TITLE: 
In Vivo Phenotyping of Dopaminergic Neurodegeneration in Zebrafish Larvae Using Behavioral Analysis and High-Content Imaging

AUTHORS AND AFFILIATIONS: 
Zoey He1,2, Ethan Chen1,2, Kira Yu1,2, Jaejoon Shim1,2, Matthew Kan1,2, Jichen Yang1,2, Gha-hyun Jeffrey Kim1,2

1Department of Clinical Pharmacy Practice, UC Irvine School of Pharmacy and Pharmaceutical Sciences, Irvine, California, United States
2Robert A. Mah Molecular Innovation Center, University of California Irvine, Irvine, California, United States

E-mail addresses of the co-authors:
Zoey He 			(zoeyh2@uci.edu)
Ethan Chen 			(chene21@uci.edu)
Kira Yu 			(kirary@uci.edu)
Jaejoon Shim 			(jaejoons@uci.edu)
Matthew Kan 			(mzkan@uci.edu)
Jichen Yang 			(jicheny0304@gmail.com)

*Corresponding author:
Gha-hyun Jeffrey Kim 		(jeffrey.kim@uci.edu) 

KEYWORDS:
zebrafish, Parkinson’s disease, dopaminergic neurons, neurodegeneration, nitroreductase-metronidazole, chemogenetic ablation, locomotor behavior, high-throughput screening, neuroprotection, fluorescence imaging

SUMMARY: 
This protocol provides a standardized, high-throughput compound screening method using in vivo zebrafish to quantify dopaminergic neuron loss and locomotor behavioral deficits, enabling efficient screening of neuroprotective compounds.

ABSTRACT: 
Drug discovery research in neurodegeneration is constrained by the high cost and low throughput of traditional mammalian models. This bottleneck is particularly observed in Parkinson’s disease research, where rigorous and scalable dopaminergic (DA) neurodegeneration studies remain slow and resource intensive. To address this gap, we present a standardized, high-throughput phenotyping pipeline using a transgenic zebrafish model expressing nitroreductase in DA neurons to study DA neuron loss within five days post-fertilization. Zebrafish offer key advantages for translational neuroscience, including rapid larval development, optical transparency that enables in vivo whole-brain imaging, strong conservation of Parkinson’s disease-relevant genes and pathways, and intact neural circuitry not accessible in cell culture models. Our protocol integrates chemogenetic ablation and high-content imaging to generate rapid datasets for screening. DA neurons are selectively ablated using metronidazole (MTZ), producing specific and tunable neurodegeneration. MTZ treatment produces dose-dependent reductions in locomotion consistent with bradykinesia-like phenotypes, providing a robust behavioral correlate to DA cell loss. Since Parkinson’s disease is fundamentally a motor disorder, we pair anatomical measurements with functional behavioral readouts. Locomotor activity is recorded directly in a plate and quantified using automated tracking, extracting metrics including total distance traveled, swim bout frequency, and burst initiation. Zebrafish provide an efficient and scalable model system in which hundreds of larvae can be assayed simultaneously with minimal handling. We optimized a high-throughput, plate-based drug screening protocol designed to minimize experimental variance in undergraduate research. This standardized, plate-based format for screening candidate compounds for neuroprotection or functional rescue ensures that data collected by different researchers remains statistically comparable and effective for identifying neuroprotective candidates, improving reproducibility. Together, this methodology provides a robust, scalable framework for neurodegeneration research.

INTRODUCTION: 
Drug discovery research in neurodegeneration faces a significant efficiency bottleneck due to the high cost and low throughput of traditional mammalian models1,2, requiring careful experimental planning and the use of a large workforce. The overall goal of this method is to provide a standardized, high-throughput approach using the Tg(th:Gal4; UAS:NTR-mCherry) transgenic zebrafish model in which nitroreductase-mCherry is specifically expressed in dopaminergic (DA) neurons to study DA neuron loss and locomotion deficits. The rationale behind the use of this technique stems from the need for rigorous, scalable, and economically viable in vivo models for neurodegeneration research3–5. While in vitro cell cultures allow for rapid drug screening, they lack the intact neural circuitry and whole-organism context essential for translational relevance6. In contrast, rodent models provide excellent physiological context but are expensive and time-consuming for initial high-throughput screening of neuroprotective compounds7,8.

Zebrafish possess rapid larval development, optical transparency that enables in vivo whole-brain imaging, and strong genetic conservation of disease-relevant pathways, particularly related to neurodegeneration9–11. The protocol specifically integrates standardized husbandry, chemogenetic ablation via metronidazole (MTZ), and high-content imaging paired with functional behavioral tracking. Measuring locomotor activity directly provides a robust behavioral correlate to DA neuronal loss, as dopamine neuron loss is tied to behavioral abnormalities12–14. The standardized, plate-based format minimizes experimental variance across operators, and the high throughput of the zebrafish larval system enables large sample sizes, together providing sufficient statistical power to detect neuroprotective effects. This makes the protocol well suited for applications requiring scalable and reproducible screening, including settings where investigator experience may vary.

PROTOCOL: 
All methods involving the use of vertebrate subjects were performed in compliance with the Institutional Animal Care and Use Committee guidelines (IACUC approval AUP-25-098). 

1. Zebrafish Husbandry

1.1. Maintain aquatic system conditions

1.1.1. Maintain the recirculating aquatic system at 28.5°C (acceptable range: 26°C–30°C), pH 7.1–7.8, and conductivity 600–700 μS/cm. Maintain adult zebrafish at a stocking density of approximately 5 fish/L in home tanks.

