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Abstract

Axons normally degenerate during development of the mammalian nervous system, but
dysregulation of the same genetically-encoded destructive cellular machinery can destroy
crucial structures during adult neurodegenerative diseases. Nerve growth factor (NGF) with-
drawal from dorsal root ganglia (DRG) axons is a well-established in vitro experimental
model for biochemical and cell biological studies of developmental degeneration. Definitive
methods for measuring axon degeneration have been lacking and here we report a novel
method of axon degeneration quantification from bulk cultures of DRG that enables objec-
tive and automated measurement of axonal density over the entire field of radial axon out-
growth from the ganglion. As proof of principal, this new method, written as an R script
called Axoquant 2.0, was used to examine the role of extracellular Ca®* in the execution of
cytoskeletal disassembly during degeneration of NGF-deprived DRG axons. This method
can be easily applied to examine degenerative or neuroprotective effects of gene manipula-
tions and pharmacological interventions.

Introduction

Neurodegeneration occurs normally during embryonic development to establish and refine
the maturing nervous system. Importantly, molecular components of the same destructive
signaling pathways also appear to underlie neurodegenerative diseases such as Alzheimer’s,
Parkinson’s and ALS when they are aberrantly reactivated in adulthood due to interactions
between genetic and environmental factors [1-4]. The emerging overlap between develop-
mental and pathological mechanisms of neurodegeneration suggests that understanding
the sequence of molecular events comprising physiological neurite degeneration and cell
death programs during development will reveal therapeutic opportunities that interrupt
disease.

Developmental neurodegeneration has been modeled in vitro by nerve growth factor
(NGF) withdrawal from dorsal root ganglia (DRG) [5,6]. In vivo, axons of sensory neurons of
DRG connect peripheral tissues with the spinal cord to establish connectivity with the central
nervous system. Initially, an excess of DRG neurons are generated and the mature nervous

PLOS ONE | https://doi.org/10.1371/journal.pone.0199570 July 18,2018

1/9


https://doi.org/10.1371/journal.pone.0199570
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0199570&domain=pdf&date_stamp=2018-07-18
https://doi.org/10.1371/journal.pone.0199570
https://doi.org/10.1371/journal.pone.0199570
http://creativecommons.org/licenses/by/4.0/
https://www.r-project.org/
https://www.rstudio.com
https://github.com/BarkerLabUBC/Axoquant2.0
https://github.com/BarkerLabUBC/Axoquant2.0

@° PLOS | ONE

A novel method for quantifying axon degeneration

Funding: The work was supported by the Canadian
Institute of Health Research to P.A.B grant number
MOP137057. The funder had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

system pattern is established by those neurons that arrive at their correct targets and receive
adequate trophic support, while those that fail to target undergo cell death [1,7-10]. A majority
of DRG axons respond to trophic support from target-derived nerve growth factor (NGF).
NGF binds to its high-affinity surface receptor TrkA on axons to activate its cytoplasmic tyro-
sine kinase domain, initiating a pro-survival signaling cascade that depends on retrograde traf-
ficking of signaling endosomes [1,3,11]. It was long assumed that the degeneration of those
axons that fail to reach their targets was due simply to a deficiency in survival signaling initi-
ated by NGF, but it is now clear that degeneration is an active, regulated process, and is revers-
ible at several stages [12].

In vitro, explanted DRG ganglia extend axons onto the culture substrate in the presence of
NGF and these can be induced to degenerate by NGF withdrawal and/or by application of a
function-blocking antibody against NGF [5,6]. Although the neurotrophic support of DRG
neurons (and their degeneration and death following trophic support withdrawal) was discov-
ered by Nobel laureate Rita Levi-Montalcini in 1951, key aspects of the signaling process
underlying degeneration remain obscure and mechanistically incomplete [6,13,14]. Elucidat-
ing the molecular pathways underpinning neurodegeneration in the normal physiological con-
text of developmental degeneration will identify new lines of inquiry for understanding how to
slow progression of adult neurodegenerative diseases.

