus.21362

75. Rutkove S, Caress J, Cartwright M, Burns TM, Warder J, David WS, et al. Electrical impedance myography as a biomarker to assess ALS progression. Amyotroph Lateral Scler (2012) 13:439–45. doi:10.3109/17482968.2012.688837

76. Rutkove SB, Lee KS, Shiffman CA, Aaron R. Test-retest reproducibility of 50 kHz linear-electrical impedance myography. Clin Neurophysiol (2006) 117:1244–8. doi:10.1016/j.clinph.2005.12.029

77. Kanai K, Kuwabara S, Misawa S, Tamura N, Ogawara K, Nakata M, et al. Altered axonal excitability properties in amyotrophic lateral sclerosis: impaired potassium channel function related to disease stage. Brain (2006) 129:953–62. doi:10.1093/brain/awl024

78. Pambo-Pambo A, Durand J, Gueritaud JP. Early excitability changes in lumbar motoneurons of transgenic SOD1G85R and SOD1G (93A-Low) mice. J Neurophysiol (2009) 102:3627–42. doi:10.1152/jn.00482.2009

79. Kanai K, Shibuya K, Kuwabara S. Motor axonal excitability properties are strong predictors for survival in amyotrophic lateral sclerosis. Rinsho Shinkeigaku (2011) 51:1118–9. doi:10.5692/clinicalneurol.51.1118

80. Caramia MD, Cicinelli P, Paradiso C, Mariorenzi R, Zarola F, Bernardi G, et al. Excitability changes of muscular responses to magnetic brain stimulation in patients with central motor disorders. Electroencephalogr Clin Neurophysiol (1991) 81:243–50. doi:10.1016/0168-5597(91)90009-M

81. Claus D, Brunholzl C, Kerling FP, Henschel S. Transcranial magnetic stimulation as a diagnostic and prognostic test in amyotrophic lateral sclerosis. J Neurol Sci (1995) 129:30–4. doi:10.1016/0022-510X(95)00056-8

82. Prout AJ, Eisen AA. The cortical silent period and amyotrophic lateral sclerosis. Muscle Nerve (1994) 17:217–23. doi:10.1002/mus.880170213

83. Vucic S, Ziemann U, Eisen A, Hallett M, Kiernan MC. Transcranial magnetic stimulation and amyotrophic lateral sclerosis: pathophysiological insights. J Neurol Neurosurg Psychiatry (2013) 84:1161–70. doi:10.1136/jnnp-2012-304019

84. Lijmer JG, Mol BW, Heisterkamp S, Bonsel GJ, Prins MH, van der Meulen JH, et al. Empirical evidence of design-related bias in studies of diagnostic tests. JAMA (1999) 282:1061–6. doi:10.1001/jama.282.11.1061

85. Rocha JA, Reis C, Simões F, Fonseca J, Mendes Ribeiro J. Diagnostic investigation and multidisciplinary management in motor neuron disease. J Neurol (2005) 252:1435–47. doi:10.1007/s00415-005-0007-9

86. U.S. Department of Health and Human Services Food and Drug Administration, Center for Drug Evaluation and Research (CDER), Center for Veterinary Medicine (CVM). Biopharmaceutics. (2013). Available from: https://www.fda.gov/downloads/drugs/guidances/ucm368107.pdf

87. Kraemer M, Buerger M, Berlit P. Diagnostic problems and delay of diagnosis in amyotrophic lateral sclerosis. Clin Neurol Neurosurg (2010) 112:103–5. doi:10.1016/j.clineuro.2009.10.014

88. Torny F, Lacoste M, Nguyen JM, Tymoczko-Nguyen ME, Couratier P. Analysis of reasons for the late diagnosis of amyotrophic lateral sclerosis. Rev Neurol (Paris) (2006) 162:617–22. doi:10.1016/S0035-3787(06)75055-X

