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Abstract

Caenorhabditis elegans (C. elegans) has served as a simple model organism to study dopa-

minergic neurodegeneration, as it enables quantitative analysis of cellular and sub-cellular

morphologies in live animals. These isogenic nematodes have a rapid life cycle and trans-

parent body, making high-throughput imaging and evaluation of fluorescently tagged neu-

rons possible. However, the current state-of-the-art method for quantifying dopaminergic

degeneration requires researchers to manually examine images and score dendrites into

groups of varying levels of neurodegeneration severity, which is time consuming, subject to

bias, and limited in data sensitivity. We aim to overcome the pitfalls of manual neuron scor-

ing by developing an automated, unbiased image processing algorithm to quantify dopami-

nergic neurodegeneration in C. elegans. The algorithm can be used on images acquired

with different microscopy setups and only requires two inputs: a maximum projection image

of the four cephalic neurons in the C. elegans head and the pixel size of the user’s camera.

We validate the platform by detecting and quantifying neurodegeneration in nematodes

exposed to rotenone, cold shock, and 6-hydroxydopamine using 63x epifluorescence, 63x

confocal, and 40x epifluorescence microscopy, respectively. Analysis of tubby mutant

worms with altered fat storage showed that, contrary to our hypothesis, increased adiposity

did not sensitize to stressor-induced neurodegeneration. We further verify the accuracy of

the algorithm by comparing code-generated, categorical degeneration results with manually

scored dendrites of the same experiments. The platform, which detects 20 different metrics

of neurodegeneration, can provide comparative insight into how each exposure affects

dopaminergic neurodegeneration patterns.

1. Introduction

Neurodegenerative disorders like Parkinson’s disease (PD) are an increasingly significant

health crisis in part due to aging populations. PD is characterized by the progressive
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degeneration of dopaminergic neurons in the substantia nigra region of the brain [1]. Decades

of research have examined factors contributing to its pathology, identifying causative roles for

several genetic mutations and environmental toxicants [2]. PD takes two forms: familial and

idiopathic. Familial PD provides insight into the mechanisms of this disease, with known

mutations in genes including LRRK2, PINK1 and PRKN all increasing disease likelihood [3].

However, up to 90% of cases are idiopathic [4]. PD currently has no cure, underscoring the

importance of identifying the root causes of PD and identifying potential targets for pharma-

ceutical intervention.

The risk of developing idiopathic PD has been correlated with exposure to environmental

toxicants such as the pesticides paraquat and rotenone [5]. Unfortunately, there are tens of

thousands of high-volume synthetic chemicals in use, and very few have been tested for their

potential to cause neurodegeneration [6, 7]. Furthermore, with known genetic vulnerabilities

increasing PD risk, and many unknowns regarding how these genetic and environmental fac-

tors interact, the ability to screen chemicals alone is not enough. With the multitude of gene-

environment interactions to consider, high-throughput screening will be essential for evaluat-

ing chemical potential to induce dopaminergic neurodegeneration. Currently, there is not a

widely accepted high-throughput screening method to address this concern. The slow growth,

expensive maintenance, and extensive work required to investigate neurodegeneration in

mammalian models has led to the exploration of models that are more adaptable to higher-

throughput methods. Cell culture models such as the commonly used SHSY-5Y cells have

been employed but cannot account for the complex intracellular and intercellular relationships

that occur in vivo. In addition, these neurons do not form their natural networks and the role

of their dysfunction cannot be contextualized to an organismal scale [8]. Here, we propose the

use of a small transparent nematode, Caenorhabditis elegans (C. elegans) and a novel auto-

mated system for quantifying dopaminergic neurodegeneration to increase the throughput,

decrease the bias, and improve the accuracy of the data collected in C. elegans dopaminergic

neurodegeneration experiments.

C. elegans is a well-studied model for examining factors that can lead to dopaminergic neu-

rodegeneration [9–14]. This small nematode with a rapid life cycle and short life span makes

examination of aging and aging-related pathologies such as neurodegeneration simple, and its

transparent body makes fluorescence imaging in living animals feasible. C. elegans possesses a

fully characterized nervous system with eight dopaminergic neurons, of which the four

cephalic (CEP) neurons have a particularly well-studied pattern of damage characterized by

specific degenerative phenotypes including blebbing and breakage [9, 15]. C. elegans demon-

strate well conserved aging and metabolic pathways, both critical to the pathology of PD, and

the CEP neurons have replicated degenerative effects induced by common PD models, such as

rotenone and 6-OHDA treatment [13, 15, 16].

Many different systems for analyzing or scoring degeneration of the CEP neurons have

been proposed. Some look at one marker of degradation, such as loss of the neuronal cell body

[17] or quantification of the loss of fluorescence in the soma [18, 19]. Though easily quantified,

this metric may be influenced by the genetic or chemical influences on the promoter used to

drive fluorescent protein expression. Other methods attempt to quantify damage within the

dendrites of the CEP neurons, with varying degrees of specificity. Typically, this is completed

by categorizing either using a binary approach (damaged or healthy) or a more granular grad-

ing system, such as 5-point or 7-point systems that grade the dendrites based on a semi-quanti-

tative analysis of morphological features [14, 15, 20, 21]. These scoring systems provide more

nuance and can help assess changes in neuron health across different doses of toxins, but they

are limited by the subjective, qualitative nature of manual scoring. A purely quantitative analy-

sis of neuron images could better reveal subtle differences in degradation [22]. For example, it
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may allow for investigation of if and how age-related deterioration may present differently

than deterioration due to toxicants, or whether degradation from exposure to one class of

toxin may present different morphological effects than exposure to another. Thus, it is of sig-

nificant interest to develop a platform capable of portraying a comprehensive and precise

assay of the neuron’s health.