1.1.2. Monitor ammonia, nitrite, and nitrate levels daily using a colorimetric aquarium water-quality test kit according to the manufacturer’s instructions. Maintain ammonia and nitrite at 0 ppm and nitrate between 10–20 ppm.

1.1.3. Perform water exchanges when ammonia or nitrite exceeds 0 ppm, nitrate exceeds 20 ppm, visible turbidity or debris is present, or pH/conductivity values fall outside the target ranges described in Step 1.1.1. Continue exchanges until ammonia and nitrite return to 0 ppm, nitrate returns to 10–20 ppm, and pH/conductivity values are restored to the target range.

1.1.4. Maintain a 14 h light:10 h dark cycle to synchronize circadian rhythm and breeding.

1.2. Feed zebrafish at different developmental stages

1.2.1. Feed adult fish 0.5 mm slow-sinking pellets twice daily. Standardize feeding by time-to-consumption and provide only the amount consumed within 3–5 min. Use the same pellet size and diet type consistently across experimental cohorts.

1.2.2. Feed larval fish Gemma Micro 75 ZF, or an equivalent larval zebrafish diet with an approximately 75 μm particle size, three times daily. Feed juvenile fish (1 month) Gemma Micro 150 ZF, or an equivalent zebrafish diet with an approximately 150 μm particle size, three times daily.

1.2.3. Substitute equivalent diets only if they are formulated for zebrafish larvae or juveniles, provide comparable particle size, and supply high-protein, nutrient-complete feed appropriate for the developmental stage.

1.2.4. Supplement larval and juvenile diets with freshly hatched live brine shrimp nauplii once daily at noon on weekdays. Hatch brine shrimp cysts in aerated salt water for 24–36 h according to the manufacturer’s instructions.

1.2.5. Collect actively swimming nauplii, rinse them with system water, and feed only the amount consumed within 5–10 min.

1.2.6. Avoid overfeeding, as excess feed elevates ammonia levels.

NOTE: Remove uneaten food and visible debris daily by gentle siphoning. Inspect tanks for dead or unhealthy fish and clean tank surfaces or strainers when debris accumulation is observed. Maintain tank density, feeding, cleaning, and water-quality monitoring consistently across experimental cohorts. For additional details on zebrafish husbandry, developmental staging, brine shrimp culture, and long-term facility maintenance, refer to Westerfield15 and Avdesh et al.16.

2. Embryo Collection, Reagent Preparation, and Transgenic Screening

2.1. Set up breeding crosses

2.1.1. Assemble crossing tanks with a divider in the evening before embryo collection.

2.1.2. Place one male and two female zebrafish in each crossing tank, with males and females separated by the divider overnight.

2.1.3. Remove the divider the following morning at the start of the light cycle and allow spawning for a fixed 2 h period. Collect embryos immediately after the spawning window to minimize developmental-stage variability.

2.2. Collect and incubate embryos

2.2.1. Collect embryos by pouring tank water through a 400 μm mesh filter. Rinse embryos gently with system water or blue egg water (BEW) to remove debris, then transfer embryos to 100 mm Petri dishes using a disposable transfer pipette. Minimize handling and avoid exposing embryos to air for extended periods.

2.2.2. Transfer embryos to 100 mm Petri dishes containing 30 mL BEW at a density of 50–60 embryos per dish. Do not exceed 60 embryos per dish to maintain consistent development and oxygen availability.

2.2.3. Incubate embryos at 28.5°C under a 14 h light:10 h dark cycle.

2.2.4. Remove unfertilized eggs and non-viable embryos daily.

NOTE: Prepare BEW using 60 mg Instant Ocean sea salt, 50 μL of 1% methylene blue, and 1 L of deionized water17.

2.3. Prepare and apply 1-phenyl-2-thiourea (PTU) solution

2.3.1. Prepare a 100 mM PTU stock solution in dimethyl sulfoxide (DMSO).

2.3.2. Store the PTU stock solution at 4°C protected from light.

2.3.3. At 24–36 h post-fertilization (hpf), add 60 μL of PTU stock solution to each dish containing 30 mL BEW to achieve a final concentration of 200 μM.

2.3.4. Mix PTU by gently swirling the Petri dish in a circular motion 5–10 times. Avoid pipetting directly onto embryos to minimize mechanical stress.

CAUTION: PTU may cause respiratory and skin irritation. Handle with gloves and perform preparation in a well-ventilated area.

2.4. Prepare tricaine anesthetic

2.4.1. Dissolve 400 mg tricaine methanesulfonate in 97.9 mL Milli-Q water.

2.4.2. Add 2.1 mL of 1 M Tris base (pH 9) to the solution.

2.4.3. Adjust the solution to pH 7.0 using 0.1 M sodium hydroxide or hydrochloric acid.

2.4.4. Aliquot the solution into labeled tubes and store at 4°C.

2.4.5. Dilute the stock solution 1:25 to obtain a working concentration of 160 μg/mL or dilute 1:100 to obtain 40 μg/mL for low-dose applications18.

CAUTION: Tricaine methanesulfonate is a chemical anesthetic. Handle using appropriate personal protective equipment.

2.5. Perform outcrossing

2.5.1. Outcross homozygous Tg(th:Gal4; UAS:NTR-mCherry) adults with AB wild-type zebrafish by placing one homozygous transgenic adult and one AB wild-type adult of the opposite sex in a crossing tank with a divider overnight. Remove the divider at the start of the light cycle and collect embryos after a fixed 2 h spawning window.

