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SUMMARY:
Here, we introduce and describe widely accessible methodologies utilizing some versatile nematode models, including hyperactivated ion channel-induced necrosis and protein aggregate-induced neurotoxicity, to monitor and dissect the cellular and molecular underpinnings of age-associated neurodegenerative diseases.

ABSTRACT:
Battling human neurodegenerative pathologies and managing their pervasive socioeconomic impact is becoming a global priority. Notwithstanding their detrimental effects on the human life quality and the healthcare system, the majority of human neurodegenerative disorders still remain incurable and non-preventable. Therefore, the development of novel therapeutic interventions against such maladies is becoming a pressing urgency. Age-associated deterioration of neuronal circuits and function is evolutionarily conserved in organisms as diverse as the lowly worm Caenorhabditis elegans and humans, signifying similarities in the underlying cellular and molecular mechanisms. C. elegans is a highly malleable genetic model, which offers a well-characterized nervous system, body transparency and a diverse repertoire of genetic and imaging techniques to assess neuronal activity and quality control during ageing. Here, we introduce and describe methodologies utilizing some versatile nematode models, including hyperactivated ion channel-induced necrosis (e.g., deg-3(d) and mec-4(d)) and protein aggregate (e.g., α-syunclein and poly-glutamate)-induced neurotoxicity, to monitor and dissect the cellular and molecular underpinnings of age-related neuronal breakdown. A combination of these animal neurodegeneration models, together with genetic and pharmacological screens for cell death modulators will lead to an unprecedented understanding of age-related breakdown of neuronal function and will provide critical insights with broad relevance to human health and quality of life.

INTRODUCTION
Over the last two decades, C. elegans has been widely used as a model organism to investigate the molecular mechanisms of necrotic cell death. C. elegans offers an exceptionally well-characterized and mapped nervous system, transparent body structure and a diverse repertoire of genetic and imaging methods to monitor in vivo cellular function and survival throughout ageing. Thus, several C. elegans genetic models of neurodegeneration have been already developed to assess neuronal viability. In particular, well-described and used nematode models include the hyperactive ion channel-induced necrosis1-3 and cell death triggered by increased protein aggregation4-10 and heat stroke11,12, among others.

Short-term exposure to sub-lethal temperatures conferred resistance against necrotic cell death, triggered by a subsequent heat stress both in nematodes and mammalian neurons11. Interestingly, daily preconditioning of nematodes at a mild elevated temperature protects against neurodegeneration, which is inflicted by diverse stimuli, such as ionic imbalance (e.g., mec-4(u231) and/or deg-3(u662)) and protein aggregation (e.g., α-synuclein and polyQ40)11,13.

Here, we describe versatile methodologies using C. elegans to monitor and evaluate age-dependent neurodegeneration in well-established models of human diseases, such as excitotoxicity-triggered cell death, Parkinson’s and Huntington’s disease. Moreover, we underline the neuroprotective role of heat preconditioning in several models of neurodegeneration. A combination of these techniques together with genetic and/or pharmacological screens will result in the identification and characterization of novel cell death modulators, with potential therapeutic interest.

PROTOCOL:

1. Necrotic cell death-induced by hyperactive ion channels

NOTE: Gain-of-function mutations in the gene family of degenerins, including mec-4 and deg-3 among others, results in the generation of hyperactive ion channels triggering necrotic cell death of six touch receptor neurons required for mechanosensation in worms3. Necrosis induced by the aberrant stimulation of degenerins displays several mechanistic and morphological similarities to excitotoxicity in mammals. The maintenance of energy metabolism and calcium homeostasis has a crucial role on neuronal survival during necrosis11. The following strains can be used to monitor necrotic cell death triggered by hyperactive ion channels, mec-4(u231)X and deg-3(u662)V.

1.1. Maintenance, synchronization and preparation of mutant worms for examination of necrotic cell death 

1.1.1. Day 1: Pick L4 larvae of mec-4(u231) or deg-3(u662) mutant nematodes onto Nematode Growth Media (NGM; Table 1) plates seeded with Escherichia coli (OP50) using a dissecting stereomicroscope.