Manual scoring of neurons has other drawbacks, such as bias. While there are techniques

and software that can be used to ensure consistency across scoring groups [23], the possibility

of bias is inherent to manual observation. Another issue is the time and labor that comes with

scoring large sets of images by hand. In addition, it can be difficult for the human eye to con-

sistently pick up on subtle morphological irregularities, defined here as features. For instance,

information like the size or shape of a feature of interest is not measurable by eye yet may yield

important information about the neuron’s health.

Computer vision algorithms for tracking and analyzing neurons have attempted to alleviate

many of these issues [24, 25]. However, it can be difficult for an algorithm to correctly identify

dendrites due to breaking segments and overlaps. Many projects turn to machine learning

models, specifically Convolutional Neural Networks, to aid this [26, 27]. Training machine

learning models requires large quantities of data at the risk of overfitting the model to the

training set. For example, a model trained on images from one microscope or image setting

may struggle when given data from a different set up. Building a platform robust enough to

handle data from multiple sources would help standardize further research using the C. elegans
model. We present an Automated, Unbiased Dopaminergic Degeneration Identification Tool

(AUDDIT), a new algorithmic approach to trace and score CEP dendrites without the need

for user training. Our approach can segment images to identify dendrites, track and analyze

the dendrites to assess their health, and pick up morphological features such as blebbing.

AUDDIT can analyze images from different imaging setups, which may vary in camera resolu-

tion, intensity, and pixel size. Compatibility across differing imaging setups can help lower the

barriers of entry into image processing based quantitative neurodegenerative analysis. We ver-

ify the algorithm’s versatility by quantifying dopaminergic neurodegeneration in nematodes

exposed to rotenone, cold shock, and 6-hydroxydopamine (6-OHDA) using 63x epifluores-

cence, 63x confocal, and 40x epifluorescence microscopy, respectively, while also using differ-

ent light sources and cameras for acquisition. Through the quantitative data produced by this

algorithm, further research can be undertaken to highlight subtle, yet distinct, dopaminergic

degradation phenotypes in a consistent and comprehensive manner.

II. Materials and methods

A. Strains used

For imaging CEP neurons in the head region, the BY200 [vtIs1 (dat-1p::GFP, rol-6)] strain was

utilized. The 6-OHDA exposures used RB1600 [tub-1(ok192)], and RB2237 [tub-2(ok3024)],

which were crossed with BY200. Worms were cultured on K-agar [28] plates seeded with

OP50 E. coli strain OP50 at 20˚C. Additional culturing details specific to different exposure

scenarios are provided below.

B. Rotenone exposure

Worm populations were age-synchronized by extracting worm eggs from gravid adult worms

using a 1% bleach and 0.1 M NaOH solution [29]. Worms were then grown from the L1 stage

in 1 mL wells filled with complete K medium (2.36 KCl, 3 g NaCl, 5 mg cholesterol, 1 mL 1M

CaCl2, 1 mL 1M MgSO4 in 1 L of water) [28]. Worms were kept well fed using bacterial strain

HB101 at 50 mg/ml. Well plates were gently rocked and incubated at 25˚C. Rotenone diluted
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in DMSO was dosed appropriately at either 0 μM, 0.03 μM, or 0.5 μM and added to the wells

at hatching. Rotenone concentrations were re-dosed daily to account for absorption and

chemical breakdown. Dilutions were made ensuring final DMSO concentration in the K

medium was 0.125% by volume. Worms were removed from the wells once reaching the L4

stage (an extra 24 h was required for worms to reach L4 in 0.5 μM rotenone, as previously

established by Mello et al. [30]), then transferred to slides for prompt imaging (see microscopy

and imaging).

C. Cold shock exposure

Animals were age-synchronized by extracting worm eggs from gravid adult worms using a 1%

bleach and 0.1 M NaOH solution [29]. To improve age-synchronization, extracted eggs were

then placed in M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, and 1 mL of 1 M MgSO4 in 1 L

of water) overnight. Newly hatched L1 worms were then transferred to a solid nematode

growth media (NGM) [31] plate seeded with Escherichia coli OP50. Worm populations were

then cultured at 25˚C until they reached day 1 of adulthood. A subpopulation of worms was

then imaged (see microscopy and imaging) prior to the 16-hour cold shock. Worms were then

transferred to the 4˚C refrigerator for 16 hours. Following the cold shock, plates were placed at

room temperature for 1 hour prior to imaging.

D. 6-hydroxydopamine exposures

Worms were age-synchronized by transferring adults to K-agar plates seeded with OP50 for 3

hours and allowed to lay eggs. Afterwards, all worms were washed from the plates with K

medium. The remaining eggs were allowed to hatch and age to adulthood. Beginning on day 1

of adulthood, they were transferred to fresh plates each day to separate them from progeny

until adult day 5. On adult day 5 worms were exposed in K+ medium to either a vehicle control

of ascorbic acid, or 6-hydroxydopamine (6-OHDA) in ascorbic acid for one hour. After expo-

sure, animals were washed three times with 2 mL K-medium with 2 minutes for gravity settling

between addition of K-medium and aspiration. They were subsequently plated on K-agar

plates seeded with OP50 where they remained for 48 hours until imaging.

E. Microscopy and imaging

Animals were placed on a glass slide with 2% agarose pads. To immobilize worms for high-res-

olution imaging, two methods were used. For the 6-OHDA exposure, worms were picked via

stainless steel pick onto 2% agarose pads on glass slides and paralyzed with 500 mM sodium

azide. Images were obtained with a Keyence BZ-X710 fluorescence microscope using a 40x

objective and GFP excitation/emission filter (OP-87763, Keyence). Z-stacks images were

acquired of the head region of each worm using a 0.5 μM step size. Alternatively, for cold

shock imaging, worms were placed in a solution of 5 mM tetramisole and M9 buffer prior to

transferring to the agarose pad on a glass slide. Worms naturally move in a lateral orientation

that causes the four CEP neurons to overlap while imaging. Thus, immobilizing prior to

mounting worms increased worm orientation variability and improved the chances that all

CEP neurons in the head would be visible in a maximum projection image. The experimental

exposure determined how the images were acquired. For the rotenone exposure experiments,

images were acquired with an inverted Leica DMi8 widefield fluorescence microscope, a

Hamamatsu Orca-Fusion camera using a 63x objective (NA = 1.40), and a metal halide light

source. Worms from the cold shock experiments were imaged with an inverted Leica DMi8

widefield fluorescence microscope equipped with a spinning disk confocal head (Crest Optics

X-light V2), a Hamamatsu Orca-Fusion camera using a 63x objective (NA = 1.40), and a Laser
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Diode Illuminator (89 North LDI). Z-stack images were acquired using a 0.75 μm step size and

35 steps.

