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Abstract

:

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterised by selective neuronal death in the brain stem and spinal cord. The cause is unknown, but an increasing amount of evidence has firmly certified that neuroinflammation plays a key role in ALS pathogenesis. Neuroinflammation is a pathological hallmark of several neurodegenerative disorders and has been implicated as driver of disease progression. Here, we describe a treatment study demonstrating the therapeutic potential of a tandem version of the well-known all-d-peptide RD2 (RD2RD2) in a transgenic mouse model of ALS (SOD1*G93A). Mice were treated intraperitoneally for four weeks with RD2RD2 vs. placebo. SOD1*G93A mice were tested longitudinally during treatment in various behavioural and motor coordination tests. Brain and spinal cord samples were investigated immunohistochemically for gliosis and neurodegeneration. RD2RD2 treatment in SOD1*G93A mice resulted not only in a reduction of activated astrocytes and microglia in both the brain stem and lumbar spinal cord, but also in a rescue of neurons in the motor cortex. RD2RD2 treatment was able to slow progression of the disease phenotype, especially the motor deficits, to an extent that during the four weeks treatment duration, no significant progression was observed in any of the motor experiments. Based on the presented results, we conclude that RD2RD2 is a potential therapeutic candidate against ALS.
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1. Introduction


Alzheimer’s disease (AD), Parkinson’s diseases (PD) and amyotrophic lateral sclerosis (ALS) are among the most common neurodegenerative diseases in adults. In addition to cognitive impairment, selective neuronal death and neuroinflammation in the central nervous system are prominent pathologic features in AD [1,2,3,4]. Clinically, ALS manifests as focal muscular weakness, with atrophy of skeletal muscles up to progressive paralysis and premature death, usually from respiratory failure [5]. Most ALS cases are sporadic (sALS), while a minority are familial cases (fALS) and caused by inherited mutations [6]. A key discovery was the identification of a mutation in the gene of the enzyme superoxide dismutase 1 (SOD1), which is causative in up to 20% of all fALS and in up to 3% of sALS cases [7,8]. To investigate the pathophysiology of ALS and the role of mutated SOD1 in disease development and progression of ALS, a transgenic mouse model was created (tg(SOD1*G93A)1Gur), which expresses mutant SOD1 (SOD1*G93A) and develops adult-onset neurodegeneration of neurons in the lumbar spinal cord and motor cortex and progressive motor deficits, which leads to paralysis [9,10,11,12]. Due to similar clinical features and pathology to human ALS, these mice have been studied extensively over years and are still a cornerstone of preclinical ALS research [13]. In addition to the clinical symptoms, neuroinflammation and immune-inflammatory processes are further prominent pathological hallmarks of human ALS cases and the transgenic SOD1*G93A mice [14,15,16]. Neuroinflammation is characterised by the presence of activated glial cells, mainly microglia and astrocytes. In addition, previous studies demonstrated that activated astrocytes and microglia play a role in disease progression of ALS [17,18]. Cytokines, the primary messengers of inflammatory processes, are released by microglia and astrocytes in response to neuroinflammation [19,20,21]. They can be classified into two different types: type 1 cytokines (= pro-inflammatory) increase the inflammatory reaction, while type 2 cytokines (= anti-inflammatory) decrease the inflammatory reaction. In a non-pathological state, a complex signalling cascade produces a protective immune response through cytokines [22,23]. A temporal increased level of inflammatory cytokines was observed in ALS, but also in AD [24,25,26]. Like many other neurodegenerative diseases, such as AD, to date there is no curative therapy for ALS. Thus far, only symptomatic and minor life-prolonging treatments are available [27,28,29].



Recently, we described the development of compounds for a disease-modifying treatment of AD. The compound RD2 preferentially binds amyloid beta (Aβ) monomers with nanomolar affinity and stabilises Aβ in its native conformation [30], which is a novel strategy to directly disassemble toxic Aβ oligomers into native monomers [31]. RD2 has recently successfully passed a phase I clinical trial in healthy subjects (Single Ascending Doses (SAD) EUDRA-CT: 2017-000396-93 and Multiple Ascending Doses (MAD) EUDRA-CT: 2018-002500-14) [32] after demonstrating its preclinical efficacy in several AD mouse models [33,34,35,36]. The head-to-tail tandem version of RD2, RD2RD2, was originally designed to obtain a bivalent version of RD2 with potentially higher avidity and affinity for polyvalent Aβ assemblies. Like RD2, also RD2RD2 belongs to a relatively new class of drugs, the all-d-peptides, which consist solely of d-enantiomeric amino acid residues and which exhibit several advantages including high proteolytic stability and low immunogenicity [37,38].



Here, we explored the therapeutic potential of RD2RD2 in the ALS SOD1*G93A transgenic mouse model. For this purpose, we treated SOD1*G93A transgenic mice intraperitoneally for four weeks with RD2RD2 vs. placebo and performed longitudinally various behavioural and motor coordination tests. Subsequently, the brain stem and lumbar spinal cord of treated mice were immunohistochemically investigated.