1.1.2. Place 10 L4 nematodes per seeded NGM plate and grow them at the standard temperature of 20 °C.

1.1.3. Day 5: Wash the plates with 1 mL of M9 buffer (Table 1) and collect the animals in a 1.5 mL tube.

1.1.4. Centrifuge at 10,000 x g for 30 s and remove the supernatant.

1.1.5. Add 0.5 mL of bleaching solution (7 mL of H2O, 1 mL of 5 N NaOH and 2 mL of bleach).

NOTE: Bleaching solution gradually lose its efficiency; hence it should be prepared daily.

1.1.6. Vortex and monitor periodically until the worms have dissolved.

NOTE: Avoid bleaching for periods longer than 5 min because the embryos’ viability will be affected.

1.1.7. Centrifuge at 10,000 x g for 30 s and remove the supernatant.

1.1.8. Wash twice the pellet (eggs) with 1 mL of M9 buffer.

1.1.9. After washing, resuspend the eggs in 200 µL of M9 buffer and incubate them for 25 min at 34 °C in a water bath.

1.1.10. Maintain a separate group of control sample (eggs) at 20 °C.

1.1.11. Pipette 100 µL of control or heat shock-treated eggs and place them on unseeded NGM plates. Each plate contains at least 100-200 eggs.

1.1.12. Incubated the eggs at 20 °C until hatching.

1.2. Mounting L1 larvae for examination using differential interference contrast (DIC; Nomarsky) microscopy

1.2.1. Prepare 2% agarose pads.

1.2.2. Use 1 mL of M9 buffer to wash the plates and collect L1 larvae nematodes in 1.5 mL tubes.

1.2.3. Centrifuge at 10,000 x g for 30 s.

1.2.4. Remove the supernatant and keep the pellet (nematodes).

1.2.5. Add 100 µL of 20 mM M9/levamisole buffer to anesthetize the nematodes.

NOTE: Avoid sodium azide as an anesthetic. Sodium azide triggers mitochondrial damage and oxidative stress leading eventually to cell death induction

1.2.6. Pipette 10 µL of M9/levamisole buffer containing L1 worms and mount them on 2% agarose pads (Table 1).

1.2.7. Gently place a coverslip on the top of the sample. 

NOTE: Seal the coverslip with nail polish to preserve humidity throughout the process of imaging.

1.2.8. Observe worms using differential interference contrast (DIC; Nomarsky) microscopy. 

1.2.9. Score neurodegeneration of the six touch receptor neurons by counting cells with the characteristic vacuolated appearance per nematode.

2. Protein aggregate-induced neurodegeneration

NOTE: The following strains can be used to investigated protein aggregates-induced neurotoxicity: (A) overexpression of human α-synuclein in dopaminergic neurons, UA44: Is[baIn1; pdat-1α-syn, pdat-1GFP] and (B) overexpression of human polyglutamine protein (PolyQ) pan-neuronally, AM101: rmsIs110[prgef-1Q40::YFP]6,10.

2.1. Maintenance, synchronization and preparation of transgenic nematodes for neurodegeneration assay

2.1.1. Use a dissecting stereomicroscope to monitor C. elegans development and growth.

2.1.2. Day 1: Synchronize the population of transgenic nematodes by picking and transferring 15-20 L4 larvae of each strain on freshly OP50-seeded NGM plates. 

NOTE: Use at least three plates of each strain per condition.

2.1.3. Incubate and let the nematodes to grow at the standard temperature of 20 °C.

2.1.4. Day 2: Perform daily preconditioning for 30 minutes by transferring the plates in an incubator set at 34 °C. Then, return the preconditioned nematodes back at the standard temperature of 20 °C.

NOTE: Different genetic backgrounds might be sensitive to high temperature for long periods exposure. 

2.1.5. (A) If investigating overexpression of human α-synuclein in dopaminergic neurons, UA44: Is[baIn1; pdat-1α-syn, pdat-1GFP]: on Day 9, monitor 7-days-old transgenic nematodes for dopaminergic neuronal cell death.

2.1.6. (B) If investigating overexpression of human polyglutamine protein (PolyQ) pan-neuronally, AM101: rmsIs110[prgef-1Q40::YFP]: on Day 5, measure neuronal PolyQ aggregates in the head region of 4-days-old transgenic animals expressing Q40::YFP.

2.2. Mounting the samples for microscopic examination

2.2.1. Prepare 2% agarose pads (Table 1).

2.2.2. Add 10 µL of 20 mM M9/levamisole buffer drop at the center of the agarose pad.

2.2.3. Pick the respective transgenic nematodes and transfer them in a M9/levamisole drop. 

NOTE: Place 20-30 nematodes per drop.