F. System requirements and performance

AUDDIT v1.0 was scripted in MATLAB 2021b (MathWorks) with the Image Processing and

Statistics toolboxes installed. The graphical user interface (GUI) was developed using the built-

in App Designer. The GUI works as a standalone desktop application and does not require a

MATLAB license. Both the GUI and the MATLAB scripts can be found in the Dryad Reposi-

tory (https://doi.org/10.5061/dryad.cvdncjt82). For the data in this article, AUDDIT v1.0 was

used. We plan to continue to improve performance of AUDDIT and will upload new updates

to the Dryad repository as they occur.

The software package was tested on a desktop computer with the Apple Silicon M1 chip

and 16 GB memory. On 16-bit images captured with the Hamamatsu Orca-Fusion (2304 x

2304 pixels), AUDDIT could analyze images at ~10 seconds per image. On the smaller, 8-bit

images captured on the Keyence BZ-X700 (760 x 920 pixels), it could analyze images at ~2 sec-

onds per image. It is important to note that displaying images while the algorithm is running

significantly increases the processing time.

G. Statistical analysis

The statistical analysis throughout this study used the Statistics and Machine Learning

Toolbox in MATLAB 2021b. For each exposure, each dendrite analyzed is counted as N = 1.

Each exposure and metric were analyzed with a one-way ANOVA. For individual exposure

analysis (Figs 3–5), the Bonferroni multiple comparison correction was used [32]. When com-

paring exposure patterns to the respective controls in Fig 6, the Dunnett’s correction was used

[33]. All statistical output with related p values for each experiment are available in the Dryad

repository (https://doi.org/10.5061/dryad.cvdncjt82).

III. Results

A. Unbiased, automatic algorithm for neurodegeneration detection

AUDDIT aims to increase throughput and decrease bias in obtaining quantifiable neurode-

generation metrics. We sought to limit user input to a maximum projection image of the four

fluorescently tagged CEP neurons in the C. elegans head and the pixel size of the user’s camera.

The pixel size of the user’s camera is used throughout the algorithm to scale functions that are

size-dependent, such as creating structuring elements or determining minimum separation

between points. Once the pixel size is set and images are loaded, the algorithm completes a

series of steps to detect, track, and report neurodegeneration metrics (Fig 1). AUDDIT was

developed based on typical morphological features exhibited by CEP neurons exposed to

neurodegenerative insults, such as 6-OHDA [9, 16]. We used sample images (S1 Fig) of degen-

erated CEP dendrites to define algorithm parameters for each of the main tasks performed:

dendrite detection, feature detection, and dendrite tracing. Since AUDDIT is built to analyze

maximum intensity projections of z-stacks, acquisition of the entire neuron and avoiding

under sampling in the z-plane is essential.

i. Dendrite detection. Because they show degeneration earlier than the cell bodies, den-

drites are often the focus when studying neurodegeneration in CEP neurons [15, 20, 34–36].

Thus, the first step of the algorithm automatically crops the images such that only the dendrites

are in view. This is feasible because the CEP dendrites, when correctly oriented, present a com-

mon morphology of four long, vertical strands. Preprocessing uses an initial global contrast
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adjustment to ensure the dendrites are bright enough to be detected, as their fluorescence is

significantly lower than the cell body of the neuron. Since the cell bodies are often the highest

intensity pixels, a binarization step with a threshold level aimed to only detect the brightest

pixels is performed (Fig 2A). Once the cell body is detected, the image is rotated such that the

dendrites are aligned with the vertical axis. The image is then split horizontally into two

smaller images using the bounding box of the cell body as the reference point for cropping

(Fig 2A). To determine which of the newly created images contains the dendrites, another

binarization step with a less stringent threshold level is completed on both images. The result-

ing binarized images contain regions of dendrites and any other objects in the frame (Fig 2A).

Various properties of the identified objects, such as orientation, major axis length, circularity,

and area, are extracted using the built-in regionprops function in MATLAB. Next, to deter-

mine which image contains the dendrites, the region properties from the split images are com-

pared. For example, the cell bodies tend to be circular, whereas the dendrites tend to be

elongated and oriented along the vertical axis. Thus, the image with fewer circular objects is

chosen as the image containing dendrites. Finally, once the correct side of the image is deter-

mined, border removal functions are used to exclude the cell bodies and any unwanted objects

around the edges of the image. The image is further cropped to remove the extra space vacated

by unwanted object removal (Fig 2A).

ii. Feature detection. A key morphological feature of dendrite degeneration is the pres-

ence of blebbing (sometimes described as “beads on a string”). Blebs are roughly circular, mor-

phological features that protrude from the dendrite [15, 37]. To identify blebbing features in

Fig 1. Overall neurodegeneration algorithm schematic. The algorithm requires the user to provide maximum intensity projection image(s] of the

CEP neurons and the pixel size in microns. Once the images and pixel size are set, the algorithm automatically detects dendrite locations and crops the

image accordingly. Next, the cropped image undergoes a preprocessing step, which permits feature detection and dendrite tracking. An error check

follows this step to ensure the dendrites were correctly identified. Using the tracks and feature locations, dendrite loss and feature metrics are quantified

and stored for an overall neurodegeneration report. Max projection scale bar = 15 μm.

