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Abstract

:

The current knowledge on pathogenic mechanisms in amyotrophic lateral sclerosis (ALS) has widely been derived from studies with cell and animal models bearing ALS-linked genetic mutations. However, it remains unclear to what extent these disease models are of relevance to sporadic ALS. Few years ago, we reported that the cerebrospinal fluid (CSF) from sporadic ALS patients contains toxic factors for disease transmission in mice via chronic intracerebroventricular (i.c.v.) infusion. Thus a 14-day i.c.v. infusion of pooled CSF samples from ALS cases in mice provoked motor impairment as well as ALS-like pathological features. This offers a unique paradigm to test therapeutics in the context of sporadic ALS disease. Here, we tested a new Withaferin-A analog (IMS-088) inhibitor of NF-κB that was found recently to mitigate disease phenotypes in mouse models of familial disease expressing TDP-43 mutant. Our results show that oral intake of IMS-088 ameliorated motor performance of mice infused with ALS-CSF and it alleviated pathological changes including TDP-43 proteinopathy, neurofilament disorganization, and neuroinflammation. Moreover, CSF infusion experiments were carried out with transgenic mice having neuronal expression of tagged ribosomal protein (hNfL-RFP mice), which allowed immunoprecipitation of neuronal ribosomes for analysis by mass spectrometry of the translational peptide signatures. The results indicate that treatment with IMS-088 prevented many proteomic alterations associated with exposure to ALS-CSF involving pathways related to cytoskeletal changes, inflammation, metabolic dysfunction, mitochondria, UPS, and autophagy dysfunction. The effective disease-modifying effects of this drug in a mouse model based on i.c.v. infusion of ALS-CSF suggest that the NF-κB signaling pathway represents a compelling therapeutic target for sporadic ALS.
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1. Introduction


ALS is a fatal neurodegenerative disease associated with motor neuron degeneration and muscular atrophy. The disease currently lacks effective treatments. Mutations in several genes have been implicated in familial ALS including SOD1, C9ORF72, FUS, UBQLN2, SQSTM1, ATXN2, OPTN, VCP, VAPB, DCTN1, and TARDBP encoding TAR DNA-binding protein 43 (TDP-43) [1]. Some of the genetic mutations linked to familial ALS have also been detected at low frequency in sporadic ALS (sALS) [1,2,3]. Yet, for the most part the etiology of sALS remains unknown. Most of the knowledge on ALS pathogenic mechanisms has been derived from studies with animal models bearing ALS-linked genetic mutations [4], but it remains unclear whether these disease models are of relevance to sporadic ALS (sALS).



A key pathological hallmark of both familial and sporadic ALS, which is also found in subsets of frontotemporal dementia (FTD) and Alzheimer’s disease, is the cytoplasmic accumulation and aggregation of TDP-43. There are reports suggesting that such TDP-43 proteinopathy may occur through self-seeding prion-like mechanisms and exosome transmission [5]. This concept of disease propagation is supported by the finding that human TDP-43 WT protein potentiated pathology when co-expressed with mutant TDP-43Q331K in transgenic mice [6]. Few years ago, it was proposed that the cerebrospinal fluid (CSF) from ALS patients may contain toxic factors for the spreading of disease [7]. To test this hypothesis, our group has carried out chronic intracerebroventricular (i.c.v.) infusion of CSF samples from sporadic ALS patients or controls into mice expressing human TDP-43 WT transgene which do not develop pathological features [8]. A 14-day infusion of ALS-CSF in these mice provoked ALS-like pathological features [8]. Thus, the ALS-CSF infusion in human TDP-43 transgenic mice offers a unique paradigm for testing therapeutics aiming to mitigate pathology in the context of sporadic ALS disease.



Here, we have used the ALS-CSF-infused mice to investigate the effects of a novel semi-synthetic Withaferin-A derivative called IMS-088. Withaferin-A, an active steroid lactone derived from Withania somnifera, was found previously to confer therapeutic benefits in different mouse models expressing ALS-linked mutant SOD1 or mutant TDP-43 proteins [9,10,11]. Withaferin-A acts as an antagonist of nuclear factor kappa-B (NF-κB) essential modulator (NEMO) [12]. We recently reported that inhibition of NF-κB, either with a super-repressor Iκ-B construct or by Withaferin-A treatment, led to induction of autophagy with ensuing reduction of TDP-43 proteinopathy in the brain and spinal cord of transgenic mice expressing human TDP-43 mutants [10,13]. Furthermore, oral administration of the 4-O-methyl Withaferin-A analog (called IMS-088), which is better tolerated than Withaferin-A in mice, was found to mitigate TDP-43 pathology, neurofilament abnormalities, and neuroinflammation in transgenic mice expressing TDP-43 mutants [14]. The IMS-088 analog also alleviated ALS-associated phenotypes in transgenic mice expressing FUSR521G mutant [15]. Here, we report that oral intake of Withaferin-A analog IMS-088 ameliorated motor performance and pathological changes in hTDP-43WT mice infused with ALS-CSF. Of particular interest is the finding that IMS-088 treatment mitigated TDP-43 proteinopathy induced by ALS-CSF infusion in hTDP-43WT mice. Moreover, IMS-088 rescued in part the neurofilament disorganization and neuronal translational defects triggered by infusion of ALS-CSF.




2. Materials and Methods


2.1. CSF Sample Collection and Study Groups


We obtained informed consent and collected CSF samples from patients diagnosed with ALS (ALS-CSF; n = 10; mean age 58.3 years) as well as from age-matched control subjects with normal pressure hydrocephalus pathology (NALS-CSF, n = 5; mean age 67.6 years) [8]. Both, the ALS-CSF as well as the NALS-CSF samples were separately pooled for investigation.



We studied the effect of CSF in two different mouse models for their potential in eliciting ALS-like pathology, namely non-transgenic C57BL6 mice (WT; n = 24 males; mean age 300 ± 20 days; Charles River Laboratories; Montreal, QC, Canada) and C57BL6 mice overexpressing human gene for TDP-43 (hTDP-43WT; n = 15 males and 12 females; mean age 254 ± 54 days; a kind gift from Christopher E Shaw, Kings College London).



The study consisted of three groups. The control group received intracerebroventricular (i.c.v.) infusion of pooled NALS-CSF (NALS group). Another group received i.c.v infusion of the pooled ALS-CSF and served as the diseased group (ALS group), whereas a third group received ALS-CSF infusion followed by oral administration of IMS-088, serving as the treatment group (ALS-IMS group).




2.2. Surgical Procedure and CSF Infusion


The i.c.v. delivery of CSF samples was done as previously reported [8]. Briefly, mice were anesthetized with 2% isoflurane in 100% oxygen at a flow rate of 2 L/min and placed in a stereotaxic apparatus. The sample administration with an Alzet osmotic mini-pump model 1002 (Durect, Cupertino, CA, USA) was carried out for 2 weeks at a rate of 0.25 μL/h. Then the behavioral experiments were conducted followed by euthanasia to investigate the molecular and histological pathology.