2.2.4. Place gently a coverslip on the top of the sample. 

NOTE: Seal the coverslip with nail polish to preserve humidity throughout the process of imaging.

2.2.5. Proceed to microscopic examination of the respective samples.

2.3. Acquisition process and data analysis of transgenic nematodes co-expressing α-synuclein and cytosolic GFP in dopaminergic neurons

2.3.1. Use an epifluorescence microscope combined with a camera (e.g., EVOS FL Auto 2).

2.3.2. Detect and capture z-stack images of the head region at 20x magnification.

2.3.3. Save and collect the maximum intensity projection images.

2.3.4. Proceed to the analysis of the acquired images.

2.3.5. Examine the transgenic worms for neurodegeneration by scoring the following cellular characteristics, (i) loss of fluorescence from neurons expressing GFP under the promoter of dat-1, (ii) neurons showing soma and/or axonal blebbing, outgrowths or dendritic loss.

2.3.6. Import and analyze the data by using a software package (e.g., Excel).

3. Acquisition process and data analysis of transgenic nematodes expressing pan-neuronally PolyQ40 fused with YFP

3.1. Use an epifluorescence microscope combined with a camera (e.g., EVOS FL Auto 2).

3.2. Detect and capture z-stack images of the head region at 20x magnification.

3.3. Save and collect the maximum intensity projection images.

3.4. Proceed to the analysis of the acquired images by using Fiji software.

3.5. Open images with Fiji program14.

3.6. Select Split Channels command via the Image and Color drop-down menu. 

NOTE: Keep the green channel image.

3.7. Use the freehand selection tool to manually set the fluorescent region of interest (ROI; e.g., head). 

3.8. Add the respective ROI in ROI Manager via Analyze and Tools drop-down menu.

3.9. Subtract the background to 50% by selecting Process and Subtract Background.

3.10. Set up and apply threshold values via the menu command Image | Adjust | Threshold. Keep and set the same threshold values throughout image analysis of the entire experiment.

3.11. Select the respective ROI from the ROI Manager.

3.12. Analyze the number of protein aggregates by using the menu command Analyze and Analyze Particles.

3.13. Repeat steps 3.5-3.12 for each acquired image.

3.14. Copy the display values from the separate Results window.

3.15.  Paste/Import and analyze the results by using a software package.

4. Report statistical analysis 

4.1. Use at least 30 nematodes for each experimental condition. Perform three biological replicates.

4.2. Use statistical analysis software to either conduct student t-test (comparison between two groups) or ANOVA (comparison among multiple groups) for statistical analysis with p < 0.05 as significant.

REPRESENTATIVE RESULTS:
Necrotic cell death-induced by hyperactive ion channels
Using the procedures presented here, mec-4(u231) and deg-3u662) mutant embryos were either incubated for 25 min at 34 °C or kept at the standard temperature of 20 °C. Upon hatching, the number of neuronal cell corpses was determined at the L1 larval stage of both groups. Necrotic cell death is diminished in nematodes that hatched from heat shock preconditioned eggs (Figure 1A-1B).

Protein aggregate-induced neurodegeneration
Transgenic nematodes overexpressing (A) human α-synuclein and cytoplasmic GFP in dopaminergic neurons and (B) human polyglutamine protein (PolyQ) fused with YFP pan-neuronally, were exposed daily for 30 min at 34 °C. Heat shock preconditioning promotes neuroprotection against α-synuclein-induced cell death in 7-day-old adult hermaphrodites (Figure 2A) and decreases Q40::YFP protein aggregates in the head region of 4-day-old adults (Figure 2B and Figure 3).