https://doi.org/10.1371/journal.pone.0281797.g001
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Fig 2. Key steps in neurodegeneration detection algorithm. A. Dendrite detection steps. The original image is first contrast adjusted and

binarized to detect the location of the cell body (Scale bar = 25 μm). Next, the image is split into two images (Scale bar = 25 μm). Using the

structures obtained through binarizing these images, the algorithm detects which image contains the dendrites (Scale bar = 10 μm). B. Feature

detection steps. First, the cropped image undergoes local contrast adjustment to improve the subsequent global thresholding and binarization

step. Feature locations are obtained using horizontal image erosion. Lastly, active contour segmentation of these features improves feature shape

definition. C. Dendrite tracking. The local contrast adjusted image is used as a starting point to track dendrites. Each row of pixel intensities is

analyzed to obtain 4 local maximum points, which correspond to the four dendrites. The resulting binary image is then closed with a vertical

structuring element to connect points where no local maxima is detected. Next, for each row, every foreground point is binned and labeled into its

respective dendrite and extra foreground points are removed. Lastly, rows with missing dendrites are interpolated and smoothed to create the

final tracks.

https://doi.org/10.1371/journal.pone.0281797.g002
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the dendrite, the algorithm first performs a series of preprocessing steps on the cropped image.

First, the image undergoes a local contrast adjustment using the localcontrast() function in

MATLAB to improve individual dendrite definition. The extent of contrast enhancement

depends on the original cropped image’s background noise and intensity. Next, the image

undergoes a 4x resize to increase available pixels for image morphological operations, which

helps improve feature detection. The last preprocessing step is a background subtraction to

help normalize uneven illumination and reduce noise throughout the image (Fig 2B).

Once the image has been processed, a binarization with a global threshold is utilized to

obtain a rough outline of the dendrites. This threshold level is dependent on the noise and

overall intensity level of the original image, as image artifacts are more easily detected with

noisy or low contrast images. Thus, images with higher noise must have an increased threshold

level to minimize the number of unwanted objects placed in the foreground. Since features, or

morphological abnormalities on dendrites, are wider than dendrites, horizontal erosion is then

performed to remove thin vertical dendrites. The clusters of pixels remaining after the erosion

identify the locations of detected morphological features. However, horizontal erosion often

causes the shape of resulting pixel clusters to be jagged with a horizontal bias. To improve

shape definition of the blebs, an iterative region-growing function, activecontour() using the

Chan-Vese method, is utilized at each of these locations [38]. Finally, region properties of the

bleb features, such as area, circularity, and intensity, are extracted and stored for further analy-

sis (Fig 2B).

iii. Dendrite tracking. Another important metric in studying dendrite degeneration is

dendrite loss. Tracing the dendrites is challenging as they can break off into different segments,

change direction abruptly, and even overlap with one another. Furthermore, while a healthy

worm has 4 CEP dendrites, degeneration can result in loss of one or more of them. Our

approach begins by starting at the top of the image, and sequentially locating four local maxi-

mum intensities and their respective x coordinates at each y value of the image, representing

four separate dendrites (Fig 2C). Since dopaminergic neurons may have breaks, some rows in

the resulting image will not have all 4 local maxima intensities. Thus, in an attempt to connect

each dendrite to itself, the algorithm conducts a morphological closing with a vertical structur-

ing element using the located maximum intensities as foreground objects. These rough den-

drite objects are then skeletonized to obtain an improved dendrite track. Next, each tracked

object is binned into its respective dendrite index by matching the tracked object’s x location

to a running average of dendrite indices. If there is more than one object indexed to the same

dendrite at the same y location, the object farther away from the running average will be

removed, leaving a maximum of four dendrite indices at each y value. Lastly, each tracked den-

drite is smoothed and interpolated to fill in any missing spaces, such that there are four dis-

crete tracks (Fig 2C).

iv. Degeneration metrics. The last step in the neurodegeneration algorithm includes

matching detected features to their respective dendrites, detecting dendrite loss, and ultimately

creating a degeneration metric report for downstream analysis. Bleb features are matched to

the corresponding dendrite by comparing track location with the pixel locations of the

detected bleb features. Dendrite loss is detected by sequentially analyzing each pixel row in

each individual dendrite track and comparing it to a binarized image of dendrites (S2 Fig). If

the tracks do not include any foreground objects from the dendrite binarization, that pixel row

of the tracked dendrite would be determined as a break. The final step is compiling the metrics

of neurodegeneration into a file for future analysis and visualization. A thorough explanation

of all 20 neurodegeneration metrics realized by AUDDIT can be found in S1 Table. We next

utilized AUDDIT to score and analyze images of dopaminergic neurons exposed to known

sources of dopaminergic degeneration, as presented in the following sections.
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B. Rotenone exposure induces dendritic blebbing, breakage, and neuronal

intensity loss

Rotenone is a potent inhibitor of mitochondrial electron transport chain Complex I known to

induce oxidative stress [39–41]. Despite these dangers, it continues to be used as a pesticide

outside of the United States, and as a piscicide inside of the United States [41]. Over two

decades of research has shown that rotenone can consistently induce dopaminergic degrada-

tion both in cell cultures and live organisms [42–46]. We aimed to use our algorithmic plat-

form to gain further quantitative insight into neuronal deterioration induced by rotenone

exposure in C. elegans. Examples of healthy, moderately degenerated, and severe degeneration

induced by control, 0.03 μM and 0.5 μM rotenone exposures can be seen in Fig 3A. The rectan-

gles overlaid on top of the images depict the location of features detected by the algorithm.