2.3. IMS-088 Administration


IMS-088 of approximately 98% purity was synthesized by Phyton Biotech (Delta, BC, Canada) from Withaferin-A derived from Withania somnifera biomass/root extract. IMS-088 was first dissolved in dimethylsulfoxide (DMSO) and diluted with 2% Tween 80 in saline at concentration of 5 mg/mL. The final concentration of DMSO was 5%. Transgenic hTDP-43WT and non-transgenic (C57BL/6NCrl, Charles River) mice were anesthetized (Isoflurane) and administered with IMS-088 (30 mg/kg) by intragastric gavage, 48 h after the osmotic pump implantation for CSF delivery and then once daily for the following 13 days.




2.4. Behavioral Analyses


We performed an open field test (OFT) for assessment of the locomotor activity [8]. After being placed in the OFT chamber, the mice were video-recorded in trials of 5 min, using the VersaMax System and VersaPlot software (AccuScan Instruments, Inc., Columbus, OH, USA).




2.5. Tissue Collection


The mice were anesthetized with 10 μL/g pentobarbital (12 mg/mL) and euthanized by cervical dislocation. The spinal cord lumbar samples were dissected and stored at −80 °C for protein analysis. The tibialis anterior (TA) muscle tissues were collected and snap frozen to obtain 16 µm thick cryosections for Hematoxylin and Eosin (H and E) staining. For microscopy analysis, mice were transcardially perfused with PBS followed by fixation with 4% paraformaldehyde. Spinal cord, brain, and muscle samples were post-fixed overnight in 4% paraformaldehyde and equilibrated in a solution of PBS-sucrose (30%) for 48 h. Spinal cord lumbar region and brain tissues were then cut into 25 µm-thick sections with a Leica frozen microtome and stored at −20 °C. Muscle cryosections (16 µm thick) were prepared on a cryostat and stored at −20 °C.




2.6. Microscopy and Quantitative Analysis


H and E staining for muscle tissue was undertaken as previously reported [8]. Images were captured with the Leica DMI 6000B microscope (Leica Microsystems Inc., Richmond Hill, ON, Canada). The cross-sectional area of the muscles was measured with the particle analysis feature of ImageJ (FIJI). The area for each fiber was measured and a frequency distribution curve was produced. At least three sections per mouse were considered for analysis (n = 3 per group in triplicates).



Nissl staining was undertaken using fixed spinal cord sections according to a published protocol [8]. The quantification of neurons was carried out using a size-based filter above 250 μm2 to select motor neurons (n = 3 per group in triplicates).



For immunofluorescence microscopy, the brain and spinal cord sections were exposed to antigen retrieval 0.01 M citrate buffer (pH 6.0), washed twice with PBS, and blocked with 3% goat serum in 0.2 M TBS (pH 7.4). The sections were incubated with the primary antibodies (Table 1) overnight in TBS-Triton-X, followed with treatment with suitable fluorophore-tagged secondary antibody for 2 h (n = 3 per group in triplicates). The tissue sections were then washed with TBS-Triton-X and incubated with DAPI for 5 min, when applicable. The sections were then mounted with anti-fade mounting media and analyzed by confocal laser microscope (Nikon, Tokyo, Japan).



The integrated density of TDP-43 in the soma and nucleus of individual neurons was measured using the ImageJ (FIJI) as previously described [8]. The mitofilin staining was quantified in at least three sections per mouse using the particle analysis.



The muscles were stained for the neuromuscular junctions (NMJs) with α-Bungarotoxin antibody labeled with Alexa-594 (Invitrogen ThermoFisher, USA) and Anti Neurofilament (NF)-L antibody (MilliporeSigma, Oakville, ON, Canada) followed by a secondary antibody labeled with Alexa 488 (Table 1). The analysis was carried out by counting the number of fully and partially denervated NMJs from at least four sections per mouse and three mice per group. The average area of NMJs was calculated using the particle analysis of ImageJ (FIJI).




2.7. Immunoblotting


The snap-frozen spinal cord tissues were suspended in RIPA buffer. Insoluble and soluble fractions were obtained as previously described [8]. The protein extracts were fractionated by SDS-PAGE following by transfer on nitrocellulose membrane (LI-COR Biosciences, Lincoln, NE, USA). The membranes were probed with relevant antibodies (Table 1) followed by incubation with appropriate IR-conjugated (LI-COR Biosciences, USA), fluorescent-tagged, or HRP-conjugated secondary antibodies and visualized using Biorad Imager (Bio-Rad Laboratories, Hercules, CA, USA) (n = 3 per group in triplicates). The band intensities were measured with the Image lab 6.0 software (Bio-Rad Laboratories, USA) and normalized against appropriate loading control (GAPDH) or Revert total protein stain (LI-COR Biosciences, USA).




2.8. EDTA-Translational Affinity Purification (TRAP) Protocol


To determine the molecular signatures of neurons, we used the EDTA-TRAP approach with the hNfL-RFP mouse model previously described [8]. Briefly, on the 15th day post CSF infusion, freshly translated peptides were extracted from neuronal ribosomes from three mice per group and pooled to achieve optimal concentration for each group. From each pool, we used three technical replicates (n = 3 in technical triplicates). Briefly, lumbar spinal samples were collected and quickly homogenized in tissue lysis buffer. The samples were incubated with the anti-RFP agarose affinity resin (ChromoTek, Planegg-Martinsried, Germany) and the beads containing neuronal ribosomes were resuspended in EDTA-elution buffer to release the nascent peptides. The supernatant containing neuronal peptides was quantified with the Bradford assay and same amount of peptides was analyzed by Orbitrap fusion mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA).




2.9. Mass Spectrometry (MS) and Translatome Analysis


The peptide samples in triplicates (750 ng) from each group were prepared and processed for electrospray MS as described previously [8]. The analyses were carried out by the Proteomics Platform of the Eastern Quebec Genomic Center, CHU de Quebec, Canada. Quantification Spectra were searched against a mouse proteins database (UniprotKB—84,675 sequences). Only changes higher or lower than 1.5 folds with adjusted p < 0.05 were considered significantly dysregulated. The altered peptides were utilized to produce PCA plots, comparative heatmaps, and Venn diagrams across the groups. Peptides (genes) differentially expressed in the ALS v/s ALS-IMS group were further used to generate biological networks using the Gene Ontology (GO) cellular component in the FunRich analysis software (version 3.13) [16]. Only significantly enriched leading terms with corrected p-value (p < 0.0; Bonferroni method) were considered for the comparison. Further, to understand the processes altered by the administration of IMS-088 to ALS-CSF-infused animals, we generated an enrichment network using the Reactome database with the help of the online tool called Network Analyst [17].




2.10. Study Approval


All experiments were approved by the animal care ethics committee of Laval University (2016060-2) in accordance with the Canadian Council on Animal Care. CSF samples were collected at ALS Clinic of CHU de Quebec after written consent in accordance with the guidelines of the institutional human ethics committee.