2. Results


Earlier, we tested the efficacy of RD2RD2 in an AD specific mouse model overexpressing a double mutation of amyloid precursor protein and presenilin 1 (APP/PS1) by intraperitoneal treatment for four weeks with either RD2RD2 or placebo. Treatment with RD2RD2 had a strong effect on neuroinflammation as it significantly reduced the number of activated microglia in both cortex and hippocampus down to levels of non-transgenic mice (ntg) (Figure S1a, e–g and b, h–j and Table S1). In addition, RD2RD2-treated mice displayed significantly reduced astrogliosis (antibody glial fibrillary acidic protein (GFAP)) in the cortex and hippocampus (Figure S1c, k–m and d, n–p and Table S1). Additionally, analysis of the inflammatory marker levels revealed a remarkable and significant decrease in the levels of all cytokines measured in RD2RD2-treated APP/PS1 mice in comparison to the placebo group (Figure S2a–g and Table S2).



Encouraged by the strong effect of RD2RD2 on neuroinflammation in treated APP/PS1 mice, we performed a treatment study using the transgenic ALS mouse model SOD1*G93A, a model in which neuroinflammation has been described to drive disease progression [18,19].



2.1. RD2RD2 Treatment Prevented Further Motor Phenotype Progression in SOD1*G93A Mice


Twelve weeks old female SOD1*G93A mice were treated with placebo (n = 10) or 19 mg/kg/d RD2RD2 (n = 12) and the non-transgenic littermates were treated with placebo (n = 14) formulated in an intraperitoneal (i.p.) osmotic minipump for 28 days. After a small weight loss post-operatively, all mice gained weight continuously over the four weeks treatment period. Throughout the whole testing period the average body weight was significantly different between non-transgenic and transgenic mice (Figure 1a; RD2RD2: 18.8 ± 0.2 g, placebo: 19.0 ± 0.2 g vs. ntg: 20.3 ± 0.3 g; two-way repeated measurement (RM) analysis of variance (ANOVA), F(2,128) = 7.87, p = 0.002, Fisher’s least significant difference (LSD) post hoc analysis, ntg vs. RD2RD2 p < 0.001 and ntg vs. placebo p = 0.006). RD2RD2 treatment neither influenced the average body weight nor body weight gain.



The SmithKline Beecham, Harwell, Imperial College, Royal London Hospital, phenotype assessment (SHIRPA test battery) was used to monitor the progression of the neurodegenerative phenotype of transgenic placebo- or RD2RD2-treated mice [39,40]. At baseline and during treatment, both transgenic groups showed behavioural and motor impairments compared to their non-transgenic littermates (Figure 1b; two-way RM ANOVA, F(2,128) = 101.06, p < 0.001, Fisher’s LSD post hoc analysis, ntg vs. RD2RD2 p < 0.001 and ntg vs. placebo p < 0.001). Already after two weeks of treatment, the difference in SHIRPA score was statistically significant between the RD2RD2 group and placebo-treated SOD1*G93A mice (Figure 1b; RD2RD2 vs. placebo p < 0.001).



The subdivision of the SHIRPA parameters into a motor score revealed further specific details about progression of motor deficits of placebo- but not RD2RD2-treated mice (Figure 1c). At the end of the treatment period, motor deficits were significantly lower upon RD2RD2 treatment in comparison to placebo-treated SOD1*G93A mice (Figure 1c; motor score, two-way RM ANOVA, F(2,128) = 66.77, p < 0.001, Fisher’s LSD post hoc analysis, placebo vs. ntg p < 0.001 and placebo vs. RD2RD2 p < 0.001).



Additional investigations on the motor performance of RD2RD2-treated SOD1*G93A mice were performed with the pole test (Figure 1d). This test indicates functional deficits in motor coordination and muscular strength of SOD1*G93A mice. Throughout the experiment, non-transgenic mice did not show any motor deficits, while transgenic SOD1*G93A mice displayed already a significantly higher pole score at baseline (Figure 1d; two-way RM ANOVA, F(2,128) = 104.95, p < 0.001, Fisher’s LSD post hoc analysis, ntg vs. RD2RD2 p < 0.001 and ntg vs. placebo p < 0.001). There was a slight but significant progression in the motor deficit of the placebo group, while the RD2RD2-treated SOD1*G93A mice kept their motor skills at a constant level (Figure 1d; two-way RM ANOVA, F(1,80) = 0.85, p = 0.05, Fisher’s LSD post hoc analysis, RD2RD2 vs. placebo (treatment week 4) p = 0.021).



Assessment of disease onset was measured by the score of Mead et al., 2011 [41]. Treatment delayed symptom onset in RD2RD2- vs. placebo-treated SOD1*G93A mice, however Kaplan–Meier analysis did not reveal a significant difference in disease onset (Figure 2; average disease onset: RD2RD2 104 days and placebo 101.5 days). Within the non-transgenic mice, there was no detectable absence of hind limb splay or tremor during the study.