We extracted various metrics of neurodegeneration, such as feature count (blebbing), den-

drite length, dendrite remaining, and dendrite intensity. The extracted data from each dendrite

labeled with a star, rectangle, triangle, or circle in the example images in Fig 3A is shown in

Fig 3B–3D. Worms exposed to 0.5 μM rotenone exhibited significantly higher rates of blebbing

per dendrite length than control worms (Fig 3B). Interestingly, AUDDIT revealed that worms

exposed to 0.03 μM rotenone have shorter dendrites than controls (Fig 3C). We hypothesize

that this is due to rotenone slowing development in worms, and thus making the dendrites

shorter [30]. The worms exposed to 0.5 μM rotenone were grown for an extra day to account

for slower development (as previously established by Mello et al. [30]), which permitted the

dendrites enough time to reach the same length as the controls. Since AUDDIT relies on fluo-

rescent images of CEP dendrites, it is not possible to determine whether length differences are

caused by the exposure or if they are simply linked to animal size. We thus include two metrics

Fig 3. Neurodegeneration induced by rotenone exposure in BY200 worms. A. Example images and detection of (i) control, (ii) 0.03 μm rotenone

exposed, and (iii) 0.5 μM rotenone exposed worms (scale bar = 10 μm). Each dendrite is labeled as a star, square, triangle, or circle. N = 1 represents a

single dendrite. B-E. Selected neurodegeneration metrics for control (N = 204), 0.03 μM rotenone (N = 168), and 0.5 μM rotenone exposed worms

(N = 208). B. Number of detected features (blebs) per dendrite length. (0.03 μM rotenone to 0.05 μM rotenone; p = 0.066). C. Dendrite lengths obtained

from tracked dendrites D. Percentage of dendrite remaining and E. Dendrite intensities. The neurodegeneration results for each dendrite in panel (A)

are overlaid. (One-way ANOVA. *p< 0.05; **p< 0.01; ***p< 0.001).

https://doi.org/10.1371/journal.pone.0281797.g003
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that normalize for dendrite length (% of dendrite remaining, and feature count per dendrite

length). Worms exposed to 0.5 μM rotenone also showed an increase in dendrite loss (Fig 3D).

Interestingly, the 0.5 μM dosed worms exhibited significantly dimmer dendrites than the con-

trols (Fig 3E). This may suggest that a decrease in fluorescent intensity driven by a dat-1 pro-

moter [9] can be used as a marker of neurodegeneration. However, decreased dendrite

intensity may also reflect decreased GFP protein production due to decreased energetics. The

remaining neurodegeneration metrics for rotenone exposed worms can be found in S3 Fig.

Ultimately, the neurodegeneration algorithm’s neurodegeneration report is consistent with

previous literature showing that rotenone induces neurodegeneration in C. elegans [15].

C. Cold shock induces large, dispersed dendritic blebs

Acute cold shock has been shown to be harmful to worms, with various negative phenotypes

being reported [47, 48]. Previous experiments have shown the prevalence of dendritic blebbing

in the PVD neurons of worms following cold shock [22]. For this reason, we were interested in

utilizing our algorithm to see if cold shock induced blebbing features in the CEP neurons as

well. Thus, we exposed worms with fluorescently tagged CEP neurons to a 16-hour cold shock

at 4˚C. Example images of worms before (pre-cold shock) and after 16 hours of culture at 4˚C

(cold-shock) or 20˚C (control), are shown in Fig 4A along the location of features detected by

the algorithm. Interestingly, cold shocking worms for 16 hours significantly increases the

number of features (blebs) on the dendrites (Fig 4B). Moreover, while control animals exhibit

features mostly far from the cell body, features in cold shocked worms were significantly closer

Fig 4. Neurodegeneration induced by cold shock at 4˚C. N = 1 represents a single dendrite. A. Example confocal images of CEP neurons and detected

features for pre-cold shock, control (16 hrs. at 20˚C), and cold shocked (16 hrs. at 4˚C) worms (Scale bar = 10 μm). B-F. Neurodegeneration metrics for

pre-cold shock (N = 72), control (N = 56) and cold-shocked worms (N = 68). B. Feature count per dendrite length. C. Normalized feature location and

distance from the cell body. D. Minimum caliper diameters of detected features. E. Feature extent. F. Percentage of dendrite remaining. (One-way

ANOVA. *p< 0.05; **p< 0.01; ***p< 0.001).

https://doi.org/10.1371/journal.pone.0281797.g004
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to the cell body (Fig 4C). Cold shocked worms also exhibited larger features (Fig 4D). Analysis

of feature shape reveals that 16 hrs. of culture at 20˚C (i.e., controls) results in smaller extents

(Fig 4E). Extent is another metric to describe a feature’s shape, with bounds of 0 and 1. An

extent of 1 refers to a filled rectangle, while an extent of approximately 0 refers to a cross.

Thus, the algorithm detected that younger animals have fuller features. In addition, cold shock

induced a significant increase in dendritic breakage compared to both pre-cold shock and con-

trol worms (Fig 4F). The other metrics extracted by AUDDIT for the cold shock experiments

can be found in S4 Fig. Ultimately, the neurodegeneration algorithm revealed that cold shock

induces dopaminergic degeneration, mainly by increasing the number and size of bleb-like

features in C. elegans.

D. 6-OHDA-induced dendritic breakage is minimized in tub-1, tub-2
mutants

To test the algorithm’s versatility, we tested dopaminergic neurodegeneration after challenge

with 6-OHDA in different genetic backgrounds, and with a different imaging set up. 6-OHDA

is known to induce oxidative stress via free radicals and inhibition of mitochondrial electron

transport chain Complex I and Complex IV [49]. Thus, we exposed wildtype nematodes

(BY200) with no mutations, as well worms with deletions in tub-1 and tub-2, to 10 mM, 25

mM, and 50 mM 6-OHDA to induce dopaminergic degeneration. tub-1 and tub-2 are homo-

logs of human TUBBY proteins that have previously been shown to increase fat storage [50].

However, in our quantification, tub-1 mutants showed decreased fat storage, whereas tub-2
mutants showed increased fat storage (S5 Fig, S1 Text). Images of the worms’ neurons were

taken at a lower magnification and with a different camera than the images acquired for the

rotenone and cold shock experiments. Remarkably, AUDDIT was able to extract the same

quantitative metrics by only changing the input pixel size. Interestingly, the weighted feature

count, or the features per dendrite remaining, did not change between most groups. There was

a significant increase in blebbing features between wildtype unexposed worms and the 10 mM

dosed worms, as well as the tub-2 mutant controls and the 50 mM dosed worms (Fig 5A).