2.6. Screen transgenic larvae

2.6.1. At 3 days post-fertilization (dpf), anesthetize larvae using tricaine at a final concentration of 160 μg/mL.

2.6.2. Observe larvae under a fluorescence stereomicroscope using the mCherry filter set (excitation ~587 nm, emission ~610 nm). Use the same screening settings for all larvae within an experiment, including objective magnification, exposure time, gain, and illumination intensity.

2.6.3. Set exposure and gain using a known positive transgenic larva so that DA neuron fluorescence is clearly visible without saturation, then maintain these settings for all remaining larvae in the experiment.

2.6.4. Confirm the presence of mCherry-positive signal localized to DA neuron clusters in the ventral diencephalon between the eyes and slightly ventral to the midline (Figure 1A).

[Place Figure 1 here]

2.6.5. Identify positive larvae as those showing clearly detectable mCherry fluorescence in the expected DA neuron clusters of the ventral diencephalon. Classify larvae as negative if no mCherry signal is visible above background under the fixed screening settings, using non-transgenic or known negative larvae as background controls.

NOTE: 3 dpf is the earliest stage at which DA neurons in the ventral diencephalon produce a reliable fluorescent signal for quantification.

3. Chemogenetic Ablation and Fluorescence Imaging

3.1. Prepare agarose embedding medium

3.1.1. On the day of embedding at 4 dpf, prepare 1.2% low melting point agarose (LMA) in Milli-Q water.

3.1.2. Heat the agarose solution in a microwave in short 5–10 s intervals, swirling gently between intervals, until the agarose is fully dissolved and the solution is clear. Avoid boiling over or prolonged heating, which can alter the final agarose concentration through evaporation.

3.1.3. Aliquot the agarose into 1.5 mL microcentrifuge tubes.

3.1.4. Melt aliquots at 70°C and equilibrate them in a 42°C heat block before use.

3.1.5. Add 20 μL of tricaine stock solution (4 mg/mL) to each agarose aliquot to achieve a working concentration of approximately 40 μg/mL.

3.1.6. Mix tricaine into the molten agarose by gently pipetting up and down 5–10 times using a P200 pipette. Avoid vortexing or introducing bubbles, as bubbles can interfere with larval positioning and imaging.

3.2. Anesthetize and embed larvae

3.2.1. Add tricaine stock solution to the Petri dish containing 4 dpf larvae to achieve a final concentration of 160 μg/mL.

3.2.2. Incubate larvae in tricaine for approximately 5 min, or until they show loss of spontaneous swimming and no response to gentle touch with a probe. Proceed with embedding only after this anesthesia endpoint is reached.

3.2.3. Trim the distal end of a P200 pipette tip using clean scissors or a sterile blade to create an opening of approximately 1.5 mm. Verify the opening size using a ruler or calibrated scale under a stereomicroscope before use. Discard tips with rough edges or openings that are too narrow for larvae to pass through without contact (Figure 1B).

3.2.4. Aspirate a single larva in minimal liquid using the modified pipette tip.

3.2.5. Submerge the pipette tip into the agarose aliquot.

3.2.6. Dispense 40 μL of agarose containing one larva into one well of a flat-bottom 96-well plate. Use the same agarose volume for all wells within an experiment. If a different plate type is used, optimize the agarose volume before beginning the experiment and maintain the selected volume across all wells.

NOTE: Use flat-bottom plates to ensure consistent imaging. Optimize agarose volume based on plate geometry.

3.3. Orient and embed larvae

3.3.1. Place the plate under a stereomicroscope (dissection microscope).

3.3.2. Use fine-tipped forceps or a 0.25 mm probe to orient the larva such that the ventral diencephalon faces the objective.

3.3.3. Position larvae dorsal side down for inverted microscopes or dorsal side up for upright microscopes.

3.3.4. Complete orientation within 1–2 min before agarose solidifies.

3.3.5. Embed one larva per well according to a predefined 96-well plate map. Reserve row A for vehicle controls, row H for MTZ-only controls, and assign rows B–G to candidate compound conditions or dose-response groups. Randomize compound placement within rows B–G when possible to reduce positional bias. Use the same plate map for baseline and post-treatment imaging.

3.3.6. After agarose solidification, add BEW without tricaine to each well to bring the final well volume to exactly 200 μL. Use the same final volume for all wells within the plate to maintain consistent diffusion and treatment exposure.

3.4. Prepare MTZ treatment solutions

3.4.1. Prepare MTZ working solutions in BEW supplemented with 1% DMSO and 200 μM PTU. Add MTZ powder to the solution and vortex until no visible particles remain. Mix on a rocker or tube rotator protected from light for 15–30 min at room temperature. Confirm that the solution is clear and free of visible precipitate before use.

3.4.2. Prepare concentrations of 3, 4.5, and 9 mM for dose-response optimization.

3.4.3. Prepare a vehicle control containing 1% DMSO in BEW with 200 μM PTU.

3.4.4. Prepare only the validated MTZ concentration for routine screening after optimization.

CAUTION: MTZ is light-sensitive. Prepare solutions fresh for each experiment, protect from light using foil, and do not reuse leftover solutions.

NOTE: Maintain identical final DMSO concentrations across all treatment and control groups. Do not substitute alternative MTZ formulations.

3.5. Acquire pre-treatment fluorescence images

3.5.1. At 4 dpf, after embedding, acquire baseline fluorescence images using a fluorescence microscope with a 20× objective (Figure 2).