Effective use of the DRG & NGF withdrawal system to dissect degenerative signaling in
vitro relies on objective quantification of axon degeneration. The challenge is heightened by
variability in axon length, density and morphology that open the possibility of sampling biases
that mask or amplify bona fide biological effects. To address this, we have developed the first
automated method for quantifying neurodegeneration from micrographs of whole DRG
explants. Unlike currently existing strategies for quantifying degeneration, Axoquant 2.0
reports the degree of axon degeneration over the entire radial growth field from soma to
growth cone. It avoids variability introduced by random sampling from within axon fields
and circumvents the need to generate dissociated neuron cultures or any manual, subjective
quantification based on qualitative criteria that are time consuming and vulnerable to bias.
Axoquant 2.0 is written in R, a programming language familiar to computational biologists,
bioinformaticians and statisticians, but easily accessible to the first-time user when deployed
with the open-ware graphical user interface, R-Studio (http://www.rstudio.com). Addition-
ally, our method can be applied to other models of neurodegeneration that utilize DRG cul-
tures such oxygen/glucose deprivation, oxidative stress or chemotherapeutic-induced
neurodegeneration.

As proof-of-principle, we show that Axoquant 2.0 reveals striking preservation of the tubu-
lin cytoskeleton in DRG axons by Ca®* chelator EGTA, providing previously unreported direct
evidence of a role for Ca** in developmental neurodegeneration.

Material and methods
Preparation, culture and immunocytochemical staining of DRG explants

DRG explant culture, fixation and immunostaining was performed on CD1 embryos (Charles
River Laboratories) at 13.5 days post-fertilization as previously described [15] except that here
DRG explants were grown on 6-well plastic plates (Greiner bio-one). All experimental proce-
dures were approved by the Montreal Neurological Institute Animal Care Committee and
University of British Columbia animal care committees and were in compliance with Cana-
dian Council on Animal Care guidelines.
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Ca’" chelation by EGTA

DRG explants were seeded on 6-well plastic cell culture plates (Greiner bio-one) in media con-
taining 12.5 ng/ml NGF (Alomone). After 60h of growth in NGF, cultures were either main-
tained in NGF or were deprived of NGF and exposed to anti-NGF antibody (2.8 ug/ml) in the
presence of EGTA 6 mM (Alfa Aesar) for the 24 hour duration of NGF withdrawal.

Imaging and image pre-processing

DRG cultures fixed in 4% paraformaldehyde in PBS and immunostained with mouse anti-f-
III tubulin (Millipore; 1:10 000) primary antibody and anti-mouse secondary conjugated to
Alexa Fluor 488 (ThermoFisher; 1:5 000) were imaged at 5x magnification using a Zeiss Axio-
scope? inverted epifluorescence microscope with an automated, motorized stage. Images were
stitched automatically with Zen 2 software from Zeiss to produce a master image of all explants
on the entire 6-well plate. From this master image, quarter-DRG fields were cropped using
NIH Image] (FIJI build) to create an image set for quantification.

Quantification of axon area with Axoquant 2.0 in R Studio

R can be freely downloaded and installed from the R Project for Statistical Computing (https://
www.r-project.org/). Additionally, users will download R Studio, a graphical interface for edit-
ing and running R packages freely available for download at https://www.rstudio.com. The
Axoquant 2.0 script can be downloaded at https://github.com/BarkerLabUBC/Axoquant2.0
and opened in R Studio. Prior to analysis, images of DRG quarter-fields were organized in sub-
folders (one subfolder per well) named by embryo ID number, treatment name and repetition
number within a single parent (experiment) folder. To analyze an experiment, the directory
path to the experiment folder was entered in line 2 of the code designated “experiment.folder,”
and the code was executed through to the end of the script. As images are processed, the R Stu-
dio console displays an ascending image count to indicate progress. When finished with analy-
sis, Axoquant 2.0 automatically exports a *.csv data file to the parent folder that can be opened
in spreadsheet and in statistical analysis software. For statistical testing, the data was binned in
500 um increments by averaging axon density within these bins. Data was imported into
GraphPad Prism 6 for statistical analysis with two-factor ANOVA (repeated measures in the
distance factor) followed by Dunnett’s post hoc comparison with NGF-deprived controls (S1
and S2 Tables).