89. Zoccolella S, Beghi E, Palagano G, Fraddosio A, Samarelli V, Lamberti P, et al. Predictors of delay in the diagnosis and clinical trial entry of amyotrophic lateral sclerosis patients: a population-based study. J Neurol Sci (2006) 250:45–9. doi:10.1016/j.jns.2006.06.027

90. Andersen PM, Borasio GD, Dengler R, Hardiman O, Kollewe K, Leigh PN, et al. Good practice in the management of amyotrophic lateral sclerosis: clinical guidelines. An evidence-based review with good practice points. EALSC Working Group. Amyotroph Lateral Scler (2007) 8:195–213. doi:10.1080/17482960701262376

91. Dubrovsky AL. Shortening the time to the diagnosis of amyotrophic lateral sclerosis: role of the neurologist. Amyotroph Lateral Scler Other Motor Neuron Disord (2000) 1(Suppl 1):S65–6. doi:10.1080/14660820050515584

Conflict of Interest Statement: The 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.

The reviewer VG and handling editor declared their shared affiliation.

Copyright © 2017 Katyal and Govindarajan. 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) or licensor 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-08-00521-t005.jpg
Ciinically definite « Evidence of UMN plus LMN signs in the bulbar ~ (87)
ALS region and in at least two spinal regions or
« Presence of UMN signs in two spinal region and
LMN signs i three spinal regions.
Giinically probable « Evidence of UMN pius LMN signs in at least two  (87)

ALS regions with some UMN signs rostral to LMN

signs
Probable, « Cinical evidence of UMN and LMN signs inonly (87
laboratory- one region or

supported ALS  « UMN signs alone in one region and LMN signs
defined by EMG criteria in at least two musdles of
different root and nerve origin in two imbs
Possble ALS UMN and LMN signs in only one region, or ©7)
« UMN signs alone in two or more regions, or
 LMN signs found rostral to UMN signs

Regions: bulbar, cervical, thoracic, lumbosacral.
UMN, upper motor neuron; LMN, lower motor neuron.





OPS/images/fneur-08-00521-t003.jpg
Drugs tested Possible mechanism Reason for failure Reference

Transfer factors Antivirals Weak rationale

Riuzole, threonine, lamotigine, gabapentin, NMDA receptor blocker, GABA-analog, and glutamate AMPA receptor  NMDA receptorsarenot ~ (21-47)

topiramate, memantine blocker antagonists, increases astrooytic glutamate transporter activity  critical for motor neurons

Octacosanol, gangiiosides, thyrotropin-releasing  Myotrophic effects, systemic trophic factors Weak rationale (@1-47)

hormone, growth hormone

CNFT, IGF-1, BDNF, GDNF, Xaliproden, GCSF Retrograde transport from the muscle axon terminals, serotonin Drugs unable to cross the (21-47)
(6HT1A) agonist blood-brain barrier

Plasma exchange, cyclosporine, total lymphoid  Humoral factors, T-cell, microglial suppressor Weak rationale (21-47)

imadiation, glatiramer acetate

Acetylcysteine, glutathione, vitamin E Increases antioxidative property Uncertain access to the (@1-47)

nervous system

Pentoxifyline, minocyciine TNFa-linked apoptosis Weak rationale (@1-47)

Creatine, acetyl . carnitine Mitochondrial membrane stabilizing drugs Weak rationale (@1-47)

Phenylbutyrate, valproic acid Histone deacetylase infibitor More studies are ongoing ~~ (21-47)

Lithium carbonate, piogltazone Degradation of protein aggregates Weak rationale (@1-47)

ONO 2506 Blocks giiosis Negative studies (@1-47)

NMDA, N-methyl o-aspartate; GABA, gamma aminobutyric acid; CNFT, cilary neurotrophic factor; IGF; insulin-fike growth factor; GCSF; granulocyte colony-stimulating factor; BDNF,
brain-derived neurotrophic factor; GONF, glial cell fine-derived neurotrophic factor; ONO 2506, enantiomeric homolog of valproic acid developed by ONO pharmaceuticals.