[Place Figure 2 here]

3.5.2. Image each well using the mCherry channel (excitation ~587 nm, emission ~610 nm).

3.5.3. Use identical imaging settings for all wells within an experiment. Set exposure time, illumination intensity, and detector gain using a vehicle control larva so that the brightest DA neuron pixels reach approximately 70%–80% of the detector dynamic range without saturation. Record the final exposure time, illumination intensity, detector gain, objective, and acquisition profile, and maintain these settings for all baseline and post-treatment images.

3.5.4. Acquire all images within a single session when possible to minimize variability in lamp intensity or detector sensitivity across time points. For systems with automated stage control, use multiposition acquisition to maintain identical coordinates across imaging sessions.

3.5.5. Save the acquisition profile for reuse during post-treatment imaging (Step 3.7) and in subsequent experiments.

NOTE: A 20× objective provides a balance between field of view and resolution for imaging the diencephalic DA neuron cluster.

3.6. Apply MTZ treatment after baseline imaging

3.6.1. Immediately after baseline imaging at 4 dpf, add MTZ-containing solution or vehicle solution directly to each well to bring the final well volume to 200 μL.

3.6.2. For compound-screening experiments, add candidate compounds together with MTZ at this step so that larvae are exposed to MTZ ± compound during the same 24 h treatment period.

3.6.3. Incubate plates at 28.5°C under a 14 h light:10 h dark cycle for 24 h, from 4 dpf to 5 dpf.

3.6.4. Avoid disturbing the plates during incubation.

NOTE: For dose-response experiments, evaluate additional incubation times (e.g., 12 and 48 h) to optimize treatment conditions.

PAUSE POINT: Plates can be maintained under incubation conditions for the defined treatment duration before proceeding to imaging.

3.7. Acquire post-treatment fluorescence images

3.7.1. At 5 dpf, acquire post-treatment images using the identical microscope settings used for baseline imaging at 4 dpf, including exposure time, illumination intensity, detector gain, objective, and acquisition profile (Figure 2).

3.7.2. Do not adjust exposure time, detector gain, illumination intensity, focus, objective, or acquisition settings between wells or between pre-treatment and post-treatment imaging sessions.

3.7.3. If the microscope was powered off between sessions, reload the saved acquisition profile and verify all settings against the recorded parameters before imaging.

3.7.4. Image wells in the same order used during baseline imaging when possible and acquire all post-treatment images within the same imaging session.

3.7.5. This paired pre-treatment and post-treatment imaging design controls for inter-individual variability in baseline DA neuron fluorescence and ensures that changes in signal are attributable to treatment rather than acquisition differences.

4. High-Throughput Plate-Based Drug Screening

4.1. Generate and screen transgenic larvae

4.1.1. Generate a new cohort of homozygous transgenic larvae.

4.1.2. Collect embryos and raise them in BEW.

4.1.3. Treat embryos with 200 μM PTU at 24–36 h post-fertilization (hpf) as described in Step 2.3.

4.1.4. At 3 dpf, screen larvae using the mCherry channel with fixed microscope settings for all larvae within the experiment. Set exposure time, detector gain, and illumination intensity using a known positive larva to clearly detect DA neuron fluorescence without saturation, then keep these settings unchanged during screening.

4.1.5. Classify larvae as positive if clear mCherry fluorescence is visible in the expected DA neuron clusters of the ventral diencephalon under fixed screening settings. Discard larvae with no signal above background in this region or with weak, diffuse, or ectopic fluorescence.

4.2. Embed larvae and acquire baseline images

4.2.1. At 4 dpf, embed larvae in a 96-well plate as described in Steps 3.2–3.3, using one larva per well.

4.2.2. Acquire pre-treatment baseline fluorescence images as described in Step 3.5.

4.3. Apply MTZ and candidate compounds

4.3.1. After acquiring baseline fluorescence images at 4 dpf, add treatment solutions directly to wells according to the plate map (Figure 1C).

4.3.2. For vehicle control wells, add BEW containing the same final DMSO concentration used in compound-treated wells.

4.3.3. For MTZ-only control wells, add MTZ solution without candidate compound.

4.3.4. For compound-screening wells, add MTZ and candidate compound together so that larvae are exposed to both during the same 24 h treatment period.

4.3.5. For initial screening, use a single compound concentration, such as 10 μM, unless compound-specific solubility, toxicity, or prior dose-response data indicate that a different concentration should be used.

4.3.6. Adjust each well to a final volume of 200 μL. Maintain identical final DMSO concentrations across all wells, including vehicle control, MTZ-only control, and MTZ plus compound wells.

4.3.7. Incubate plates at 28.5°C under a 14 h light:10 h dark cycle for 24 h, from 4 dpf to 5 dpf.

NOTE: This protocol does not include MTZ removal or washout before compound exposure. Candidate compounds are applied concurrently with MTZ immediately after baseline imaging.

4.4. Acquire post-treatment images and calculate fluorescence retention

4.4.1. At 5 dpf, acquire post-treatment fluorescence images using the identical acquisition settings used for baseline imaging at 4 dpf.

4.4.2. Image wells in the same order used during baseline imaging whenever possible.

4.4.3. Calculate fluorescence retention for each larva as:



4.4.4. Normalize fluorescence retention values to the mean vehicle control value from the same plate.

4.4.5. Identify candidate protective compounds as those with fluorescence retention values significantly greater than the MTZ-only control.