2.2. RD2RD2 Treatment Led to Reduction of Activated Glia Cells and Restored Neuron Density in SOD1*G93A Mice


To support the findings of the SHIRPA and pole test of RD2RD2-treated SOD1*G93A mice, we analysed activation of inflammatory cells in the brain stem, as well as neuronal nuclei in the motor cortex of all mice. Moreover, we analysed sections of the lumbar spinal cord, since motor weakness is first detectable in the hind limbs in this mouse model and the motoric pathways are linked through the lumbar spinal cord to the brain. For pathological analysis, levels of activated glia cells (using an antibody against integrin α-M/β-2 (CD11b) labelling activated microglia in general, and an antibody against GFAP labelling activated astrocytes) and the number of neurons (using an antibody against neuronal nuclear proteins (NeuN)) were determined by immunohistochemical staining and quantified. Immunolabelling revealed a significantly decreased number of activated microglia in the brain stem of RD2RD2- vs. placebo-treated SOD1*G93A mice (Figure 3a,e–g and Table 1). In lumbar spinal cord sections from RD2RD2-treated SOD1*G93A mice, activated microglia also showed a decrease which did not reach statistical significance towards placebo-treated animals (Figure 3b,h–j and Table 1). Additionally, we analysed activated astrocytes. There was a significant difference in the number of activated astrocytes in the brain stem between all three treatment groups after 28 days of treatment (Figure 3c,k–m and Table 1). RD2RD2 treatment was able to reduce also the number of activated astrocytes significantly in comparison to the placebo group. More important, analysis of activated astrocytes within the lumbar spinal cord revealed a significant decrease in the RD2RD2-treated SOD1*G93A mice down to levels which are not significant to non-transgenic littermates (Figure 3d,n–p and Table 1).



Moreover, we analysed the number of neurons in SOD1*G93A mice in the brain stem and motor cortex (Figure 4a,b, and Table 1). Quantification of NeuN-positive cells revealed a loss of neurons in transgenic SOD1*G93A mice vs. non-transgenic littermates in both regions. Treatment with RD2RD2 significantly rescued neurons in the motor cortex to levels of non-transgenic littermates. The number of neurons in the brain stem showed the same, but non-significant, tendency (Table 1).



Immunohistochemical staining of neurons was also performed for the lumbar spinal cord, but due to a sub-optimal staining protocol, the neuronal count could not be quantified.



At the end of the study, muscles were harvested along with brain and spinal cord tissues. We investigated the M. gastrocnemius of the hind limbs of all mice to determine a potential treatment effect on muscle degeneration (Figure 5). Analysis of the muscle revealed a significant difference between non-transgenic and transgenic mice, but not between treatment groups (Figure 5a). Further, muscle degeneration of the M. gastrocnemius was visualised by haematoxylin and eosin (H&E) staining. Myofibrils of the non-transgenic mice were rectangular and regularly shaped, while first irregularly-shaped structures of myofibrils of both transgenic groups were detectable (Figure 5b).





3. Discussion


ALS and AD are both fatal neurodegenerative diseases affecting the central nervous system. Despite intensive research, current treatment options are only symptomatic [29,42]. Neuroinflammation plays a major role in both diseases, increasing evidence has firmly certified that neuroinflammation induced by SOD1 plays a key role in ALS pathogenesis [14,25], as well as induced by Aβ in the pathogenic process in AD [43,44].



Based on promising anti-inflammatory effects in an earlier study with AD mice (fully reported in the Supplementary Materials), we examined the compound RD2RD2 for its efficacy in the treatment in a mouse model of a neurodegenerative disorder in which neuroinflammation is known as the main driver of disease. Therefore, the SOD1*G93A ALS mouse model on a C57Bl/6 genetic background was chosen [17,18,26,45]. These mice exhibit the first measurable deficits in motoric performance at age 8.5 weeks [41], which is by definition within the pre-symptomatic phase [46]. Using the SHIRPA test battery, we were able to confirm these early motor deficits of the mouse line in house (Figure S3). Disease onset, defined as the first signs of tremor and hind limb splay defects, started in our colony at an average of week 14 (Figure 2). At the age of 12 weeks, intraperitoneal treatment with RD2RD2 or placebo was initiated in SOD1*G93A mice, which is approximately two weeks before disease onset. RD2RD2 treatment of SOD1*G93A mice significantly slowed their phenotype progression, as measured using the SHIRPA test battery, in comparison to placebo-treated littermates. While the placebo-treated mice showed a significant progression of their phenotype within the four weeks treatment period, RD2RD2 treatment was able to slow progression of the disease phenotype and especially the motor deficits to an extent that during the four weeks treatment duration, no significant progression was observed in any of the motor experiments. Significant changes between the groups were already apparent after two treatment weeks. Further investigations on motor deficits were conducted by the modified pole test, a test measuring complex motor behaviour. Impairment of the motor skills of SOD1*G93A mice progressed slowly but significantly in the placebo group, but not in the RD2RD2-treated group. A limitation of the study is certainly the limited treatment duration, which is attributed to the use of the Alzet minipumps, not allowing statements beyond the four weeks treatment. Additionally, the use of only female mice could possibly have an impact on the variability of the results, as it is described for SOD1*G93A mice on a C57BL/6 background, for the rotarod performance [41].