2.11. Statistics


Statistical analyses were carried out with GraphPad Prism 8.0 (GraphPad, Inc., San Diego, CA, USA), using a one- or two-way ANOVA with Tukey’s post-hoc test or Bonferroni post-hoc test. The results are presented as mean ± SEM and were considered significant when * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 NALS v/s ALS, NALS v/s ALS-IMS, ALS v/s ALS-IMS; or $ p < 0.05, $$ p < 0.01, $$$ p < 0.001, $$$$ p < 0.0001 ALS v/s ALS-IMS, as specified.





3. Results


3.1. IMS-088 Treatment Ameliorates Motor Function of Mice Infused via i.c.v. with ALS-CSF


The hTDP-43WT transgenic mice at 8 months of age were infused via i.c.v. with CSF samples from ALS patients or non-ALS controls (NALS) using mini-osmotic pumps. At 48 h after osmotic pump implantation, a group of mice (n = 6) infused with ALS-CSF received IMS-088 (30 mg/kg) by intragastric gavage and then once daily for another 13 days. The other group (n = 8) infused with ALS-CSF received vehicle treatment. At day 15 after pump implantation, we monitored the locomotory behavior of hTDP-43WT transgenic mice and C57BL6 WT (B6WT) mice under different experimental conditions through OFT analysis (Figure 1A–C). IMS-088 administration was found to rescue the loss of locomotor ability in the mice infused with ALS-CSF, as measured through total distance traveled (Figure 1B) as well as horizontal activity (Figure 1C). The OFT analysis also revealed the enhanced vulnerability of hTDP-43WT mice to ALS-CSF treatment when compared to the WT mice. ALS-CSF infusion reduced the locomotor ability in the hTDP-43WT mice by ~40%, whereas the reduction in the locomotor ability of B6WT mice in response to ALS-CSF was ~23% (Figure 1B). IMS-088 treatment fully restored the locomotor ability in the hTDP-43WT and B6WT mice. Similarly, the reduction in horizontal activity in response to ALS-CSF for the hTDP-43WT and WT mice was 31% and 17%, respectively, with a rescue percentage with IMS-088 for both mice being 97% (Figure 1C).



The changes observed in the locomotor patterns was also reflected in the muscle pathology across the groups. H and E staining revealed reduction in the cross-sectional area (Figure 1D,E), as well as the average size of the muscle fibers observed in response to ALS-CSF, which was significantly ameliorated by IMS-088 administration (Figure 1F). Further, the neuromuscular junctions (NMJs) were examined following immunostaining of the presynaptic (anti-NFL, green) and postsynaptic (anti Btx, red) components (Figure 1G). We performed an analysis of the fully or partially innervated, as well as the denervated NMJs in each experimental group. While ALS-CSF infusion in hTDP-43WT mice caused the complete denervation of 70% NMJs (ALS-CSF vs. NALS-CSF), IMS-088 mitigated the effects of ALS-CSF on NMJs by reducing full denervation to only 25% (ALS-IMS vs. NALS). We also observed significant increase of partial innervation by IMS-088 treatment (~23% ALS-IMS vs. ALS, p = 0.0256), suggesting that the compound was able to prevent NMJs from total loss of function (Figure 1H).



However, in the B6WT mice we observed a relatively milder muscular pathology triggered by ALS-CSF infusion with a partial and complete loss of innervation amounting to ~44% (ALS vs. NALS), which was only partially reversed by IMS-088 administration (Figure 1H). It is noteworthy that there was a significant increase in the NMJ size for both mouse models in response to IMS-088 (Figure 1I), suggesting a compensatory effect of IMS-088 treatment on the synaptic plasticity within the surviving NMJs [18]. These data combined with the OFT observations of motor impairment further validated the strong phenotype of the hTDP-43WT mice model with ALS-CSF infusion. Therefore, we have focused on the hTDP-43WT mouse model for subsequent experiments, except for analyses of the neuronal translational profiles (Figure 5) which included WT mice to understand the specific effects of CSF on the less susceptible neuronal tissues.




3.2. IMS-088 Mitigated Spinal Neuronal Loss and Neurofilament Disorganization in hTDP-43WT Mice Infused with ALS-CSF


At day 15 after initiation of i.c.v. infusion of CSF samples in hTDP-43WT mice, we counted motor neurons based on the size (>250 µm2) in the spinal cord sections stained with Cresyl Violet (Figure 2A–C) or with NeuN (Figure 2D,E). The results revealed a protective effect of IMS-088 treatment. The number of neurons was 19% higher (p = 0.0580) in spinal cord samples from IMS-088-treated mice when compared to vehicle-treated mice, although the result marginally missed the statistical significance threshold (Figure 2C). In accordance, IMS-088 treatment prevented the induction of Caspase-3 expression by ALS-CSF as revealed by immunoblotting (Figure 2F). The motor neuron counts by immunofluorescence microscopy with anti-ChAT antibody (Figure 2G,H) revealed a trend of increase in ChAT-positive neurons in the IMS-088-treated group when compared to the vehicle-treated group (~29% higher in ALS-IMS-088 v/s ALS-vehicle). However, immunoblot analysis showed that IMS-088 treatment did not prevent the downregulation of ChAT levels triggered by exposure to ALS-CSF (Figure 2I).



To further understand the extent of neuronal damage in response to ALS-CSF, as well as the effectiveness of IMS-088 in ameliorating neuronal pathology, we examined the distribution by immunofluorescence microscopy and expression levels of neurofilament NfL, NfM, and NfH proteins by immunoblotting of spinal cord extracts. ALS-CSF infusion in hTDP-43WT mice provoked a mislocalization of NfL and NfM in the soma of neurons (Figure 2J, white arrowheads), with depletion of these proteins in neurites and axons. Remarkably, IMS-088 treatment rescued in part the misdistribution of Nfl and NfM proteins triggered by ALS-CSF exposure. For NfH immunodetection, we used an antibody that detects both phosphorylated and dephosphorylated NfH-chain (Millipore #MAB5266). Immunostaining of the spinal cord with this antibody yielded a NfH immunostaining in neuronal soma and axons in the control NALS-CSF-infused mice (Figure 2J). In contrast, the ALS-CSF-treated mice exhibited reduced NfH immunostaining in the soma of neurons (Figure 2J). The perikaryal NfH distribution was recovered by IMS-088 administration (Figure 2J). When analyzed by immunoblotting, the spinal cord levels of NfL (Figure 2K), NfM (Figure 2L), and NfH (Figure 2M) were decreased by ~50% in response to ALS-CSF infusion in TDP-43WT mice. However, treatment with IMS-088 failed to restore normal levels of NF proteins. Our interpretation is that IMS-088 was able to alleviate the abnormal distribution of NF proteins in soma and axons triggered by ALS-CSF exposure, but there was some irreversible loss of NF proteins due to neuronal death after ALS-CSF infusion, especially before initiation of treatment with IMS-088 at two days after beginning of i.c.v. infusion of ALS-CSF (Figure 2A–H).