4.5. Identify hit compounds

4.5.1. Identify hit compounds as those with fluorescence retention ratios significantly greater than the negative control (MTZ-only).

4.5.2. Perform statistical analysis using Welch’s t-test to compare MTZ-only controls with MTZ plus compound treatment groups.

4.5.3. Validate hit compounds using independent biological replicates and dose-response assays. Confirm hits as compounds that reproducibly increase fluorescence retention relative to the MTZ-only control, with p < 0.05 and no visible larval toxicity or abnormal morphology.

4.5.4. Advance validated hits to secondary assays such as locomotor behavioral analysis, dose-response validation, or independent biological replicate testing.

NOTE: For compound library screens, calculate the Z-factor for each plate using positive and negative controls. A Z-factor > 0.5 indicates a robust assay suitable for hit identification.

5. Locomotor Behavioral Assessment

5.1. Assign larvae to treatment groups

5.1.1. At 4 dpf, allocate larvae from each genotype into three treatment groups with at least 10 larvae per group: BEW only, DMSO vehicle control, and MTZ treatment.

5.1.2. Assign groups as follows: (1) BEW only (untreated baseline), (2) 1% DMSO vehicle control, and (3) optimized MTZ concentration (4.5 mM in 1% DMSO/BEW with 200 μM PTU).

5.1.3. Include AB wild-type larvae treated with vehicle or MTZ under identical conditions. Confirm NTR-dependent effects if MTZ reduces locomotion in Tg(th:Gal4; UAS:NTR-mCherry) larvae but not in AB wild-type larvae.

5.2. Perform treatment and plate larvae

5.2.1. Treat larvae for 24 h at 28.5°C using the conditions defined in Step 5.1.2: BEW only, 1% DMSO vehicle control, or 4.5 mM MTZ in 1% DMSO/BEW with 200 μM PTU.

5.2.2. Transfer five larvae into each well of a 6-well plate containing 2.5 mL fresh BEW using a wide-bore transfer pipette. Minimize carryover volume and handle larvae gently to avoid stress or injury.

NOTE: Using five larvae per well balances data yield and minimizes overcrowding. Higher densities increase path crossings and introduce tracking errors in behavioral analysis.

5.3. Set up illumination conditions

5.3.1. Place the 6-well plate on a white LED light pad with uniform diffused illumination maintained at 25°C–28°C. Use the same light pad, brightness setting, and plate position for all recordings within an experiment (Figure 3A).

[Place Figure 3 here]

5.3.2. Illuminate the plate from both below and above using diffused light sources to minimize shadows, glare, and reflections.

5.4. Configure video recording setup

5.4.1. Mount a high-resolution camera in a fixed top-down orientation above the plate using a stable support (e.g., tripod or arm mount) (Figure 3B).

5.4.2. Place a ruler adjacent to the plate within the field of view for spatial calibration.

5.4.3. Ensure that the camera is perpendicular to the plate surface to minimize parallax distortion.

5.5. Record locomotor activity

5.5.1. Conduct recordings during the light phase of the 14 h light:10 h dark cycle to minimize circadian variability.

5.5.2. Allow larvae to acclimate for 1 h before recording.

5.5.3. Record locomotor activity for 60 min.

5.5.4. Do not disturb the setup during recording.

NOTE: Perform recordings at the same time of day across experiments to minimize circadian variability.

5.6. Configure behavioral tracking software

5.6.1. Import the recorded video into EthoVision XT (behavioral tracking software) (Figure 3C).

5.6.2. Configure the following settings: 6 arenas, 5 subjects per arena, center-point detection, distance in millimeters, and time in seconds.

5.6.3. Calibrate the spatial scale using the ruler present in the video frame.

5.6.4. Define arena boundaries for each well, ensuring that each arena fully encompasses the well interior without extending beyond the well edges.

5.7. Optimize detection settings

5.7.1. Generate a reference image using the software interface (Detection Settings → Reference Image → Start Learning).

5.7.2. Adjust the detection threshold to ensure accurate tracking of all larvae without false detections.

5.7.3. Run a short test acquisition (~2 min).

5.7.4. Inspect tracked paths visually before proceeding to full analysis. Confirm that all larvae are detected and that bubbles, debris, reflections, or well edges are not falsely identified as larvae.

NOTE: Common artifacts include edge tracking caused by oversized arenas, false detections from bubbles or debris, and loss of tracking during prolonged inactivity.

5.7.5. Exclude wells from analysis if persistent tracking failure, excessive path crossing, visible debris or bubbles, dead larvae, abnormal morphology, or larvae trapped at the well edge prevents reliable quantification.

5.7.6. Apply the same exclusion criteria to all treatment groups before statistical analysis.

5.8. Perform full analysis and export data

5.8.1. Run the full acquisition.

5.8.2. Generate track visualizations and heatmaps (Analysis → Results → Tracks and Heatmaps).

5.8.3. Export the raw data spreadsheet containing per-subject metrics, including total distance traveled (mm), mean velocity (mm/s), and number of movement bouts.

5.8.4. Use total distance traveled over 60 min as the primary locomotor endpoint (Figure 3D).

6. Data Analysis

6.1. Prepare images for analysis

6.1.1. Open pre-treatment and post-treatment image pairs in Fiji (ImageJ, image analysis software).
6.1.2. If images are acquired as Z-stacks, generate maximum intensity projections (Image → Stacks → Z Project → Max Intensity).