In addition to the clinical symptoms like motor deficits, neuroinflammation is one prominent pathological hallmark of ALS, and previous studies demonstrated the key role of activated astrocytes and microglia cells in disease progression [17,21]. RD2RD2 treatment led to decreased levels of gliosis in the brain stem and reduced levels of astrogliosis in the lumbar spinal cord in RD2RD2-treated SOD1*G93A mice vs. placebo-treated littermates, indicating that RD2RD2 treatment efficiently reduced neuroinflammation. Furthermore, we investigated the density of neurons in the motor cortex and brain stem. Motor cortex neurons regulate the control of motor output and selectively degenerate in ALS [47]. During disease progression, degeneration of neurons of the motor cortex and brain stem causes muscle weakness and deficits in motor performance. Analysis of the neuronal nuclei in brain stem and motor cortex revealed a loss of neurons in SOD1*G93A mice in comparison to non-transgenic littermates, as described previously by others [48,49]. However, there was a significantly higher density of neurons in both the motor cortex and brain stem of RD2RD2- vs. placebo-treated mice. This supports our assumption that RD2RD2 has a beneficial effect on neuronal survival in this mouse model of ALS.



The pharmacokinetic characteristics including blood–brain barrier (BBB) penetration ability for RD2RD2 have not been determined, yet. However, for closely related compounds (RD2 and other derivatives), the pharmacokinetic profile and sufficient uptake into the brain have already been demonstrated [37,50,51,52]. Additionally, the BBB is known to be compromised in SOD1*G93A mice [53,54] allowing higher brain penetration as compared to wildtype mice. Therefore, we assume sufficient brain uptake for RD2RD2 but cannot exclude a major effect of the substance on the peripheral immune system, which in turn may attenuate inflammation systemically.



Because the target of RD2RD2 is not known yet, we speculate hypothetically about potential targets. RD2RD2 was developed for the direct disassembly of Aβ peptide oligomers into monomers. It was shown that in a double transgenic mouse line that overexpresses human SOD1*G93A and human APP-C100, the overexpression of Aβ is associated with an acceleration of onset of motor impairment and SOD1*G93A aggregation [55]. Thus, it could possibly be that RD2RD2 acts via its original mode of action. However, the link between SOD1 and Aβ was only shown in mice that overexpress both human proteins. In our study the mice overexpress only a mutant version of human SOD1, but have endogenous murine Aβ, thus it is very unlikely that murine Aβ is the main target of RD2RD2 in this experimental set up. RD2RD2 contains 10 arginine residues, which is why it can be assigned to the class of cationic arginine-rich cell-penetrating peptides (CPP). It has been reported that CPPs display anti-inflammatory and neuroprotective properties in traumatic brain injury and stroke [56,57]. In this context it has been hypothesised that the neuroprotective effect of CPPs is mediated by internalisation of neuronal cell surface structures like transporters or ion channels, as a result of endocytosis thereby leading for example to a reduction of calcium ion influx associated with excitotoxicity and other receptor-mediated neurotoxicity inducing signalling pathways [58]. After internalisation CPPs possibly also act on other targets like proprotein convertase (PCs), as it was shown that some poly-arginine peptides were potent inhibitors of PCs of the constitutive secretory pathway (PC5/6, PC7and furin) [59]. The inhibition of furin could possibly protect against neuronal cell death induced by activated N-methyl-d-aspartate (NMDA) receptors, as it was shown for two furin inhibitor by Yamada et al. [60]. Other hypothetical targets could possibly be receptors like the ionotropic P2X and metabotropic P2Y purinergic receptor, which can activate microglia after induction via ATP which is released by dying and abnormally functioning neurons and which play a key role in neuroinflammatory processes [61]. For example, the P2X7 receptor isoform was found to be localised on glia cells [62,63] and activation of the P2X7 receptor leads to an inflammatory stimulus of pro-inflammatory cytokines like interleukin-1β, a key mediator in neurodegeneration [64,65]. Whereas the loss of function of the P2X7 receptor in C57BL/6-J mice resulted in a substantially attenuated inflammatory response [66]. Moreover, the inhibition of the receptor with an antagonist led to an improved phenotype progression in SOD1*G93A mice [67]. Non-specific binding of RD2RD2 to the purinergic P2X receptor might also be a possible explanation for our results.



In summary, RD2RD2 demonstrated therapeutic efficacy in the SOD1*G93A ALS mouse model. Treatment with RD2RD2 led to a reduction of activated glia cell levels in the brain stem and lumbar spinal cord in SOD1*G93A mice. Analysis of neurons in the brain revealed a neuroprotective function of RD2RD2 in treated mice. The phenotype progression of SOD1*G93A mice was halted at treatment start, as there was no significant progression during the treatment period. So far, the direct target of RD2RD2 is unknown. Therefore, future studies will focus on how RD2RD2 affects neuroinflammation and ALS pathogenesis. However, based on the presented results, we conclude that RD2RD2 is a potential therapeutic candidate against ALS.