3.3. IMS-088 Treatment Rescued TDP-43 Proteinopathy Associated with ALS-CSF Infusion


As abnormal cytoplasmic aggregation of TDP-43 is a most prominent pathological feature of ALS [19,20], we examined the effect of IMS-088 on TDP-43 proteinopathy triggered by ALS-CSF infusion in hTDP4WT mice. In the ALS-CSF group treated with vehicle, immunofluorescence microscopy with anti-TDP-43 antibody revealed cytoplasmic mislocalization and aggregation of TDP-43 in spinal neurons (Figure 3A, red). Remarkably, oral administration of IMS-088 rescued the TDP-43 pathology triggered by ALS-CSF infusion in hTDP-43WT mice. Quantification of the nuclear to cytoplasmic ratio of TDP-43 immunofluorescence signal further corroborated the rescue of protein mislocalization by IMS-088 treatment. In the IMS-088-treated group, the nuclear to cytoplasmic ratio of TDP-43 was significantly higher than the vehicle-treated group, and comparable to that of the NALS group (Figure 3B). Furthermore, RIPA-insoluble fractions from the spinal lysates were immunoblotted with anti-TDP-43 antibody to assess the level of aggregated TDP-43. Two distinct TDP-43 bands corresponding to the endogenous mouse TDP-43 aggregates (~43 kDa) and to the Myc-tagged human TDP-43 (~45 kDa) were detected in the insoluble fractions (Figure 3C). The levels of both TDP-43 species in the insoluble fractions were increased in response to ALS-CSF, whereas IMS-088 treatment reduced levels of insoluble TDP-43 to those found in NALS group (Figure 3C).



Phosphorylation of TDP-43 is another feature of ALS pathology [21]. Using antibody against phospho-TDP-43 (Cosmobio P01), immunoblotting of spinal cord extracts revealed that ALS-CSF infusion in hTDP-43WT mice increased the levels of phosphorylated TDP-43 species (human and mouse) recovered in the soluble and insoluble fractions (Figure 3D,E). IMS-088 treatment of ALS-CSF-infused hTDP-43WT mice restored levels of phospho-hTDP-43 to those found in NALS-CSF-infused hTDP-43WT mice.



Increased levels of peripherin expression and aggregation in response to ALS-CSF have been reported previously [8,22]. Here, in ALS-CSF-infused hTDP-43WT mice, peripherin accumulations were also detected by immunofluorescence in spinal motor neurons (Figure 3A, green arrowhead). Interestingly, subsets of peripherin inclusions co-localized with TDP-43 immunostaining (red) in the merge picture suggesting interactions between some pathological forms of peripherin and TDP-43 in the neuronal cytoplasm (Figure 3A, yellow aggregates in the merge picture).




3.4. Reduced Neuroinflammation in Mice Treated with Withaferin-A Derivative


Since Withania somnifera extracts and Withaferin-A exhibited anti-inflammatory effects in various models of ALS and FTLD [10,11,23], we investigated the effect of the derivative IMS-088 on neuroinflammation in ALS-CSF-infused hTDP-43WT mice (Figure 4). Spinal cord sections were immunostained for the microglial marker Iba1 (Figure 4A, green) and astroglial marker GFAP (Figure 4A, red). There was an increase in the number of Iba1- and GFAP-positive cell bodies in the ALS-CSF-infused group, which was rescued by IMS-088 treatment. Quantification of the Iba1 immunostaining further validated the increased number (Figure 4B) and average size (Figure 4C) of microglial cells in the ALS-CSF-infused group. IMS-088 administration reverted the microgliosis triggered by ALS-CSF exposure (Figure 4C).



Moreover, we performed a thorough analysis of morphological changes of the microglia population to further understand the nature of activation. A detailed study by Morrison et al. [24] attempted to associate morphological changes in microglia with their activation status as well as spatial and temporal relevance in their model of traumatic brain injury [24]. Taking this study as a reference, we compared the morphological status of microglia in our experiment (Figure 4D–F). We used skeleton (Figure 4D) and fractal analyses (Figure 4E), to determine the endpoints, fractal dimensions, and span ratio for each cell, which denoted the state of its ramification, complexity, and shape, respectively. Please note that although the skeleton analysis for endpoints was performed without applying the ‘fill holes’ feature while skeletonizing the images, the image has made use of the feature to highlight the morphological difference across the groups (Figure 4D). The results indicated patterns of ALS replicates distinct from NALS-CSF and ALS-CSF-IMS-088 groups (Figure 4F); with cells acquiring more de-ramified hypercomplex or de-ramified rod-shaped morphology in response to ALS-CSF. The microglial activation of the ALS-CSF-treated group loosely resembled that of the microglial diversity on day 7 at the site impact of a brain injury representing a state of chronic inflammation [24]. Although there is some overlap between NALS-CSF and ALS-CSF-IMS-088 replicates, the ALS-CSF-IMS-088 group had distinctive microglial morphology reminiscent of a mix of ramified and rod-shaped morphology in contrast to the ramified and less complex morphology seen in the NALS-CSF group (Figure 4F).



To investigate the activation status of the microglial cells, we further analyzed the spinal cord for the activation marker CD68 and ALS-specific microglial protein Chit1 [25] (Figure 4E). Quantification of the results revealed an increase of CD68-positive cells in spinal cord sections of ALS-CSF-treated group (Figure 4G,H) which was corroborated with an increase of CD68 levels by immunoblotting of spinal cord lysates (Figure 4J). The CD68 increase in ALS-CSF-infused mice was rescued by IMS-088 administration. We also observed by immunofluorescence an increase in the Chit1-positive cells in response to ALS-CSF infusion, but this remained unchanged by IMS-088 administration (Figure 4G,I). The immunoblot analysis for Chit1 revealed increased expression of the precursor form of Chit1 (~51 kDa) in both vehicle- and IMS-088-treated ALS-CSF groups (Figure 4K). However, the increased expression of its enzymatically active form (~39 kDa) [26] in response to ALS-CSF was mitigated by IMS-088 administration (Figure 4K).



Concomitant to microglial activation, we also observed astroglial activation in the form of increased GFAP-positive cells (Figure 4A) as well as expression levels of GFAP (Figure 4L), both of which were rescued by IMS-088 administration. These results convincingly demonstrate the anti-inflammatory effects of IMS-088 administration in this mouse model based on ALS-CSF infusion.




3.5. Proteome of Spinal Neurons Reveals Multiple Pathways Associated with Therapeutic Effects of IMS-088 in ALS Pathology


To further investigate in this mouse model the effects of IMS-088 on the molecular profiles/proteome of neuronal cells, we used an EDTA-TRAP protocol involving the immunoprecipitation of polyribosome complex with the attached mRNA and nascent peptide chains in a cell-specific manner. We have previously reported the altered translational profiles of spinal neurons from doubly transgenic hTDP-43WT whereby hNf-RFP mice after i.c.v. infusion of ALS-CSF express HA-RFP1-tagged rpl10 ribosomal protein [8]. Here, we have examined the translational profiles of single transgenic hNfL-RFP mice infused with NALS-CSF, ALS-CSF, or ALS-CSF with IMS-088. For each group, we pooled spinal cords (lumbar region) from three different mice to achieve optimal protein levels for the experiment (n = 3). The newly translated peptides bound to ribosomes were extracted and analyzed by mass spectrometry. For the analysis, three technical replicates were taken from each pool.