Moreover, dendrite loss seems to be a significant marker of neurodegeneration in wildtype

worms when exposed to 6-OHDA (Fig 5B), as measured both by % of dendrite remaining and

the total number of breaks (S6 Fig) Interestingly, the tub-1 and tub-2 mutations appear to be

protective to dendrite loss caused by 6-OHDA exposure, with the tub-2 mutation possibly pro-

viding more protection (Fig 5B). This indicates that the quantity of lipids present in the worm

does not alter susceptibility to neurodegeneration, but that tubby-like proteins or related sig-

naling pathways may play a role in 6-OHDA induced neurodegeneration. Another interesting

finding, which would not be possible to detect through manual neurodegeneration scoring, is

that feature pixel intensity decreases with higher 6-OHDA exposures in all worm strains

(Fig 5D). Again, the tub-2 mutation appears to be protective against feature intensity loss, as

only the highest exposure concentration resulted in significant differences. The remaining

neurodegeneration metrics detected by the algorithm can be seen in S6 Fig.

To verify the robustness of the neurodegeneration algorithm, we sought to compare results

of the code to a typical manual scoring method with images of 6-OHDA exposure [15]

(Fig 5D). The images were manually scored as follows: no degeneration (0), blebs on less than

half of the dendrite (1), blebs on more than half of the dendrite (2), less than 50% breakage (3),

and more than 50% breakage (4). Blebs on half the dendrite means less than half the total

length of dendrite contained blebs, such that in looking at the entire dendrite less than 50% of

the length was consumed by blebs. Typically, this represents dendrites with less than 5–7 blebs.

A score of 2 represents occasions in which several blebs but no breaks are present, such that
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Fig 5. Neurodegeneration quantification of 6-OHDA exposed worms. N = 1 represents a single dendrite. A. Representative images of CEP dendrites

under 6-OHDA exposure. Insets show zoomed-in views of detected features. B-D. Neurodegeneration metrics for control (N = 52, 56, and 76 for

wildtype, tub-1, and tub-2, respectively), 10 mM (N = 60, 68, and 56 for wildtype, tub-1, and tub-2, respectively), 25 mM (N = 48, 56, and 64 for

wildtype, tub-1, and tub-2, respectively), and 50 mM (N = 32, 76, and 60 for BY200, tub-1, and tub-2, respectively) 6-OHDA exposures. B. Feature

count on dendrites weighted by the amount of dendrite remaining. C. Percentage of dendrite remaining. D. Intensity of detected features. E.

Comparison of the neurodegeneration algorithm’s detection compared to manual dendrite scoring. (One-way ANOVA. *p< 0.05; **p< 0.01;

***p< 0.001, additional statistical information provided in S2 and S3 Tables).

https://doi.org/10.1371/journal.pone.0281797.g005
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over half of the dendrite is within blebs. This is usually greater than 5–7 blebs without breaks.

A 3 represents (by eye) a break present with more than half of the dendrite remaining. A 4 rep-

resents a break present with less than half of the dendrite remaining. Regardless of the number

of blebs present, if a break is identified the score is automatically at least a 3. We then binned

the results from the code using the following procedure: more than 85% dendrite remaining

and no blebs (0), less than 5 blebs (1), more than 5 blebs (2), between 50% and 85% dendrite

remaining (3), and less than 50% dendrite remaining (4). The neurodegeneration algorithm is

consistent with current manual methods for scoring dopaminergic neurodegeneration, which

shows its readiness to be used in future dopaminergic neurodegeneration studies.

E. AUDDIT enables comparative degenerative analysis between exposures

After individually quantifying degeneration of rotenone, cold shock, and 6-OHDA separately,

we sought to investigate whether different exposures result in distinct degeneration patterns.

We quantified the z-score for neurodegeneration metrics of each treatment compared to their

control. These z-scores along with its associated p-value are shown as heatmaps in Fig 6. It

becomes clear each stressor causes similar directional effects for most metrics besides intensity

and length, yet significance values differ between exposures. Interestingly, cold shock appears

to affect feature morphology more than rotenone and 6-OHDA, as a cold shock exposure

makes features larger and more circular when compared to their control. Alternatively, this

difference could be a result of the improved resolution and reduced noise from confocal

images as compared to those obtained with 63x epifluorescence (rotenone experiments) and

40x epifluorescence (6-OHDA experiments).

Most exposures significantly decreased the amount of dendrite remaining, which indicates

that dendrite loss is a key metric in dopaminergic neuron degeneration. Dendrite and feature

intensities, which would not be measurable through manual scoring, may also be important

when attempting to differentiate degeneration. Interestingly, both rotenone and 6-OHDA sig-

nificantly decrease both intensity measurements, while the cold shock exposure has no effect.

This indicates that the chemical exposures to rotenone and 6-OHDA had a greater effect on

the overall fluorescence of the neuron rather than feature morphology.

Fig 6. Experimental comparison across different exposure groups compared to their respective control. A. Heat map of z scores for each exposure

and its metrics obtained from AUDDIT to show directionality. B. Metrics that were significantly affected for each exposure with p< 0.05. (One-way

ANOVA, Dunnett’s multiple comparisons).

https://doi.org/10.1371/journal.pone.0281797.g006
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Moreover, both 0.5 μM rotenone and 10 mM 6-OHDA have similar degenerative effects in

both significance and directionality. It is important to note that since each experiment was per-

formed on worms of varying ages and culture conditions, definitive conclusions must be taken

with caution. Thus, a more in-depth comparison of degeneration patterns resulting from expo-

sures should be completed by standardizing worm age, culture conditions, and imaging setups.