4. Materials and Methods


4.1. Ethical Approval


All applicable international and national guidelines for the care and use of animals were followed. All procedures performed in this study were in accordance with the ethical standards of the institution or practice at which the study was conducted. All animal experiments, including details on design, protocols and analysis plan, were performed in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, the German Law on the protection of animals (TierSchG §§ 7-9) and with permit from the local ethics committee (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV), North Rhine-Westphalia, Germany; AZ 84-02.04.2015.A106 and AZ 84-02.04.2014.A423). Experimental protocols, including study design and analysis plan, were reviewed and approved by the animal welfare commission of the local authority (LANUV, North Rhine-Westphalia, Germany).




4.2. Animals


Transgenic SOD1*G93A mice and their non-transgenic littermates were bred from male mice transgenic for human SOD1*G93A (B6.Cg-Tg(SOD1*G93A)1Gur/J mice, carrying a high copy number of the transgene, purchased from JAX (The Jackson Laboratory, ME, USA)) and female C57BL/6-J mice obtained from CRIVER (Charles River Laboratories, Sulzfeld, Germany). For breeding only male transgenic SOD1*G93A mice were used, as transgenic SOD1*G93A females are poor breeders. Due to this limitation only sufficiently large groups of female mice were available for this treatment study. Progenies were analysed for presence of the human SOD1 gene by quantitative PCR, as previously described [46]. Copy numbers of the transgene were checked by calculation of the delta cycle threshold (∆CT) = CTinternal control − CTgene of interest. Female SOD1*G93A mice with a high copy number of the transgene were selected for stratified randomisation into equally groups. Housing of the animals was under the same terms at the animal facility of the Forschungszentrum Jülich as described previously [35,68].




4.3. Study Drug


The d-peptide RD2RD2 (amino acid sequence: ptlhthnrrrrrptlhthnrrrrr, 3.2 kDa) was purchased from peptides & elephants (Potsdam, Germany) and Cambridge Peptides (Cambridge Peptides, Birmingham, UK) as lyophilized powder with a minimal purity of 95%. The peptide consists of 24 d-enantiomeric amino acid residues with its C-terminus being amidated.




4.4. Treatment


Twelve weeks old female SOD1*G93A mice and their non-transgenic littermates were treated intraperitoneally by use of Alzet osmotic minipumps (Alzet osmotic minipumps, model #1004, Alzet, USA). SOD1*G93A mice were treated with 10 mg per minipump equalling 19 mg/kg/d RD2RD2 (n = 12) or with physiological saline at pH 7.0 (placebo n = 10) as control group. Non-transgenic littermates (ntg = 13) were treated intraperitoneally with placebo exactly like the transgenic placebo group. The RD2RD2 dosage was chosen based on successful former experiments with related compounds. RD2RD2 was dissolved in sterile physiological saline at pH 7.0 and placed in minipumps for 24 h prior to implantation. The next day, the pumps were implanted intraperitoneally. In short, mice were anaesthetised with isoflurane, the skin and the muscle layer below was cut in the midline and the pump was inserted in the abdominal cavity. Following placement of the pump, the wound was sutured. All mice received three days of carprofen treatment after surgery (day of surgery plus two days after). Mice were monitored regularly for possible complications related to the surgical intervention and were medically attended. The sutures were removed aseptically approximately 7 to 10 days after surgery.




4.5. Body Weight of SOD1*G93A Mice


The weight of the SOD1*G93A animals was recorded at least three times per week beginning prior to pump implantation. Weighing was always performed between 8 a.m. and 9 a.m. to avoid diurnal variations.




4.6. Behavioural Assessment


SOD1*G93A mice were tested longitudinally in different behavioural set ups (SHIRPA and modified pole test). Each behavioural test of the SOD1*G93A mice was performed before treatment (baseline measurements) and one week after the implantation (first trial day: 8 d ± 1 d after implantation; criteria: general health, i.e., weight gain, look of fur, posture, and motor activity). The experimenter was blind to genotype or treatment. All tests were carried out at the same time of the day. Before each test, all mice were allowed to habituate in a single cage for 30 min. All mice were observed daily for disease progression.



4.6.1. Phenotype Assessment


The primary screen of the SHIRPA test battery was used to assess the phenotype [39,40]. This test consisted of the following subtests, which are scored by the experimenter and summed up to an individual SHIRPA score: restlessness, alertness, startle response, pinna reflex, corneal reflex, touch response, pain response, grooming, and apathy, abnormal body carriage, abnormal gait, loss of righting reflex, forelimb placing reflex, hanging behaviour, hind limb tremor. The last seven tests mentioned above represent motor abilities of the mice and are additionally summed up to a motor score. Mice were individually tested and scored in an arena of 42.5 cm × 18.0 cm × 26.5 cm (L × H × W). Scoring was defined from 0 (similar to ntg littermates) to 3 (extremely abnormal from ntg littermates).




4.6.2. Modified Pole Test


The modified pole test [68] is a sensitive functional test to measure early changes in the motor behaviour of the SOD1*G93A mice. The following modifications were realised: The mice were placed with the head downwards instead of upwards on a vertical pole (height 50 cm, diameter 1.2 cm, rough-surfaced) and their movement downwards was rated. The runs were scored from 0 to 3 (0 continuous run, 1 part-way runs, 2 slipping downwards and 3 falling down). This procedure was performed three times and the sum of all three scores was used for analysis.