A heat map produced from the altered proteins revealed significant variations in the translational patterns of ALS-CSF groups compared to NALS-CSF, where most of the significantly altered proteins were downregulated (Figure 5A) in ALS replicates. Many of the proteins altered in ALS groups reverted to levels comparable to the NALS group upon IMS-088 administration (Figure 5A). The difference between the translational profiles was further evident through principal component analysis (PCA), where we observed distinctive patterns of protein translation in each group (Figure 5B). Both, the heatmap and the PCA analysis suggested an intermediate translational profile of ALS-IMS, reminiscent of the partial and complete rescue that we observed with the neurodegeneration, IF disorganization, and TDP-43 pathology (Figure 2 and Figure 3). Out of 453 proteins downregulated in ALS groups (ALS v/s NALS), 178 proteins were unique to ALS while 275 others were upregulated in the IMS-088 group (ALS-IMS v/s NALS), suggesting their complete rescue (Figure 5C). Similarly, only 38 out of 96 proteins upregulated in ALS (ALS v/s NALS) remained upregulated in the IMS-088 group as well (ALS-IMS v/s NALS), suggesting a complete rescue in the translation of nearly two-thirds of the upregulated proteins (Figure 5C). Interestingly, there were ~50 proteins uniquely altered (up or downregulated) in the IMS group (ALS-IMS v/s NALS), possibly hinting towards initiation of unique reparative processes (Figure 5C). To further expand on the understanding of the functions affected by these dynamic translational changes, we resorted to the categorization of the proteins specifically altered in the IMS groups in comparison to the ALS groups (ALS-IMS v/s ALS) into their respective cellular component and biological functions (Figure 5D,E). The GO cellular component terms corresponding to the dysregulated proteins indicated the involvement of cytoskeletal, mitochondrial, nuclear, synaptic, and proteasomal proteins in the rescue process mediated by IMS (ALS-IMS v/s ALS) (Figure 5D). Further, analysis of the biological processes (Reactome) revealed multiple pathways significantly implicated in the IMS-088-mediated mitigation of the ALS-CSF pathology converging on to glucose, nucleotide, and amino acid metabolism (glycolysis, gluconeogenesis, pyruvate metabolism, and Tricarboxylic acid cycle) (ALS-IMS v/s ALS). We also observed alteration of a class of proteins involved in multiple processes and pathways at the convergence of the ubiquitination–proteasome degradation, endosomal, and ER-phagosome pathway, indicating functional relevance of IMS-088 effects in pathways related to cellular and extracellular waste removal, toxin clearance, and antigen representation (ALS-IMS v/s ALS) (Figure 5E) [27]. Other significantly rescued processes involved apoptosis, reference acetylcholine neurotransmitter release cycle, regulation of mRNA stability, and glutathione conjugation (ALS-IMS v/s ALS) (Figure 5E).



These observations predominantly hinted towards the potential of IMS-088 to restore the imbalance in the energy homeostasis occurring in the hNfL-RFP mice exposed to ALS-CSF. Immunostaining of spinal cord sections of hTDP-43WT mice infused with NALS-CSF or ALS-CSF with or without IMS-088 further validated these observations (Figure 5F). While we observed an evenly localized punctate pattern of mitofilin staining (green) across all neurons in the NALS-CSF group, the staining pattern was uneven across the ALS-CSF group, with some neurons staining more intensely than others within the same field. In the stressed neuronal subpopulation with aggregated NfL in the soma (Figure 5F, red, white arrowheads, and yellow asterisks), the mitofilin staining was either heavily aggregated (Figure 5F, white arrowheads) or weekly stained (Figure 5F, yellow asterisks). IMS-088 administration appeared to reverse both aggregated mitofilin as well as aggregated NfL in the spinal neurons of mice infused with ALS-CSF. Moreover, analysis of the mitofilin aggregates using the particle analysis feature of ImageJ (FIJI) revealed an increase in the total number of cells/fields containing aggregates (Figure 5G), and the number of aggregates in these cells (Figure 5H) was significantly higher in the ALS group when compared to either NALS or ALS-IMS groups. The dysregulated mitochondrial physiology observed in the ALS group was also accompanied by an increase in the expression of PGC1α (~1.5 fold, ALS v/s NALS; Figure 5I), a transcription coactivator central to mitochondria homeostasis [28]. Interestingly, there was also a significant upregulation in the PGC1α expression (~2.4 fold, ALS-IMS v/s NALS; Figure 5I) which exceeded the upregulation observed in the ALS group (~1.7 fold, ALS-IMS v/s ALS; Figure 5I). Since PGC1α is upstream to various processes regulating mitochondrial physiology, these findings hinted towards a significant role of the rearrangement of the mitochondrial physiology in the protection conferred by IMS-088 in our present study.




3.6. Ubiquitin–Proteasome Pathway Was Rescued by IMS-088 Administration


Our observations of altered ubiquitin-mediated degradation pathways converging with phagosomal and endosomal pathways in the neuronal translatome led us to investigate the levels of ubiquitin (UBN) as well as sequestostosome1 (SQSTM1), a marker of proteasomal degradation [29,30]. Immunostaining for UBN revealed an aggregated pattern of the protein in the spinal cord sections in response to ALS-CSF. These UBN aggregates were attenuated upon treatment with IMS-088 (Figure 6A). To confirm this, we investigated the levels of UBN protein in the RIPA-insoluble fractions obtained from the spinal lysates. We observed increased UBN moieties as well as expression in the lane corresponding to ALS-CSF fractions, which included free UBN as well as UBN-conjugated proteins sequestered for degradation. We also observed more ubiquitinated bands in the lane corresponding to ALS fractions. Both the UBN conjugated moieties as well as the intensity of free UBN expression were attenuated in the IMS group compared to the ALS group (Figure 6B).



Similar to the UBN pathology, we observed peculiarities in SQSTM1 immunostaining in ALS-CSF groups (Figure 6C). The neuronal soma in response to ALS-CSF reflected unevenly distributed SQSTM1 staining (Figure 6C, yellow asterisk), SQSTM1 puncta (Figure 6C, white asterisk), and aggregate-laden neuronal processes (Figure 6C, white arrowheads). Interestingly, we observed sporadically non-neuronal cell bodies that were heavily laden with SQSTM1 aggregates (Figure 6C, yellow arrowheads) exclusively in the ALS-CSF group. In comparison, IMS-088 treatment conferred a partial recovery as the SQSTM1 pathology was mainly limited to axonal aggregation, while the non-neuronal-containing aggregates were absent, the large puncta became sparse, and the staining across neuronal soma was more evenly spread (Figure 6C, green asterisks). The partial restoration of SQSTM1 expression in the IMS-group as compared to the ALS group was significant, as confirmed by the quantitative analysis of the immunoblots from the RIPA-insoluble fractions across the groups (Figure 6D). These results indicated that both UBN–proteasome and the autophagy pathways were perturbed by ALS-infusion and that the restoration of these pathways was one of the modes of action of IMS-088-mediated protection.