6.1.3. Adjust Brightness/Contrast using identical fixed display settings for all images within a dataset. Do not use auto-scaling for quantitative measurements, and perform fluorescence quantification on the original unadjusted images.

6.2. Define regions of interest (ROI)

6.2.1. Use the polygon selection tool to draw an ROI around the diencephalic DA neuron cluster in the pre-treatment image. Define the ROI boundary using anatomical landmarks visible in the fluorescence image, including the medial edges of the eyes and the ventral midline of the diencephalon (Figure 2). Ensure that the ROI encompasses the entire DA neuron cluster without extending into adjacent fluorescent structures. For consistency across operators, save a representative ROI template and distribute it to all team members as a spatial reference.

6.2.2. Press “t” to add the ROI to the ROI Manager.

6.2.3. Align pre-treatment and post-treatment images using anatomical landmarks, including the eyes and ventral diencephalon, before applying the ROI. Apply the same ROI to the matched post-treatment image only after confirming alignment.

6.2.4. Save all ROIs for each plate to enable reproducibility and re-analysis.

6.3. Quantify fluorescence intensity

6.3.1. Configure measurement settings (Analyze → Set Measurements) and select “Area” and “Mean gray value.”

6.3.2. Measure each image (Analyze → Measure).

6.3.3. Measure background fluorescence from an adjacent non-neuronal region within the same image and subtract it from the DA neuron ROI measurement. Calculate background-corrected integrated density as: corrected IntDen = IntDenROI − (areaROI × mean background).

6.3.4. Calculate the fluorescence retention ratio for each larva as IntDen(post-treatment) / IntDen(pre-treatment).

6.3.5. Normalize fluorescence retention ratios to the mean vehicle control value from the same plate. Calculate the vehicle control mean separately for each plate before comparing treatment groups19.

NOTE: For higher-throughput analysis, perform the same quantification using CellProfiler (image analysis software) with automated ROI detection20.

6.4. Perform pairwise statistical analysis

6.4.1. For comparisons between one treatment group and one control group, perform an unpaired two-tailed Welch’s t-test, which does not assume equal variance between groups.

6.4.2. Use this test when variance differs between groups.

6.5. Perform multi-group statistical analysis

6.5.1. Perform one-way ANOVA for experiments involving multiple treatment groups.

6.5.2. Apply Dunnett’s post hoc test to compare each treatment group with the control group using GraphPad Prism or equivalent statistical software.

6.6. Report statistical results

6.6.1. Set the significance threshold at α = 0.05.

6.6.2. Report exact p-values rather than categorical thresholds.

6.6.3. Present data as mean ± standard error of the mean (SEM) with individual data points overlaid as scatter plots using GraphPad Prism or equivalent graphing software.

6.6.4. Report sample size (n), statistical test, test statistic, degrees of freedom, and exact p-value in the figure legends. For large datasets, include full statistical outputs in a supplementary table.

NOTE: For screening assays, calculate the Z-factor for each plate as Z = 1 − [3(σp + σn)/|μp − μn|], where σp and μp are the standard deviation and mean of the vehicle control group, and σn and μn are the standard deviation and mean of the MTZ-only control group. A Z-factor > 0.5 is considered acceptable for screening.

[bookmark: _fbgflf6a21x]RESULTS:
MTZ Treatment Produces Dose-Dependent Dopaminergic Neuron Loss and Locomotor Impairment
To determine the optimal parameters for MTZ-mediated ablation of DA neurons, fluorescence intensity, used as a proxy for DA neuron survival, and locomotor distance were evaluated across MTZ concentrations of 3, 4.5, and 9 mM following 24 h treatment. Each treatment group consisted of n = 10 individual Tg(th:Gal4; UAS:NTR-mCherry) larvae with a matched vehicle control group (1% DMSO in BEW with 200 μM PTU, n = 10). Larvae were derived from a single clutch collected from validated homozygous breeders. MTZ treatment produced a dose-dependent reduction in DA neuron fluorescence compared with vehicle-treated controls, as shown in representative fluorescence images (Figure 2) and fluorescence quantification (Figure 4B). Behavioral analysis demonstrated a corresponding dose-dependent reduction in total distance traveled following MTZ treatment (Figure 4A). Linear regression analysis further demonstrated concordance between fluorescence retention and locomotor output across treatment groups (Figure 4C). Based on these combined anatomical and behavioral outcomes, 4.5 mM MTZ for 24 h was selected as the optimized condition for downstream screening because it produced a robust but non-saturated phenotype suitable for detecting rescue effects. This MTZ concentration was also previously used for high-throughput screening of neuroprotective compounds in zebrafish DA neuron ablation models22.

[Insert Figure 4 here]

The optimized MTZ treatment condition was selected based on its ability to induce robust DA neuron loss while preserving overall larval development and gross morphology. Following 24 h treatment, 4.5 mM MTZ produced an approximately 60% reduction in DA neuron fluorescence relative to vehicle-treated controls (Figure 4B) together with a corresponding reduction in locomotor activity (Figure 4A). Importantly, larvae treated with 4.5 mM MTZ maintained normal gross morphology and did not show overt developmental abnormalities under brightfield inspection, supporting the interpretation that the observed behavioral deficits were associated with DA neuron ablation rather than generalized developmental toxicity.

With increasing MTZ exposure, fluorescence in the targeted DA neuron population decreased in a dose-dependent manner. Vehicle-treated control larvae maintained normal fluorescence in the DA neuron region, whereas MTZ-treated larvae showed a marked reduction in fluorescence due to ablation of NTR-expressing neurons. Compounds that reduce fluorescence loss relative to MTZ-only wells may indicate neuroprotective effects. Changes in fluorescence intensity across treatment groups therefore provide a rapid and quantitative method for comparing compound efficacy in vivo.