OPS/images/fneur-08-00521-t004.jpg
iomarkers Potential benefits Reference

CSF pNiH Prognostic biomarker (©9-72)
CSF L Prognostic biomarker
Urinary p75 Prognostic biomarker, (69-72)

shows progression and has
pharmacodynamic property

CSF SOD1 Pharmacodynarmic property (©9-72)

cmAP Shows progression (©9-72)

MUNE Shows progression (69-72)

MUNIX Shows progression and has (69-72)
pharmacodynamic property

EM Shows progression and has (69-72)
pharmacodynamic property

Peripheral Nerve Excitabiity  Shows progression (©9-72)

Testing

™S Shows progression (©9-72)

SOD1 gene mutation Potential predictive properties (69-72)

Hexanucleotide repeat
expansion in the C9orf72

CSF; cerebrospinal fluid; Nfk, phosphorylated neurofiament heavy chain; NIL,
phosphorylated neurofiament light chain; SOD, superoxide dismutase; CMAP,
compound motor action potential; Urinery P 75, urinery p75 neurotrophin domain;
MUNE, motor unit number estimation; MUNIX, motor unit number index; EIM, electrical
impedance myography; C90RF72, chromosome 9 open reading frame 72; SODT,
superoxide dismutase 1; TMS, transcranial magnetic stimulation.





OPS/images/cover.jpg
frontiers
in Neurology

Shortcomings in the Current
Amyotrophic Lateral Sclerosis
Trials and Potential Solutions for
Improvement





OPS/images/fneur-08-00521-t001.jpg
Gene Inheritance Features Underlying  Reference

defect

SOD1  ADandAR  More than 20% of FALS, Superoxide (4-6)
1-2% of SALS metabolism

COORF72 AD More than 40% of FALS, DENN protein  (4-6)
7% of SALS

TARDBP  AD 3% of FALS cases, RNA (4-6)
1% of SALS metabolism

FUS ADand AR 5% of FALS, ANA (4-6)
<1% of SALS. metabolism

(ALS,: amyotrophic lateral sclerosis; FALS,: familial amyotrophic lateral sclerosis;
SALS,: sporadic amyotrophic lateral sclerosis; AD,: autosomal dominant; AR,:
autosomal recessive; SOD,: superoxide dismutase; C9ORF72,: chromosome 9 open
reading frame 72; TARDBR: TAR DNA-bindling protein; FUS, fused in sarcoma;
DENN,: differentially expressed in normal and neoplasia; RNA, : ribonucleic acid.).





OPS/images/fneur-08-00521-t002.jpg
Animal  Mutation  Age at onset Survival Neuropathological findings Reference

model (weeks) (weeks)

Mouse GI3A 1317 17-26 MN loss, SOD1 aggregates, NMAJ loss before onset (9-18, 48-51)
G37R 15-17 2529 Learning deficit MBY, LMN first affected, raised somatosensory thresholds (9-18, 48-51)
D83G 15 70-84 Sensory deficit, tremors, 20% LMN and UMN loss (9-18, 48-51)
D90A 52 61 Distended bladder, SOD1 inclusions, MN loss (9-18, 48-51)

Rat H46R 20 24 MN loss, LBHI, SOD1-ubiquitin aggregate (10,19, 20)
GI3A 16 17 MN loss, vacuoles, SOD1-ubiquitin inclusions (10,19, 20)

Dog Ti8S 7 years 21 months SOD1 aggregates no neuronal cell body loss, UMN and LMN signs, sensory (10, 52, 53)
E40K >5 years 6 monthsto 3years  impairment

SOD!, superoxide dismutase 1; MN, motor neuron; NMJ, neuromuscular junction; MBV, membrane bound vesicies; UMN, upper motor neuron; LMN, lower motor neuron; LBH,
Lewy body-like hyaline inclusion.





OPS/images/logo.jpg
Ghesk for

i@