4. Discussion


In a previous study, we reported that the CSF from sporadic ALS cases can transmit via i.c.v. infusion in hTDP-43WT mice an ALS-like disease with TDP-43 proteinopathy, neuroinflammation, cytoskeletal dysfunction, and metabolic dysfunction [8]. The toxic factors in the CSF of sporadic ALS patients responsible for the disease transmission remain to be elucidated. A report by Wong et al. identified apolipoprotein B-100 as a toxic agent in the ALS-CSF of disease transmission in mice by intrathecal injection [31]. However, other potential toxic factors cannot be excluded. Here, our results revealed that transgenic mice expressing human TDP-43WT are more vulnerable to toxicity of ALS-CSF than normal mice, especially in regard to extent of muscle denervation (Figure 1H). This would support a concept of TDP-43 oligomer seeding and propagation by TDP-43 species from ALS-CSF in a prion-like mechanism [5]. In any case, our finding of protective effects of an analog of Withaferin-A (IMS-088) in pathogenesis transmitted by ALS-CSF infusion suggests a key role of NF-κB signaling in degenerative pathways.



Oral administration of IMS-088 ameliorated the motor function of mice infused with ALS-CSF, as evident from analyses of locomotor activity and muscle integrity. IMS-088 treatment led to increased partial innervation in the ALS-CSF group as compared to the vehicle-treated ALS-CSF group. Concomitantly, we also observed hypertrophy of NMJs in response to IMS-088 (Figure 1I), a phenomenon also associated with physical exercise and recovery from peripheral nerve injuries, and which can be modulated by changes in the skeletal muscle physiology [32,33]. A partial restoration of integrity and enhanced plasticity of NMJs by IMS-088 likely contributed to the rescued motor behavior of the mice infused with ALS-CSF. A direct effect of the drug in muscle is possible as Withaferin-A was found to promote mitochondrial function in skeletal muscle [34].



In the present study, we started IMS-088 treatment two days after the initiation of i.c.v. ALS-infusion in mice, allowing the pathology to propagate for 48 h before treatment. This could explain a partial rescue of treatment on disease phenotypes. Accordingly, IMS-088 cannot restore irreversible damage due to neuron death and loss of NMJs. For instance, IMS-088 had a striking impact on neurofilament disorganization in mice infused with ALS-CSF. The ALS-CSF exposure led to substantial reduction in protein levels for NfL, NfM, and NfH (Figure 2K–M) and especially to important cytoplasmic mislocalization of NfL (Figure 2J). It is now well established that neurofilament disorganization can cause axonal transport defects, neuronal dysfunction, and synaptic defects [35,36,37,38]. Here, the decreased levels of NF proteins in ALS-CSF-infused mice might be caused in part by translational suppression of protein synthesis due to excess cytoplasmic TDP-43 binding to 3′-UTR of NF mRNAs [14]. The IMS-088 treatment was able to prevent the abnormal cytoplasmic NfL accumulations in spinal neurons induced by i.c.v. infusion of ALS-CSF. IMS-088 was effective in preventing loss of NfL distribution in neurites but it did not restore the total NfL levels, which is likely reflecting a neuronal loss which perhaps may have occurred in the two days preceding the initiation of drug treatment. IMS-088 was effective in mitigating TDP-43 proteinopathy and formation of peripherin aggregates in mice infused with CSF from sporadic ALS (Figure 3). Both IMS-088 and Withaferin-A were reported to alleviate TDP-43 pathology in a mouse model of familial ALS-FTD expressing mutant TDP-43 [10]. IMS-088 also alleviated disease in mice expressing mutant FUSR521G [15]. Inhibition of NF-κB, a transcription factor that regulates cellular expression of many pro-inflammatory factors, by the root extract of the medicinal herbal plant Withania somnifera, mitigated TDP-43 proteinopathy and improved motor performance of a transgenic mouse model of ALS/FTLD with TDP-43 pathology [23]. Withaferin-A has been reported to extend the survival of SOD1 mutant ALS mice [11] and improved cognitive functions, induced autophagy, and attenuated TDP-43 proteinopathy in motor neurons through NF-κB inhibition, in various mice models of ALS [10,11,39].



Non-cell autonomous propagation, glial activation, and neuroinflammation are prominent modes of exacerbation of ALS-CSF mediated neuronal pathology [8,25,40]. Many studies have reported the anti-inflammatory effects of Withania somnifera extracts as well as Withaferin-A, the parent compound of IMS-088, in different mice models [10,11,23]. Our study provides evidence for the anti-inflammatory role of IMS-088 in mitigating astroglial and microglial activation. Morphological changes in microglia are linked to neuronal function and reflect altered physiology with a diverse and widespread impact on neuronal physiology [24]. While the microglial phenotype in the ALS-CSF group can be attributed to the neuroinflammation evident in the present model [8], the distinct morphology in response to IMS-088 treatment could reflect reparative adaptations, in line with the neuroprotective effects of IMS-088 observed in the current study. IMS-088 also prevented the increased expression levels of the enzymatically active ALS-CSF biomarker Chit1 (~39 kDa) [41]. These findings, coupled with the reduced expression and count of microglia expressing activation marker CD68, support the view of a post-inflammatory/restorative phase resulting from the IMS-088 treatment. Protective effects of active components of Withania somnifera have been reported to extend beyond inflammation. A study reported neuroprotection conferred by Withanone pre-treatment on reactive oxygen species (ROS), mitochondrial pathology, apoptosis, and DNA damage in Neuro2A cells exposed to NMDA excitotoxicity [42]. In the present study, too, the major neuronal processes altered at the translational level post-IMS-088 treatment of ALS-CSF-infused mice included mitochondrial pathology, altered energy metabolism, and apoptosis (Figure 5). Several studies and reviews have discussed the relevance of energy metabolism and mitochondrial integrity in ALS pathology, and its link to neuronal apoptosis [8,43,44,45,46]. These studies emphasized the importance of targeting metabolic dysfunction as well as mitochondrial pathology for therapeutic interventions. Here, our study adds important evidence for metabolic pathways being a putative target for treatment, while also elucidating the therapeutic potential of the novel drug IMS-088. Noteworthy here is the role of PGC1α, the transcriptional coactivator that regulates mitochondrial homeostasis and turnover by maintaining a balance between mitophagy and mitogenesis [28,47,48]. We observed its upregulation in spinal cords in response to ALS-CSF infusion, which was dramatically enhanced further upon IMS-088 treatment. PGC1α has been reported to influence the expression of not only mitochondrial genes but also of NFs affected in the present study, namely NfM and NfH, and it favors neuroprotective phenotypes in microglia [47,49]. Moreover, PGC1α positively modulates metabolism, physiology, and denervation-induced mitophagy in skeletal muscles, as well as remodeling of NMJs by enhancing NMJ size and integrity, also observed in response to IMS-088 in the present study [33,48].