4.6.3. Disease Onset


To monitor the disease progression of the SOD1*G93A mice, all animals were inspected daily for signs of motor deficits. Disease onset was determined after Mead et al. in 2011 [41] if the following criteria were both met: “Point at which defects in hind limb splay and enhanced tremor were observed with a score of at least 1 in each category”.





4.7. Tissue Collection


At the end of the study, SOD1*G93A and non-transgenic mice were sacrificed for histopathological analysis. Brains and spinal cords of all mice were removed and snap frozen in −80 °C isopentane. Sagittal brain sections of 20 µm were cut using a cryotome (Leica Biosystems Nussloch GmbH, Wetzlar, Germany). In addition, 12 µm transversal sections of the lumbar spinal cord were harvested. The left brain hemisphere and the lumbar spinal cord (L1-L5 tract) were used for immunohistological analysis. The lumbar region of the spinal cord was identified as described previously [69,70]. Furthermore, the muscle M. gastrocnemius of both hind limbs were harvested along with brain and spinal cord tissues and weighted using a micro scale. Afterward, the muscles were incubated in 4% paraformaldehyde for 1 h, followed by an incubation in 30% sucrose solution for 2 h. Muscles were snap frozen in −80 °C isopentane and then cut in transversal sections using a cryotome (Leica Biosystems Nussloch GmbH, Wetzlar, Germany). Samples were stored at −80 °C until further processing.




4.8. Immunohistochemical Staining


Gliosis (antibodies GFAP for astrocytes and CD11b for microglia) and neuronal survival (antibody NeuN for mature neurons) were assessed by immunohistochemical analysis. Tissue sections were fixed with 4% paraformaldehyde and treated with 70% formic acid for antigen retrieval. The sections were rinsed and treated with 3% H2O2 in methanol for elimination of endogenous peroxidases. After a further washing step, sections were incubated with the primary antibody overnight at 4 °C in a humid chamber (GFAP: DAKO Agilent Technologies, Santa Clara, USA; NeuN: Merck Millipore, Darmstadt, Germany) or for 2 h at room temperature (RT) (CD11b: Abcam, Cambridge, UK). Primary antibodies were diluted 1:1000 in tris buffered saline with 1% Triton X-100 (TBST) with 1% bovine serum albumin (BSA) (GFAP and NeuN) or 1:2000 in tris buffered saline (TBS) with 1% BSA (CD11b).



Afterwards, immunolabelled sections with GFAP, NeuN and CD11b antibody were rinsed and incubated with biotinylated secondary anti-mouse or anti-rabbit antibody (1:1000 in TBST with 1% BSA (GFAP and NeuN) or in TBS with 1% BSA (CD11b), Sigma Aldrich, Germany) for 2 h at RT followed by 3, 3’-Diaminobenzidine enhanced with saturated nickel ammonium sulfate solution.



Muscle degeneration of the M. gastrocnemius were visualised by haematoxylin and eosin (H&E) staining. Thawed tissue sections were fixed with 4% paraformaldehyde for 10 min and rinsed with tap water. The sections were placed in a staining cuvette and treated with haematoxylin for three minutes at RT. After another tap water rinse, sections were incubated in eosin solution for two minutes at RT, followed by a further rinse in tap water. Immunohistochemical sections of brain, lumbar spinal cord and M. gastrocnemius were mounted with DPX Mountant medium (Sigma Aldrich, Germany) after washing in an ascending alcohol series.




4.9. Quantification


Images of SOD1*G93A sections were taken with a LMD6000 microscope (Leica Camera, Wetzlar, Germany) and LAS 4.0 software (Leica, Wetzlar, Germany). Immunoreactive microglial cells (antibody CD11b) and astrogliosis (antibody GFAP) were determined as percentage area (%) of the neuropil occupied by GFAP or CD11b immunoreactivity or of neuron nuclei (antibody NeuN) as count per stained area using ImageJ (National Institute of Health, Bethesda, USA) and CellProfiler Analyst (Broad Institute, Boston, USA) [71,72]. To avoid deviations in the analysis of the region of interest in the brain stem and motor cortex, a standard circle or rectangle was created with the ImageJ program. The whole tissue sections of the lumbar spinal cord were freehand selected with the ImageJ program and quantified. Histopathology analyses in SOD1*G93A were carried out in brain stem and lumbar spinal cord. The CD11b immunoreactive area was analysed in the brain stem and lumbar spinal cord (brain stem: 3 to 4 slides per mouse, ntg n = 13, RD2RD2 n = 12, placebo n = 10 and lumbar spinal cord: 4 to 8 slides per mouse, ntg n = 11, RD2RD2 n = 11, placebo n = 10). The GFAP immunoreactive area was analysed in the brain stem and lumbar spinal cord (brain stem: 4 to 6 slides per mouse, ntg n = 13, RD2RD2 n = 11, placebo n = 9 and lumbar spinal cord: 4 to 8 slides per mouse, ntg n = 12, RD2RD2 n = 10, placebo n = 8). NeuN counts were analysed in the brain stem and motor cortex layers 2/3 and 5 (brain stem: 3 to 5 slides per mouse, ntg n = 11, RD2RD2 n = 11, placebo n = 8 and motor cortex: 4 to 5 slides per mouse, ntg n = 10, RD2RD2 n = 10, placebo n = 10).