More broadly, however, these results indicate that the metrics obtained from AUDDIT have

the potential to elucidate differences in degeneration patterns between different exposures,

particularly if other parameters (e.g., microscopy) are held constant.

IV. Discussion

We have built an algorithmic platform that is able to analyze large sets of fluorescence images

from C. elegans CEP dopaminergic neurons to produce quantitative information. The exclu-

sion of machine learning permits it to be used on images taken with different microimaging

setups without additional training. To test its versatility and robustness, we analyzed images of

fluorescently tagged CEP from multiple imaging setups, including different cameras, micro-

scopes, and capturing resolutions. While this platform was built using MATLAB, we have cre-

ated a standalone app with an intuitive user interface that requires no technical knowledge to

use. The app asks the user to specify the imaging settings (camera pixel size), then analyzes

batches of images and sends the results to a user specified directory. The app, as well as the

MATLAB functions and scripts, can be found in the Dryad repository (https://doi.org/10.

5061/dryad.cvdncjt82). The results shown in this publication used AUDDIT v1.0. We plan to

continue to improve AUDDIT with performance updates as needed, which will be posted to

the Dryad repository.

Using this algorithm, we were able to demonstrate and investigate three different biological

phenomena. First, our evaluation of the established neurotoxicant and Complex I inhibitor

rotenone was cohesive with previous literature in showing an increase in blebbing and den-

drite loss in C. elegans. However, it expands on this body of work by further uncovering that

even 0.03 μM exposure results in shorter dendrites than controls, and 0.5 μM rotenone expo-

sure causes a decrease in the brightness of dendrites. Decreased dendrite intensity could reflect

a neurodegenerative feature or even decreased GFP protein production due to decreased ener-

getics. Second, our investigation of the impact of cold shock demonstrates that beyond detec-

tion of blebs, additional characteristics about the dendrites can be observed. For example, we

found that dendrites from cold shocked worms not only had more blebs, but they exhibited

wider shaped blebs than their control counterparts. Providing a sharp contrast to rotenone

exposure, the significant increase in blebbing due to cold shock suggests a distinct damage pat-

tern than the breakage induced by rotenone exposure. This difference is one that would not be

as easily detected by manual scoring and may not be detected at all by brightness quantifica-

tion. Finally, we utilized another canonical dopaminergic neurotoxicant, 6-OHDA, and two

strains with mutations in tubby-like proteins to simultaneously evaluate the impact of two

genetic mutations and their alteration to 6-OHDA susceptibility.

The relationship between increased adiposity and response to drug or toxicant exposure

remains poorly understood [51]. In rodent models of diet induced obesity, increased fat levels

enhanced the toxicity of dopaminergic toxicants such as MPTP [52, 53]. To evaluate if altered

adiposity irrespective of diet alters susceptibility to dopaminergic neurotoxicants, we utilized a

tubby-based model of obesity. In both rodent and worm models, tubby mutants demonstrate

adult onset obesity without alteration to food consumption [50, 54]. Though we did not detect

an increase in lipid content of tub-1 mutants, both tub-1 and tub-2 mutants were protected

from 6-OHDA induced dopaminergic neurodegeneration suggesting that adiposity alone did
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not enhance susceptibility. It is also possible that tubby proteins enhance the mechanism of

6-OHDA induced neurotoxicity, or that alterations in response to their mutation are protec-

tive by an alternate mechanism. Modifying the discussion of obesity and neurodegenerative

disorders, this suggests increased adiposity alone did not increase susceptibility to neurode-

generation [55]. Together, these three investigations confirm the ability of AUDDIT to quan-

tify known impacts of neurotoxicants, identify induction of neurodegeneration by previously

unknown sources, and work in conjunction with genetic mutations to allow for more complex

analyses.

One limitation of AUDDIT is that there can only be one worm in the frame of the image

for the cropping feature to work accurately. This should be considered by the user when imag-

ing worms. Moreover, the algorithm requires all four CEP dendrites to be visible. If dendrites

overlap, the algorithm will detect the overlapping region as breaks, which may skew results. In

addition, AUDDIT can only accurately analyze maximum projections resulting from z-stacks

that cover the entire neuron in the z-plane and whose slice spacing is smaller than the focal

depth of the objective. Otherwise, images could display dendritic breaks that originate from

incomplete acquisition. Good and bad example input images for AUDDIT can be visualized in

S7 Fig. Since the tracking algorithm starts from one end of the image and moves forward, this

platform struggles to track dendrites that exhibit kinks that would require reversing direction

(greater or equal than 90 degrees). If a dendrite makes a turn greater than 90 degrees and

momentarily moves backwards, the tracking algorithm will not follow it, but rather interpolate

to the next point forward towards the distal end of the dendrite. The smoothing features of the

algorithm help to prevent these erratic jumps from confusing the tracking, but in the process

will end up smoothing out the kink of the dendrite if the kink is greater than or equal to 90

degrees. We plan to address some of these limitations in future versions of AUDDIT which

will be continually added to the Dryad repository.

An advantage of this algorithmic approach is the ability to obtain quantitative metrics for

subtle markers of dopaminergic degeneration from many images without user intervention.

Manual scoring can be very time-consuming and is also susceptible to inconsistent scoring

even with blinding. For example, researchers may subconsciously score a moderately damaged

dendrite as more degenerated if they just scored many healthy dendrites in a row. In these

instances, particularly important for large data sets, a uniform evaluation system is critical.

Moreover, a major advantage of AUDDIT lies in its ability to capture quantitative information

about the dendrite. For instance, the high dose rotenone worms showing lower intensity fea-

tures was a metric that would not have been able to be scored by the human eye. Likewise,

while 6-OHDA has been shown to induce dopaminergic deterioration in worms [13, 14, 16],

the studies have been limited by discrete, manual scoring systems. While this method of scor-

ing is adequate for obtaining data like the percent of population experiencing deterioration, it

provides less information about the exact degree of damage shown by each individual worm.