Our proteomic results revealed the involvement of three major cellular and extracellular waste removal/clearance pathways in IMS-088-mediated neuroprotection, namely UBN-mediated degradation/Ubiquitin–Proteasome System (UPS), the phagosomal pathway, and the endosome-mediated cross-presentation of soluble exogenous antigens (Figure 5E). UPS has extensively been considered as a potential therapeutic target for neurodegenerative disorders owing to its important role in degrading intracellular proteins [50]. In achieving this, the pathway works closely with autophagy–lysosome pathways, and SQSTM1 acts as a central regulator in linking these two processes [29,51,52]. Accumulation of SQSTM1 is linked to inhibition of autophagy, which then leads to perturbation in sequestration of the ubiquitinated proteins for proteasomal degradation, as well as early neuromuscular denervation of the skeletal muscles (tibialis anterior), as also observed in the present study [52,53].



Ubiquitinated TDP-43 is a hallmark of ALS and the inability of the dysfunctional UPS to clear cytotoxic TDP-43 aggregates results in increased cytoplasmic TDP-43 aggregates causing the formation of stress granules and further neuronal damage [reviewed by [20]]. Accumulated SQTSM1 observed in our study (Figure 6C,D) could be sequestered into TDP-43 aggregates as reported in ALS patients, resulting in UPS dysfunction as well as the inhibition autophagy, further promoting misfolding and aggregation [54]. Furthermore, peripherin aggregates seen in our study (Figure 3A) are commonly observed in Bunina bodies which have been reported to coexist and/or colocalize with TDP-43 inclusions and are degraded through autophagy [55,56,57]. We also observed an effect of IMS-088 on the antigen-presenting endosomal pathways, which has also been reported to be regulated by autophagy [58,59]. In this role, SQSTM1 acts as a signaling mediator in late endosome and lysosome that targets ubiquitinated proteins for entry into autophagosomes. Lastly, SQSTM1 also regulates mitochondrial physiology through mitophagy with relevance to neurodegeneration [51]. These results highlight for the first time the closely coordinated impact of UPS and autophagy, namely the “autophago-proteasome”, in ALS pathology as well as the potential of IMS-088 to attenuate collective dysfunction [60].



One of the limitations of our study is the IMS-088 treatment regime that was initiated 48 h after the ALS-CSF infusion. This pilot study aimed to establish the relevance of the drug for treatment in the already diseased mice. Consequently, future studies need to be conducted with IMS-088 pre-treatment, to ascertain whether the partial protection conferred by the drug is a result of limited potential of the drug or because of irreversible neurogenerative events occurring within the first 48 hrs of i.c.v. infusion of ALS-CSF.



In conclusion, there were robust protective effects in mice infused with ALS-CSF of inhibiting NF-κB with oral administration of a novel Withaferin-A derivative called IMS-088. Our study highlights positive drug effects on motor performance, muscle pathology and innervation, motor neuron viability, and neuroinflammation. Of particular interest was the finding that IMS-088 administration reduced TDP-43 pathology and neurofilament disorganization, which are hallmarks of ALS. The proteomic analyses of immunoprecipitated neuronal ribosomes revealed the effects of IMS-088 on multiple pathways related to cytoskeletal changes, inflammation, metabolic dysfunction, mitochondria, UPS, and autophagy dysfunction. The translatome profiles suggest that perhaps combinatorial drug approaches should be considered for future treatments of ALS. Yet, the protective effects of IMS-088 in a mouse model based on infusion of CSF from sporadic ALS patients suggest that the NF-κB signaling pathway represents a compelling therapeutic target for sporadic ALS cases.
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Figure 1. IMS-088-mitigated motor dysfunction and muscular pathology induced by i.c.v. infusion of ALS-CSF. (A) Panel representing open field test (OFT) analysis for transgenic (hTDP-43WT; n = 6) and non-transgenic (WT; n = 8) mice. Each mouse trajectory is represented by a distinct color. The locomotor pattern was quantified for total distance traveled (B) and horizontal activity (C) by the mice during OFT. The blue triangles, green diamonds and red squares represent mice infused via i.c.v. with NALS-CSF, ALS-CSF and ALS-CSF plus oral IMS-088, respectively. (D) Panel representing structural changes in the H&E-stained muscle tissues, with graphs depicting the effect on the cross-sectional area (E) and average size (F) of the muscle fibers (n = 3; scale bar = 50 µm). Panel (G) represents the changes in the NMJs of the hTDP-43WT and WT mice following different treatments. Graph panel (H) highlights changes in innervation of NMJs, while graph panel (I) denotes the changes in the average size of NMJs (n = 3; scale bar = 10 µm). The circles, squares and triangles in graphs represent mice infused via i.c.v. with NALS-CSF, ALS-CSF and ALS-CSF plus oral IMS-088, respectively. Data are mean ± SEM. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.001 NALS v/s ALS; and $ p ≤ 0.05 and $$$$ p ≤ 0.001 ALS v/s ALS-IMS) and fold changes are calculated compared to NALS. 
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Figure 2. IMS-088 administration reduced loss of spinal neurons and neurofilament disorganization in mice exposed to ALS-CSF. Spinal cord sections stained with Cresyl violet (A) and quantified (B,C) as well with NeuN (D,E), respectively. Scale bar = 50 and 20 µm, respectively. Expression patterns and quantification of the immunoblots for Caspase-3 protein (F) in the spinal cord lysates. (G,H) represent the spinal cord sections stained and quantified for ChAT expression and (I) represents the changes in ChAT expression levels across the spinal cord lysates of the various experimental groups. (J) represents the spinal cord sections stained for the neurofilament proteins NfL (red), NfM (green), and NfH (Red). Note the changes in the abnormal localization of neurofilament proteins in the ALS group, particularly the aggregated patterns of NfM and NfL (white arrowheads, inset image) in neuronal cell bodies, and reduced (yellow asterisk) or unevenly distributed NfH (white asterisks) immunostaining in the neuronal soma. (K–M) represent the expression patterns and quantification for NfL, NfM, and NfH proteins, respectively, in the immunoblots from mice spinal cord lysates (n = 3 in triplicates; scale bar = 20 µm; fold changes are calculated compared to NALS). The circles, squares and triangles in graphs represent mice infused via i.c.v. with NALS-CSF, ALS-CSF and ALS-CSF plus oral IMS-088, respectively. Data are mean ± SEM. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.001, $ p < 0.05, $$ p < 0.01). 
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Figure 3. IMS-088 treatment prevented TDP-43 proteinopathy triggered by ALS-CSF exposure. (A) Representative image panel showing cellular localization of TDP-43 (red) and peripherin (Prph, green) in the hTDP-43WTmice in different treatment groups. Note the presence of cytoplasmic TDP-43 aggregates with (white arrowhead) or without Prph (red arrowhead) in the magnified ALS inset image. Also note the presence of peripherin aggregates independent of TDP-43 aggregates (green arrowhead). IMS-088 treatment ((A), lower panel) decreased the formation of cytoplasmic TDP-43 and peripherin aggregates. Graph (B) depicts the reversal of mislocalization of TDP-43 in response to IMS treatment of the ALS-CSF administered mice. (C–E) represent qualitative and quantitative observations for the immunoblots for aggregated TDP-43 in the insoluble fraction (C) as well as phosphorylated TDP-43 present in the soluble (D) and insoluble (E) fractions of mice spinal cord lysates. (n = 3, in triplicates; scale bar = 20 µm; fold changes are calculated compared to NALS). * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 4. IMS-088 mitigated the neuroinflammatory responses to ALS-CSF. (A) Representative confocal images of the spinal cord sections of hTDP-43WT mice stained with DAPI (blue), Iba1 (green), and GFAP (red). The number (B) and average size (C) of Iba1-positive cells per fields was quantified to reveal the effects of different treatments. Further, the dynamic, structural changes in microglial morphology were analyzed (D,E) to assess the shape complexity and ramification status of microglial cells under different experimental conditions (F). (G) Representative image panel of the spinal cord sections stained with DAPI (blue), Chit1 (green), and CD68 (red) across various experimental conditions. The numbers of Chit1-positive (H) and CD68-positive (I) cells were counted across each group to further assess the activation differences. Expression patterns and quantification of the immunoblots for CD68 (J), Chit1 (K), and GFAP (L) proteins in the spinal cord lysates were further analyzed. Fold changes are calculated when compared to NALS (n = 3 in triplicates; scale bar = 20 µm). The circles, squares and triangles in graphs represent mice infused via i.c.v. with NALS-CSF, ALS-CSF and ALS-CSF plus oral IMS-088, respectively. Data are mean ± SEM. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). 
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Figure 5. IMS-088 treatment partially rescued the neuronal translational defects induced by infusion of ALS-CSF. (A) Heatmap and (B) principal component analysis showing the pattern of regulation of the neuronal translatome in the groups. (C) Venn diagram of the proteins differentially regulated in ALS and ALS-IMS group when compared to NALS (disease control) group. (D) Graph depicting cellular component of the processes (GO processes) specifically altered by IMS-088 treatment of the ALS-CSF-administered mice (ALS v/s ALS-IMS). (E) Network depicting significantly altered cellular processes or nodes (Reactome) with corresponding upregulated (pink) or downregulated (green) proteins or edges (ALS v/s ALS-IMS). Panel (F) shows spinal cord sections stained with mitofilin (green) and NfL (red). (G) represents the analysis of total number of cells per field with aggregated pattern of mitofilin, while (H) denotes the analysis of overall aggregates per field counted using particle analysis feature of ImageJ (FIJI). (I) shows expression patterns and quantification of the immunoblot for PGC1α from mouse spinal cord lysates (n = 3, in triplicates). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. IMS-088-mitigated ALS-CSF-induced pathology by regulating ubiquitin–proteasome pathways. (A) Representative image panel showing spinal cords of the hTDP-43WT mice immunostained for ubiquitin (UBN). (B) represents qualitative and quantitative observations for the immunoblots for aggregated UBN in the insoluble fraction of the mice spinal cord lysates. (C) depicts the localization of Sequestosome1 (SQSTM1) in different treatment groups. Note the increased SQSTM1 inclusions in different cell types in the ALS group (white arrowheads) in spinal cord sections of mice across different groups and (D) represents qualitative and quantitative analysis of the immunoblots for SQSTM1 aggregates in the insoluble fraction of the spinal cord lysates (n = 3, in triplicates; Sscale bar = 20 µm). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Table 1. List of the antibodies.
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Antibody