Results and discussion
Cultured DRG explants are imaged, cropped and organized for analysis

In DRG cultures, axonal density decreases as distance from the ganglia increases and varia-
tions in the culture substrate can alter axon density within and between DRG. We established
Axoquant 2.0 as a systematic and unbiased method for measuring axon integrity. To prepare
images of axonal fields for input into Axoquant 2.0, the entire growth area on 6-well plates
containing fixed and immunostained DRG explants are imaged via motorized microscope
stage and images are stitched (Fig 1A). The user then crops and saves quarter-field regions of
DRGs (indicated by a dashed-square “v”” in Fig 1A; examples regions disqualified for analysis
because of interference from neighbouring DRG explants are indicated by a red checkmark
“X”). The R script is directed towards the parent experiment folder, within which the user has
folders organized hierarchically by treatment and individual embryo (considered as the inde-
pendent behaving unit n, Fig 1B). As many DRG explants as possible per embryo should be
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Fig 1. Axoquant 2.0 quantifies neurite degeneration from quarter-field images of DRG explants. DRG explants are
dissected from E13.5 mouse embryos and seeded on 6-well plates (two wells shown in A; NGF (top) & anti-NGF 24h
(bottom), scale bar = 1 mm for 5x images and 10 um for 40x images). To quantify the degree of degeneration following
a phase of NGF withdrawal and to assess the effect of pharmacological or genetic manipulations on its progression, the
entire culture is imaged (after fixation and tubulin cytoskeletal immunostaining) by automatic tile-scanning on a
motorized microscope stage, and quarter-fields are cropped and saved according to embryo and treatment (A; fields
containing axons from only a single DRG are chosen, indicated by dotted box and green checkmark). The user directs
Axoquant 2.0 to the experimental parent folder, where subfolders organized by treatment and embryo are crawled and
quantified automatically (B).

https://doi.org/10.1371/journal.pone.0199570.9001

plated to reduce variability among embryos during analysis, and a minimum of three embryos
per treatment must be utilized in order to move forward with statistical analyses of effect sizes.

Automated Axoquant 2.0 workflow

The R script automatically detects the location of the neuronal cell bodies by identifying the
most brightly stained corner, and each image is rotated to place the ganglion at the image ori-
gin (Fig 2A and 2B). A binary threshold is automatically applied to each image; by default the
threshold is set at the mean pixel intensity of a given image plus 1.5 times the standard devia-
tion of pixel intensity to create a mask of stained axons (Fig 2C). In our laboratory, the default
threshold value delineates well-stained axons from substrate, but can be manually changed by
users who wish to apply a higher or lower threshold to accommodate suboptimal stains. The
density of binary-masked axons is then measured in 20 pm bins radiating outwards from the
ganglia centre (Fig 2D). This approach may superficially resemble a Sholl analysis, which
quantifies branching complexity in single neurons by counting intersections of dendrites with
radially-drawn circles centred on cell bodies, but serves a fundamentally different purpose;
Axoquant 2.0 utilizes radial bins to quantify axon density as a function of distance from soma,
rather than branching complexity [16]. By default, 1 pixel is set to equal to 3.87 pum to process
images generated by our system, but this value can be customized on line 183 of the script to
accommodate images of other scales. Axoquant 2.0 automatically creates and saves a master
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Fig 2. Axoquant 2.0 workflow. The R script automatically crawls folders and opens each quarter-field image (A) and
if necessary, auto-orients the explant centre to the origin (B). Images are converted to binary masks with adaptive
thresholding (C), and the area of the substrate occupied by axons is measured in bins radiating from the explant centre
(stylized in D). Axoquant 2.0 automatically saves a comma separated file (*.csv) to the experiment parent folder for
import into graphing and statistical analysis software. Example axon density curves are shown as embryo means (E)
and treatment means with standard error (F).

https://doi.org/10.1371/journal.pone.0199570.g002
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comma separated file (*.csv) for import into spreadsheet software in the parent folder contain-
ing the experiment images. This data file contains individual measurements for each DRG,
but also the mean of all DRGs within the same well, which is utilized for statistical analysis to
compare treatment effects (Fig 2E). The axon density profile can be plotted as a function of
distance from the soma in ganglia, and clearly reveals a rapid loss in axon density with dis-
tance, highlighting the imprudence of randomly sampling axons at multiple distances (Fig 2E
and 2F).