4.10. Statistics


Statistical analyses were performed using SigmaPlot Version 11 (Systat Software, Germany) and GraphPad Prism 8 (GraphPad Software Inc., USA) was used for the graphic illustrations. Presentation of data as mean ± SEM (behavioural tests and histochemical analysis), p > 0.05 was considered as not significant (ns). Normal distribution of data was tested by use of Shapiro–Wilk normality test (SigmaPlot Version 11, Systat Software, Germany). Two-way repeated measurement (RM) ANOVA with Fisher’s Least Significant Difference (LSD) post hoc analysis was used to analyse the results of the behavioural tests of SOD1*G93A mice (body weight, SHIRPA test, modified pole test). One-way measurement ANOVA with Fisher’s least significant difference (LSD) post hoc analysis was used to analyse the results of the histochemical analysis.
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Figure 1. RD2RD2 treatment prevented further significant progression of motor phenotype in SOD1*G93A mice. Changes in absolute body weight (g) over time during treatment revealed significant differences between transgenic and non-transgenic mice (a). Analysis of the SHIRPA test battery to evaluate the phenotypic development of RD2RD2- and placebo-treated SOD1*G93A mice resulted in halt of phenotype progression upon treatment (b). Subdivision of the SHIRPA parameters into a motor score revealed significant inhibition of motor symptom progression in RD2RD2- vs. placebo-treated SOD1*G93A (c). Pole test analysis (d) resulted in significant conservation of motor skills in RD2RD2-treated mice, whereas the motor deficits progressed further in placebo-treated mice. All non-transgenic mice exhibited normal motor function throughout the experimental period. Data is presented as mean ± SEM. Statistical calculations were conducted by two-way RM ANOVA with Fisher’s LSD post hoc analysis, non-transgenic mice (ntg) n = 13, RD2RD2 n = 12 and placebo n = 10 for each test. Lozenges and asterisks (*) indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: ## p < 0.01, ### p < 0.001 and RD2RD2 vs. placebo: * p = 0.05, ** p < 0.01, *** p < 0.001). 






Figure 1. RD2RD2 treatment prevented further significant progression of motor phenotype in SOD1*G93A mice. Changes in absolute body weight (g) over time during treatment revealed significant differences between transgenic and non-transgenic mice (a). Analysis of the SHIRPA test battery to evaluate the phenotypic development of RD2RD2- and placebo-treated SOD1*G93A mice resulted in halt of phenotype progression upon treatment (b). Subdivision of the SHIRPA parameters into a motor score revealed significant inhibition of motor symptom progression in RD2RD2- vs. placebo-treated SOD1*G93A (c). Pole test analysis (d) resulted in significant conservation of motor skills in RD2RD2-treated mice, whereas the motor deficits progressed further in placebo-treated mice. All non-transgenic mice exhibited normal motor function throughout the experimental period. Data is presented as mean ± SEM. Statistical calculations were conducted by two-way RM ANOVA with Fisher’s LSD post hoc analysis, non-transgenic mice (ntg) n = 13, RD2RD2 n = 12 and placebo n = 10 for each test. Lozenges and asterisks (*) indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: ## p < 0.01, ### p < 0.001 and RD2RD2 vs. placebo: * p = 0.05, ** p < 0.01, *** p < 0.001).



[image: Molecules 26 01590 g001]







[image: Molecules 26 01590 g002 550] 