	
Species

	
Company

	
#Cat.

	
Dilution

	
Temp

	
h




	
IF

	
WB






	
Anti-Caspase-3

	
Rabbit polyclonal

	
Cell signaling technology, Danvers, MA, USA

	
#9661

	
-

	
1:1000

	
4 °C

	
24




	
Anti-CD68

	
Rat monoclonal

	
Biorad, Mississauga, ON, Canada

	

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-ChAT

	
Rabbit polyclonal

	
MilliporeSigma,

Oakville, ON, Canada

	
AB143

	
-

	
1:1000

	
4 °C

	
24




	
Anti-Chit1

	
Rabbit polyclonal

	
SCBT, Dallas, TX, USA

	
SC46853

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-GAPDH

	
Mouse monoclonal

	
SCBT

	
SC32233

	
-

	
1:2000

	
4 °C

	
24




	
Anti-GFAP

	
Mouse monoclonal

	
Cell signaling

Technology

	
#3670

	
1:800

	
1:2000

	
4 °C

	
24




	
Anti-Mitofilin

	
Rabbit polyclonal

	
Invitrogen ThermoFisher, Waltham, MA, USA

	
PA3870

	
1:500

	
-

	
4 °C

	
24




	
Anti-NfL

	
Rabbit polyclonal

	
MilliporeSigma

	
AB5294

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-NfM

	
Rabbit polyclonal

	
MilliporeSigma

	
AB1981

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-NfH

	
Mouse monoclonal

	
Abcam, Toronto, ON, Canada

	
AB7796

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-NeuN

	
Mouse monoclonal

	
MilliporeSigma

	
AB377

	
1:500

	
-

	
4 °C

	
24




	
Anti-Peripherin

	
Mouse monoclonal

	
MilliporeSigma

	
AB1527

	
1:500

	
-

	
4 °C

	
24




	
Anti-PGC1α

	
Mouse monoclonal

	
SCBT

	
SC-517380

	
1:500

	
-

	
4 °C

	
24




	
Anti-SQSTM1

	
Rabbit monoclonal

	
Cell signaling

Technology

	
#5114

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-TDP-43

	
Rabbit polyclonal

	
Proteintech, Rosemont, IL, USA

	
#10782

	
1:800

	
1:5000

	
4 °C

	
24




	
Anti-TDP-43 (pSer 409/410)

	
Rabbit polyclonal

	
Cosmo Bio, Carlsbad, CA, USA

	
TIP-PTD-P01

	
-

	
1:1000

	
4 °C

	
24




	
Anti-UBN

	
Mouse monoclonal

	
MilliporeSigma

	
AB1510

	
1:500

	
1:1000

	
4 °C

	
24




	
Anti-Mouse IgG-HRP

	
Goat polyclonal

	
Invitrogen ThermoFisher

	
G-21040

	
-

	
1:5000

	
20 °C

	
1




	
Anti-mouse IgG-IRdye-680

	
Goat polyclonal

	
Li-Cor Biosciences, Lincoln, NE, USA

	
#926-8070

	
-

	
1:10,000

	
20 °C

	
1




	
Anti-rabbit IgG-Alexa 488

	
Goat

polyclonal

	
Invitrogen ThermoFisher

	
#A32731

	
1:500

	
-

	
20 °C

	
1




	
Anti-rabbit IgG-IRdye-800

	
Goat

polyclonal

	
Li-Cor Biosciences

	
#926-32211

	
-

	
1:10,000

	
20 °C

	
1




	
Anti-rabbit IgG-Alexa 568

	
Goat

polyclonal

	
Invitrogen ThermoFisher

	
#A-11036

	
1:500

	
-

	
20 °C

	
1




	
Bungarotoxin-Alexa594

	

	
Invitrogen Thermofischer

	
B13423

	
1:500

	
-

	
4 °C

	
24
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