FIGURE AND TABLE LEGENDS:
Figure 1. Hyperactive ion channel-induced necrosis. (A) Representative DIC microscopy image of mec-4(u231) L1 larva, with arrowheads indicating characteristic necrotic vacuoles. At early stage of neurodegeneration swollen nuclei are displayed within cells. Image was acquired by using a 40x objection lens. Scale bar, 20 μm. (B) Number of neuronal cell corpses at the L1 larval stage of development, per 100 animals carrying the neurotoxic mec-4(u231) or deg-3(u662) alleles. Necrotic cell death is suppressed in L1 larvae hatched from preconditioned eggs compared to untreated counterparts (n= 100 animals per genotype and assay; Data represent mean ±S.E.M., ***P< 0.001 for untreated versus preconditioned; t-test)

Figure 2. Daily preconditioning at 34 °C confers neuroprotection against α-synuclein and decreases polyQ aggregates in C. elegans. (Α) Survival of anterior dopaminergic neurons (CEPs and ADEs) in untreated and preconditioned nematodes co-expressing cytoplasmic GFP together with the human α-synuclein. Preconditioned nematodes display enhanced neuroprotection compared to untreated. Remnants of neuronal cell bodies (asterisks) and axonal beading (arrowheads) are seen in untreated nematodes (top panel). Both soma (asterisks) and neuronal processes (arrowheads) are preserved upon preconditioning. Images acquired by using a 20x objection lens and depict maximum intensity z-projection. Acquisition details: Bright, 0.15. Scale bar, 20 μm. Worms were scored for neuronal survival of the anterior dopaminergic neurons on the seventh day of adulthood. (B) Neuronal polyQ aggregates detected on the fourth day of adulthood in the head region of untreated and preconditioned transgenic nematodes. Preconditioned transgenic worms present less neuronal Q40::YFP aggregates compared to untreated. Representative images of the head region are shown with arrowheads indicating polyQ protein aggregates in neuronal cells. Images acquired by using a 20x objection lens and depict maximum intensity z-projection. Acquisition details: Bright, 0.0175. Scale bar, 20 μm. 30-35 animals were quantified per condition in each of three independent experiments. Data represent mean ±S.E.M., ***P < 0.05, unpaired t-test. 

Figure 3. Image analysis by using Fiji software. 1. Open an acquired image with Fiji software; 2. Select “Split channel” command via the “Image” and “Color” drop down menu to convert the image; 3, 4. Keep “green channel” image and by using the “freehand selection” tool, enwrap the fluorescent region of interest (ROI; e.g., head). Add the respective ROI in “ROI Manager” via “Analyze” and “Tools” drop-down menu; 5, 6. Subtract the background to 50% by selecting “Process” and “Subtract Background”; 7, 8. Set up and apply threshold values via the menu command “Image”, “Adjust” and “Threshold”; 9. Select the respective ROI from the “ROI Manager”; 10-12. Analyze the number of protein aggregates by using the menu command “Analyze” and “Analyze Particles”.

Table 1: Recommended recipes for reagents used. All the reagents recipes used in the presented protocol are outlined here. 

DISCUSSION
Here, we introduce and describe widely accessible methodologies for growth, synchronization and microscopic examination of some versatile C. elegans models investigating age-dependent neurodegeneration. Particularly, we assess and dissect the cellular and molecular underpinnings of age-related neuronal breakdown by using hyperactivated ion channel-induced necrosis and protein aggregate-induced neurotoxicity1-5,7,9-11.

Although the described procedures for in vivo cell death assessment are straightforward and can be easily performed in any laboratory, there are some critical steps that should be taken into consideration. Caloric restriction and starvation are known to induce multiple stress pathways, such as autophagy, that might interfere with neurodegeneration or protein aggregates accumulation13,15,16. Thus, well-fed and non-starved nematodes should be used. Heat shock preconditioning confers neuroprotection against several neurodegenerative stimuli and is used as an established cell death modulator11,13. However, some mutants are susceptible to high temperature exposure for long periods. Thus, the appropriate developmental stage, age and duration of heat shock preconditioning should be experimentally determined each time, when animals of different genetic backgrounds, that might be sensitive to high temperatures, are used. A gradual increase of nematode intestinal autofluorescence is observed during aging. Thus, neuronal cell bodies and processes close to the intestinal area should be avoided during the imaging process of AM101 strain. Focus on neuronal cells, which are located in the head and/or tail region to bypass intestine-derived autofluorescence. Use M9 buffer instead of water to generate M9/levamisome buffer and 2% agarose pads. M9 buffer ensure a favorable osmotic environment protecting the nematodes from drying out throughout the microscopic visualization and analysis.

The described methodologies underscore that the combination of nematodes models of neurodegeneration, together with genetic and pharmacological screens for cell death modulators could lead to an unprecedented understanding of age-associated impairment of neuronal circuits and boost the development of novel therapeutic interventions against neurodegenerative disorders promoting human health and quality of life.
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