The algorithm can detect 20 different metrics of neurodegeneration, which can provide insight

into how different exposures affect dopaminergic neurons. For example, rotenone exposure

and cold shock produce significant increases in feature counts (blebs), while 6-OHDA mainly

induces dendrite loss. Finally, because this analysis approach generates continuous rather than

categorical data, the data is more amenable to parametric statistical analysis than standard

common categorical score-based approaches. While metrics such as the number of features

per dendrite have already been identified as markers of dendritic neurodegeneration, other

metrics like area, extent, or circularity of the features have yet to be measured. We suspect that

many of these metrics have not been measured due to technical constraints. Consequently,

many of these metrics that AUDDIT can capture were analyzed as a proof of concept, and thus
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we did not have any set expectations for any of the quantitative patterns (or significance of

quantitative patterns) that were observed.

Considering the progressive nature of many neurodegenerative diseases, quantitative infor-

mation using multiple metrics would also be a powerful tool for observing changes in neuronal

health over time. This could help provide key insights into how toxicants or genetic defects

may exacerbate neuronal loss in an aging organism. The C. elegans nematode shows great

promise as a model for studying dopaminergic degradation. We have constructed AUDDIT to

help standardize the analysis of scoring dopaminergic images and minimize bias. Further rec-

ommendations would be to use this platform as a tool for comparing the degradative effects

and patterns for a variety of different toxins under standardized culturing and imaging condi-

tions. In addition, AUDDIT can be applied to quantitative analysis of aging-associated neuro-

degeneration, to better understand the neuronal morphologies exhibited and their potential

functional relevance. It is possible that additional neurodegenerative interventions induce

defects not used to develop AUDDIT. Given the methodological approach to identify abnor-

malities, it is likely that other types of changes would be captured but otherwise can be imple-

mented in future versions of AUDDIT.

Looking at multiple quantitative metrics side by side can provide a more comprehensive

understanding of the mechanisms underlying exposure-specific neurodegeneration. AUDDIT

can also be applied to dissect the neurodegenerative patterns observed from fluorescence

images and ask whether some changes are specifically associated with neuronal or behavioral

malfunction. In addition, observing changes in dopaminergic deterioration over a worm’s life-

span could advance our current model by providing insight into the progression of the degra-

dative effects, rather than just snapshots. Ultimately, AUDDIT provides an unbiased and faster

alternative to current, manual dopaminergic degeneration scoring in C. elegans, paving the

way for higher throughput studies. While ultrastructural studies, such as those performed with

electron microscopy, provide a clearer view of the true morphological alterations to neurons,

the ease and throughput provided by optical microscopy have made analysis of fluorescence

imaging widespread in C. elegans. To gain as much precise information as possible, methods

for analysis that are robust, unbiased, and uniformly applied across groups, such as AUDDIT,

are crucial.

Supporting information

S1 Text. Analysis of lipid content.

(DOCX)

S1 Table. Neurodegeneration metrics detected by AUDDIT. Size measurements are con-

verted by multiplying pixel counts by the user-provided pixel size (μm/pixel). All feature mor-

phology metrics (area-perimeter) can be more thoroughly explained by reading the

MathWorks region props documentation (https://www.mathworks.com/help/images/ref/

regionprops.html).

(DOCX)

S2 Table. p-values for comparisons across groups in 6-OHDA experiments.

(DOCX)

S3 Table. Sample sizes for comparisons across groups in 6-OHDA experiments.

(DOCX)
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S1 Fig. Sample images used for AUDDIT development. A) Control animals. B) 6-OHDA-

exposed CEP dendrites.

(PNG)

S2 Fig. Example of how breaks are detected. A binarized image of the dendrites is combined

with the tracks for each dendrite. Starting from the top of the image, each row in the tracks is

analyzed to see if the dendrite is binarized at that row.

(PNG)

S3 Fig. Remaining neurodegeneration metrics for the rotenone exposure.

(PNG)

S4 Fig. Remaining neurodegeneration metrics for cold shock exposure.

(PNG)

S5 Fig. Whole worm lipid quantification in LIU1 and LIU2 strains alone or crossed with

either tub-1 or tub-2 knockout strains. Worms from strain LIU1 (ldrIs1 [dhs-3p::dhs-3::GFP

+ unc-76(+)]) or LIU2 (ldrIs2 [mdt-28p::mdt-28::mCherry + unc-76(+)]) were independently

crossed with tub-1 or tub-2 KO strains to provide two different methods for lipid quantifica-

tion. LIU1 crosses, in which a GFP fusion protein localizes to lipid droplets in the intestine,

shows no difference in fluorescence across controls or mutants (One-way ANOVA with

Tukey’s post-hoc, n = 90, 93, 93 respectively. LIU2 crosses, in which the GFP fusion protein

localizes to lipid droplets in the intestine, hypodermis, and muscle demonstrate decrease when

comparing tub-1 mutants to controls and an increase when comparing tub-2 mutants to con-

trols (One-way ANOVA with Tukey’s Post-hoc, n = 82, 81, 86 respectively).

(PNG)

S6 Fig. Remaining neurodegeneration metrics for 6-OHDA exposure. (One-way ANOVA.

*p< 0.05; **p< 0.01; ***p < 0.001, additional statistical information provided the Dryad

repository).

(PNG)

S7 Fig. Comparison of satisfactory and unsatisfactory images for AUDDIT analysis. A. An

example of an image that would not be accurately analyzed by AUDDIT. The frame of the

image contains multiple worms. In addition, the head region of one of the worms is not fully

in the frame. The head region of the other worm is oriented such that two of the four CEP den-

drites are overlapping, making it impossible to analyze each of them. B. AUDDIT would be

able to accurately analyze the CEP dendrites of this worm. The head region of the worm is cen-

tered in the image, and there are no other worms or objects around the edges of the frame.

The worm is oriented such that all four CEP dendrites are visible, and thus can each be ana-

lyzed.

(PNG)
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