Vehicle-treated control larvae retained fluorescence intensity and normal locomotor activity, confirming that the observed effects were specific to MTZ-mediated ablation rather than experimental handling or solvent exposure. The concurrent reduction in DA fluorescence and locomotor activity confirmed that the protocol successfully induced targeted neurodegeneration with functional behavioral consequences. This screening approach enables rapid testing of multiple compounds in a Parkinson’s disease-relevant zebrafish model21. Because larvae develop externally and require small treatment volumes, compound effects can be assessed within a few days in a 96-well format22. Compounds demonstrating protective effects in this assay can subsequently be prioritized for validation in secondary experimental models.

Expected Locomotion Behavioral Data
Locomotor activity was recorded for 60 min and quantified as total distance traveled (cm) using EthoVision XT (Figure 3). Vehicle control larvae traveled a mean of 2100–2200 cm during the recording period. Larvae treated with 3 mM MTZ showed a modest reduction in total distance traveled (approximately 8%, Welch’s t-test, p = 0.035), consistent with mild dopaminergic impairment. The 4.5 mM MTZ group showed an approximately 32% reduction in locomotor activity (p = 0.0004), producing a robust behavioral deficit suitable for detecting rescue effects from candidate neuroprotective compounds. The 9 mM MTZ group showed an approximately 68% reduction in total distance traveled (p < 0.0001), with larvae exhibiting prolonged freezing behavior and near-complete loss of spontaneous swimming bouts (Figure 4A). Linear regression analysis across all treatment groups demonstrated concordance between relative fluorescence intensity and locomotor distance (R² = 0.704, p < 0.0001; Figure 4C), confirming that locomotor impairment is proportional to the degree of DA neuron loss.

The magnitude of locomotor impairment correlated with MTZ concentration. Larvae treated with 3 mM MTZ exhibited only a modest reduction in movement, whereas the 4.5 mM condition produced a reproducible Parkinson’s disease-like locomotor deficit that remained suitable for detecting rescue effects. At 9 mM MTZ, larvae exhibited near-complete immobility, which may reflect severe neurodegeneration and potential systemic toxicity. In our experiments, lower MTZ exposure produced smaller reductions in DA neuron fluorescence and locomotor activity, whereas 9 mM MTZ produced near-complete fluorescence loss together with marked locomotor suppression. Based on these observations, 4.5 mM MTZ for 24 h was selected as the optimized condition because it produced a robust but non-saturated phenotype suitable for identifying protective effects. Excessive MTZ exposure may lead to non-specific toxicity, including widespread tissue damage or lethality, which can confound interpretation of DA-specific effects.

For investigators applying this protocol to compound screening, assay quality can be evaluated by calculating the Z-factor using the positive control group (vehicle control) and negative control group (MTZ only) from each screening plate. In our representative experiment, the fluorescence retention assay produced a Z-factor of 0.52, indicating a robust screening window suitable for hit identification. Within each biological replicate, a minimum of n = 10 larvae per condition provided sufficient statistical power to detect an approximately 30% change in fluorescence retention at α = 0.05 with >80% power, based on the observed effect sizes and variance within this assay.

FIGURE LEGENDS: 
Figure 1. Transgenic screening, larval embedding, and plate design. (A) Fluorescence image (mCherry channel, 4× objective) of a transgenic zebrafish larva expressing nitroreductase (NTR) in dopaminergic (DA) neurons, showing DA neuron clusters in the ventral diencephalon between the eyes. (B) Modified P200 pipette tips trimmed to approximately 1.5 mm openings, used for transferring larvae during agarose embedding. (C) Representative 96-well plate layout for high-throughput drug screening, including vehicle control, metronidazole (MTZ)-treated wells, and screening compound conditions.

Figure 2. Dose-dependent reduction in DA neuron fluorescence following metronidazole treatment. Representative fluorescence images (mCherry channel, 20× objective) of transgenic zebrafish larvae showing diencephalic DA neurons after 24 h treatment with varying concentrations of MTZ. Fluorescence intensity decreases in a dose-dependent manner, indicating successful chemogenetic ablation of NTR-expressing neurons. Scale bar = 50 μm.

Figure 3. Locomotor behavioral recording setup and analysis workflow. (A) Experimental setup showing a 6-well plate containing zebrafish larvae positioned on a light pad with a ruler for spatial calibration and a temperature-controlled heat source for maintaining experimental conditions. (B) Video acquisition setup with a top-down camera used to record larval movement, with representative tracking overlay. (C) Behavioral tracking performed using EthoVision XT (behavioral tracking software), showing automated detection and tracking of larval movement. (D) Workflow summary outlining the steps from video acquisition to quantitative analysis of locomotor behavior.

Figure 4. Metronidazole treatment reduces locomotor activity and DA neuron fluorescence in a dose-dependent manner. (A) Total distance traveled (cm) by transgenic zebrafish larvae following 24 h treatment with vehicle control or MTZ at 3, 4.5, and 9 mM. (B) Relative fluorescence intensity normalized to vehicle control for the same treatment groups. (C) Linear regression analysis of relative fluorescence intensity versus locomotor distance across all treatment groups, demonstrating correlation between structural and functional endpoints. Data are presented as mean ± standard error of the mean (SEM) with individual data points overlaid. Statistical significance was assessed using unpaired two-tailed Welch’s t-tests comparing each MTZ-treated group with its matched vehicle control group.