EGTA rescues axons from developmental degeneration in vitro

Pathological Ca”" stress is emerging as a key factor in diverse neurodegenerative disease states
[17-21], and sporadic evidence suggests Ca>" influx may be prodegenerative in NGF-deprived
axons (8). Studies from more than 20 years ago examined the role of Ca®" in the death of
NGE-dependent neurons and concluded that Ca** does not play a significant role in degenera-
tive signaling with these cells [22-24], prompting us to revisit this issue in DRG. Intriguingly,
Fig 3 shows that the Ca®" chelator ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraace-
tic acid (EGTA) rescues axons from degeneration. DRG cultures were either maintained in
NGF (Fig 3A, left panel), deprived of NGF with a function-blocking anti-NGF antibody for 24
hours (middle), or deprived of NGF in the presence of EGTA (right panel). NGF deprivation
for 24 hours induced robust axonal loss that was partially rescued by incubation with EGTA
during the NGF withdrawal period (Fig 3A & 3B; binned for statistical testing in 3C). A two
factor ANOVA (repeated measures in the distance factor) performed on the axon density indi-
cated a significant effect of treatment, F (6, 72) = 37.87, p<0.0001, n = 9 embryos from 3 exper-
iments. Dunnett’s post hoc comparison indicated that NGF deprivation induced a significant
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Fig 3. Axon degeneration following NGF withdrawal is rescued by Ca®* chelator EGTA. (A) Explant ganglia were cultured in NGF and then either
maintained in NGF (left, scale bar = 500 um), deprived of NGF with a function-blocking anti-NGF antibody (middle), or deprived of NGF but in the
presence of 6 mM EGTA (right). After 24 hours, cultures were fixed and immunostained with anti-8-III tubulin primary antibody. (B) Axon density as
a function of distance from the explant center was quantified by Axoquant 2.0 and (C) binned in 500 um increments for statistical testing. NGF
deprivation induced a significant loss of axons compared to NGF-supplied axons (p<0.05 within the bin at 500-1000 pm, and ps<0.0001 within the
1000-1500, 1500-2000, and 2000-2500 pm bins). Axons incubated with EGTA during the phase of NGF deprivation were significantly more dense
than axons deprived of NGF without EGTA (ps<0.0001 within 1000-1500, 15002000 and 2000-2500 ym bins) indicating rescue of axons by Ca**
chelation. n = 9 embryos per condition; plotted are mean and SEM. *p<0.05, ****p<0.0001, obtained by Dunnett’s post hoc comparison with anti-NGF
control following two factor ANOVA, F (6, 72) = 37.87, p<0.0001.

https://doi.org/10.1371/journal.pone.0199570.9003

loss of axons compared to those supplied with NGF (p<0.05 within the bin at 500-1000 pm,
and ps<0.0001 within the 1000-1500, 1500-2000, and 2000-2500 pm bins). Axons incubated
with EGTA during the phase of NGF deprivation were significantly more dense than axons
deprived of NGF in the absence of EGTA (all ps<0.0001 within the 1000-1500, 1500-2000
and 2000-2500 pum bins) indicating neuroprotection by Ca** chelation.

Conclusions

NGF withdrawal from embryonic sensory neurons has been a valuable in vitro tool for dissect-
ing prodegenerative signaling pathways for more than half a century, yet gaps remain in our

mechanistic understanding of the sequence of events that unfold to destroy an axon. Objective,
automated quantification of neurodegeneration is essential in the DRG system to test the effect
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of gene knockouts and chemical treatments on axon loss. Axoquant 2.0 accommodates the dis-
tinctive radial growth pattern of DRG axons to collect data at all distances from the neuron
bodies, providing a global view of axon integrity, and negating the variability introduced by
randomly sampling fields over regions that are intrinsically more or less dense as a function of
outgrowth distance.

Early studies that failed to report Ca®*-dependent death of trophic factor-deprived sensory
neurons utilized cultures maintained for up to 12 days. However, work published more
recently has shown that sensitivity to NGF deprivation is reduced as embryonic cultures age
beyond 2-3 days, and established that sensitivity is reduced in DRGs from older embryos [22-
25]. Thus, the protective effect of Ca?* chelation that we observed, versus the lack of effect in
earlier studies, likely reflects sensitivity of the bioassays employed and the age of cultures. Our
study has revealed that Ca®" chelation provides clear and robust protection of the tubulin cyto-
skeleton during NGF withdrawal, consistent with sporadic evidence for a role for Ca**-regu-
lated mediators of degeneration such as calpastatin, an endogenous inhibitor of Ca” -activated
proteases in this process [26]. This provides validation of Axoquant 2.0 as a useful analytical
tool and indicates that Ca** fluxes play a crucial role in developmental degeneration.

Supporting information

S1 Table. ANOVA and post hoc results.
(PDF)

S2 Table. Raw data.
(PDF)
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