Figure 2. RD2RD2 administration resulted in a non-significant shift of disease onset of SOD1*G93A mice. Assessment of disease was performed three times a week from the start of the experiment. Disease onset is defined as first defects detectable in hind limb splay and an increasing tremor. RD2RD2-treated SOD1*G93A mice had a delayed onset of disease symptoms vs. placebo group. One treated mouse did not develop a tremor in hind limbs until the end of the experiment. Statistical calculations were conducted by Kaplan–Meier survival analysis and the log-rank analysis, RD2RD2 n = 12 and placebo n = 10. 
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Figure 3. Immunohistochemical investigations revealed a reduction of neuroinflammation in RD2RD2-treated SOD1*G93A mice. Analysis of activated microglia and astrocytes in brain stem and lumbar spinal cord showed significant reduction of neuroinflammation (staining with CD11b and GFAP antibodies with subsequent quantification of glia cells). Presentation of the analysed cells, brain and lumbar spinal cord are given on the right (microglia: a,e–g = brain stem and b,h–j = lumbar spinal cord; astrocytes: c,k–m = brain stem and d,n–p = lumbar spinal cord). Data is presented as mean ± SEM. Statistical calculations were conducted by one-way ANOVA with Fisher’s LSD post hoc analysis, CD11b: ntg n = 13, RD2RD2 n = 12, placebo n = 10 (brain stem) and ntg n = 11, RD2RD2 n = 11, placebo n = 10 (lumbar spinal cord) and GFAP: ntg n = 13, RD2RD2 n = 11, placebo n = 9 (brain stem) and ntg n = 12, RD2RD2 n = 10, placebo n = 8 (lumbar spinal cord). Lozenges (#) and asterisks (*) indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: # p = 0.05, ## p = 0.01, ### p < 0.001 and RD2RD2 vs. placebo: * p = 0.05, *** p < 0.001). IR: immunoreactivity. Circles: placebo-treated ntg; triangles: RD2RD2-treated SOD1*G93A mice and squares: placebo-treated SOD1*G93A mice. 
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Figure 4. Treatment with RD2RD2 rescued significantly neurons in the motor cortex of SOD1*G93A mice. Analysis of neurons in the brain stem (a) and motor cortex (b) revealed a significant loss in placebo-treated SOD1*G93A mice, while the count of neurons in RD2RD2-treated mice was similar to the count of non-transgenic mice. Data is presented as mean ± SEM. Statistical calculations were conducted by one-way ANOVA with Fisher’s LSD post hoc analysis, ntg n = 11, RD2RD2 n = 11, placebo n = 8 (brain stem) and ntg n = 10, RD2RD2 n = 10, placebo n = 10 (motor cortex). Lozenges and asterisks (*) indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: ## p = 0.01 and RD2RD2 vs. placebo: * p = 0.05). IR: immunoreactivity. Circles: placebo-treated ntg; triangles: RD2RD2-treated SOD1*G93A mice and squares: placebo-treated SOD1*G93A mice. 
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Figure 5. Analysis of the M. gastrocnemius in SOD1*G93A mice. Weighing of the M. gastrocnemius of both hind limbs revealed a significant difference between non-transgenic and transgenic mice, but not between treatment groups (a). A first staining of muscle slices was conducted with haematoxylin and eosin (H&E) to assess muscle degeneration (b). Data is presented as mean ± SEM. Statistical calculations were conducted by one-way ANOVA with Fisher’s LSD post hoc analysis, ntg n = 13, RD2RD2 n = 12 and placebo n = 10. Lozenges indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: ### p < 0.001). Circles: placebo-treated ntg; triangles: RD2RD2-treated SOD1*G93A mice and squares: placebo-treated SOD1*G93A mice. 
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Table 1. Evaluation of immunolabelling in brain and lumbar spinal cord of SOD1*G93A mice revealed a decrease of gliosis after treatment with RD2RD2. Data is presented as mean ± SEM. Statistical calculations were conducted by one-way ANOVA with Fisher’s LSD post hoc analysis. Lozenges (#) and asterisks (*) indicate a significance between treatment groups (ntg vs. RD2RD2 or ntg vs. placebo: # p = 0.05, ## p = 0.01, ### p < 0.001 and RD2RD2 vs. placebo: * p = 0.05, *** p < 0.001).
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IR 1

	
Area

	
ntg

	
RD2RD2

	
Placebo

	
Statistic (One-Way ANOVA Analysis of Variance)






	
CD11b (%)

	
brain stem

	
1.21

± 0.13

	
2.41

± 0.28 #, ***

	
4.29

± 0.54 ###

	
F(2,32) = 22.02, p < 0.001

ntg vs. RD2RD2 p = 0.011

ntg vs. placebo p < 0.001

RD2RD2 vs. placebo p < 0.001




	
lumbar

spinal cord

	
0.46

± 0.07

	
1.00

± 0.23

	
1.57

± 0.44 ##

	
F(2,29) = 3.96, p = 0.030

ntg vs. RD2RD2 p = 0.175 (ns)

ntg vs. placebo p = 0.009

RD2RD2 vs placebo p = 0.156 (ns)




	
GFAP (%)

	
brain stem

	
1.43

± 0.16

	
3.23

± 0.37 ##, *

	
4.68

± 0.88 ###

	
F(2,30) = 11.62, p < 0.001

ntg vs. RD2RD2 p = 0.009

ntg vs. placebo p < 0.001

RD2RD2 vs. placebo p = 0.049




	
lumbar

spinal cord

	
0.73

± 0.08

	
1.69

± 0.4 *

	
3.16

± 0.6 ###

	
F(2,27) = 10.93, p < 0.001

ntg vs. RD2RD2 p = 0.060 (ns)

ntg vs. placebo p < 0.001

RD2RD2 vs. placebo p = 0.011




	
NeuN

(counts)

	
brain stem

	
450

± 42.3

	
406

± 31.8 ##, *

	
343

± 46.4 ###

	
F(2,27) = 1.66, p = 0.208

ntg vs. RD2RD2 p = 0.002

ntg vs. placebo p < 0.001

RD2RD2 vs. placebo p = 0.021




	
motor cortex

	
947

± 42.8

	
924

± 32.9 *

	
784

± 42.6 ##

	
F(2,27) = 4.92, p = 0.015

ntg vs. RD2RD2 p = 0.677 (ns)

ntg vs. placebo p = 0.007

RD2RD2 vs. placebo p = 0.020








1 IR: immunoreactivity.
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