DISCUSSION:
This protocol offers a scalable, in vivo pipeline for quantifying DA neuronal loss and screening neuroprotective compounds using the NTR–MTZ chemogenetic system in transgenic zebrafish. The standardized, plate-based workflow was specifically developed for undergraduate research teams, where operator turnover is high and investigator experience varies between academic terms. Each step of the workflow has been structured to prioritize reproducibility and ease of training, enabling consistent execution across multiple users with minimal variability. This protocol advances existing zebrafish-based neurodegeneration methods by combining paired pre- and post-treatment DA neuron imaging with plate-based behavioral analysis in a standardized workflow, allowing structural neuron-loss measurements and functional locomotor outcomes to be compared within the same scalable screening platform. Using this workflow, one 96-well plate can be embedded and baseline imaged at 4 dpf, treated for 24 h, and re-imaged at 5 dpf. Embedding typically requires approximately 1 h per plate, fluorescence imaging requires approximately 1 h per plate per imaging session depending on microscope settings, and semi-automated fluorescence analysis requires approximately 3 h per plate after image acquisition.

The behavioral assay uses five larvae per well to increase throughput while preserving a relatively large swimming arena for each recording. In this format, total distance traveled provides a robust group-level locomotor endpoint for comparing treatment conditions. Because multiple larvae are present in the same well, brief path crossings or transient identity assignment errors may occur, particularly during periods of high activity. To minimize this source of variability, all treatment groups are assayed at the same larval density, arena boundaries are manually verified, and tracking paths are visually inspected before full analysis. For studies requiring detailed individual trajectory analysis, such as bout structure, turn angle, freezing episodes, or social interaction-independent measurements, the assay can be adapted to a one-larva-per-well format.

Reproducibility depends on strict adherence to several critical steps. Homozygous transgenic breeders must be validated to ensure uniform baseline fluorescence. PTU treatment must begin at 24–36 hpf to prevent pigmentation prior to imaging. MTZ solutions must be prepared fresh, protected from light, and maintained at a constant DMSO concentration across all groups. During imaging, consistent parameters, including objective, exposure time, detector gain, and ROI placement, are essential, as even minor variations in acquisition settings or focal depth can confound fluorescence quantification. During locomotor tracking, diffused lighting, stable temperature, and a controlled environment are required, as reflections, air bubbles, ambient noise, and circadian variation can generate artifacts that may be misinterpreted as treatment effects. Collectively, these parameters represent critical control points that determine the reliability and reproducibility of the assay.

This protocol bridges a critical gap between in vitro assays, which lack whole-organism context, and mammalian models, which are often too slow and costly for initial compound screening23,24. The standardized plate-based format, use of validated transgenic lines, and inclusion of matched AB wild-type controls reduce operator-dependent variability and ensure that data collected across different users and experimental cohorts remain statistically comparable. Compared with traditional rodent-based neurodegeneration assays, the zebrafish platform substantially reduces experimental cost, animal housing requirements, and screening time while enabling higher-throughput compound evaluation. As a result, compounds identified through this pipeline can be prioritized for downstream validation in higher-order models, providing a cost-effective and time-efficient entry point into neurodegeneration drug discovery workflows.

The NTR–MTZ system models acute dopaminergic neuron loss rather than the progressive neurodegeneration characteristic of Parkinson’s disease and does not reproduce features such as α-synuclein aggregation; therefore, compounds identified through this pipeline should be further validated in complementary models. The zebrafish posterior tuberculum contains DA neurons functionally analogous to the mammalian substantia nigra but differs in circuit organization, so locomotor readouts reflect global motor output rather than specific parkinsonian features. Higher MTZ concentrations or prolonged exposure may produce excessive ablation, larval stress, or nonspecific toxicity; therefore, MTZ dose and exposure duration should be optimized before screening. Behavioral variability can arise from differences in circadian phase, ambient vibration, temperature fluctuation, or inconsistent acclimation time, all of which should be controlled across sessions. Common troubleshooting issues include weak fluorescence signal, which typically results from incomplete homozygosity, suboptimal PTU timing, or imaging parameter drift between sessions. Inconsistent ablation across wells is most often caused by uneven MTZ distribution or light exposure during incubation. Tracking artifacts in the locomotor assay, such as false detections or lost tracks, can often be resolved by adjusting arena boundaries, reducing debris with fresh BEW, and verifying the detection threshold on a short test acquisition before beginning full recording. Larvae with mortality, abnormal morphology, or severe developmental delay should be excluded from analysis, as these outcomes may indicate compound toxicity, poor water quality, or handling stress.

This protocol can be adapted to other neuronal populations by using alternative Gal4 driver lines or fluorescent reporter lines that label the cell type of interest. The same workflow can also be modified for other chemogenetic or genetic models of neurodegeneration, provided that baseline and post-treatment imaging conditions are kept consistent. For behavioral studies, the assay can be adapted to a one-larva-per-well format for individual tracking or combined with alternative readouts such as startle response, light–dark transition behavior, or sleep–wake analysis. Image analysis can also be scaled using automated pipelines in CellProfiler, Fiji macros, or machine-learning-based segmentation tools to reduce user bias and increase throughput. More broadly, this platform can be applied to early-stage neuroprotective compound screening, toxicity assessment, target validation, and prioritization of candidate therapeutics for follow-up testing in complementary disease models.
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