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Introduction
The study of neurite dynamics is elemental to the investigation
of neuropathological disorders, neuronal injury and
regeneration, embryonic development, and neuronal
differentiation. Measurements of neurite dynamics are
routinely used as a screening assay in neurotherapeutic drug
discovery, and changes in neurite length can predict
neurotoxicity induced by a drug or environmental chemical.
The predominant method for studying neurite dynamics has
been to concatenate measurements of neurite length and
branch points taken at single points in time. This approach
involves growing neuronal cultures, exposing them to a
treatment condition, and halting the experiment with fixation
and immunostaining steps. Afterwards, image acquisition and
analysis can be performed. Although this method has been an
important tool in neurobiology, the process is labor-intensive
and produces only a single timepoint of data, which may leave
dynamic effects of the treatment unrevealed.
To resolve these issues, the NeuroTrackTM assay was
developed. NeuroTrack software, coupled with the IncuCyte
ZOOMTM live-content imaging platform, quantifies living
cells’ neurite dynamics without requiring a fluorescent label.
The IncuCyte ZOOM takes non-perturbing phase-contrast
images of neuronal cultures under physiological conditions
over an extended period of time, e.g. 5 days – 3 weeks (Figure
1, top image). NeuroTrack software produces data on neurite
dynamics by analyzing these images (Figure 1, lower images).
Importantly, users can obtain data from their culture for a
complete time course, potentiating thorough understanding of
the kinetic effects of the treatment of interest. NeuroTrack is
compatible with a variety of neuronal model systems; among
others, the software is capable of quantifying the very fine
neurites of primary cells and iPSCs and the robust processes
of differentiated Neuro-2a and PC-12 cells.
In this application note, the NeuroTrack assay is validated for
medium-throughput testing in 96-well format. It is shown to
function for a variety of neuronal cell types. It is demonstrated
that NeuroTrack’s sensitivity is equivalent to that of an
immunofluorescence-based, high-content imaging assay. We

utilize E18 primary rat cortical neurons to explore the
neurotoxic effects of two agents: a PKC inhibitor, Ro-318220, and an inhibitor of F-actin polymerization, cytochalasin
D. The advantage of a fully kinetic analysis of drug treatment
is demonstrated, and NeuroTrack’s ability to quantify
neurotoxic effects is established.

Figure 1. Segmentation masking of rat E18 cortical neurons. Phase image of
neurons (top) after 5 days in vitro (DIV). Cell body cluster mask applied to image
(bottom left). Neurite mask and cell body cluster mask applied to image (bottom right).
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Approach and Methods
Rat E18 cortical and hippocampal cultures:
The day before tissue dissociation, a 96-well Techno Plastic
Products (TPP, Cat. #TP92096) plate was rinsed twice with
WFI-grade water (Mediatech, Cat. #9999-0001-A) and coated
overnight with 150 µL/well of 0.1 mg/mL poly-d-lysine
(Millipore, Cat. #A-100-E) in WFI water. The next day, the
plate was rinsed twice to remove remaining poly-d-lysine, and
dried in a biosafety cabinet. Poly-d-lysine coated plates were
layered with 100 µL/well of 3.3 µg/mL laminin (Sigma,
L2020), incubated in an incubator at 37°C for at least 1 hour.
Rat E18 cortical or hippocampal tissue (Neuromics, Cat.
#PC35102 or #PC35101, respectively) kept at 4°C, was
dissociated within four days of dissection. Storage medium
(Hibernate-E) was removed from tissue and saved. Tissue
was treated with 2 µg/mL papain (Genlantis, Cat.
#NM100200) in calcium-free Hibernate medium (provided by
Neuromics) for 30 minutes in a 37°C water bath. Enzyme
solution was removed, and saved storage media was reapplied
to cells. The cells were triturated ~10 times with a firepolished, silanized Pasteur pipette. The dispersed cells were
transferred to a 15 ml conical tube and centrifuged for 1
minute at 1000 rpm. The supernatant was removed and the
pellet was resuspended in 37°C Neurobasal medium
(Invitrogen, Cat. #21103049) supplemented with 2% B27
(Gibco, Cat. #17504-044), 0.5 mM Glutamax (Gibco, Cat.
#35050-061) and, for hippocampal cultures, 25 µM glutamate
(Sigma, G5889). The cell suspension was filtered through a 40
µm cell strainer. Cells were plated in coated plates at 8-10,000
cells/well of a 96-well plate (285 cells/mm2), in 150 µL of
supplemented media/well and placed in an incubator at 37°C,
5% CO2. (See Supplemental Data for detailed information on
seeding density.) 18-24 hours after plating, media was
removed and replaced with 150 µL/well of supplemented
Neurobasal medium containing test compounds. For
hippocampal cultures, 25 µM glutamate was maintained in the
media for 5 days. If further media changes were needed,
glutamate was not added. DMSO was used as the vehicle for
cytochalasin D and Ro-31-8220 experiments, at concentrations
of 0.01%, a concentration previously shown to be nonperturbing.
Neuro-2a cultures:
Cells were maintained in F-12K medium (Gibco, Cat #21127022) supplemented with 5% FBS (HyClone, SH30071.03)
37°C incubator at 5% CO2 . For differentiation, cells were
trypsinized, pelleted and resuspended in serum-free F12K.
Cells were plated in a 96-well TPP plate at 2,000 cells/well
(57 cells/mm2) in serum-free F12K. Newly seeded plates

were incubated for 1 hour at 37°C. Differentiation medium
was added to the wells to bring the final FBS concentration to
2% and the final all-trans retinoic acid concentration to the
desired concentration (Sigma, R2625, 16-24 µM). DMSO was
used as the vehicle, at concentrations less than 0.1%, a
concentration previously shown to be non-perturbing.
Neuro-2a NucLight cultures:
Neuro-2a cells were stably transduced with a lentivirus
encoding a puromycin resistant gene for clonal selection and a
nuclear restricted fluorescent protein to generate the Neuro-2a
NucLight Red cell line or the Neuro-2a NucLight Green cell
line. To maintain homogeneity of the culture, 0.5 µg/mL
puromycin was added to the growth medium (F-12K, 5%
FBS). Puromycin was not added to the differentiation media.
Aside from this selection treatment, Neuro-2a NucLight lines
were treated exactly as the parent line.
PC-12 cultures:
Cells were maintained in DMEM supplemented with 10%
horse serum and 5% FBS in a 37°C incubator at 5% CO2. For
differentiation, cells were trypsinized, pelleted and
resuspended in serum-free DMEM. Cells were plated in a 96well TPP plate at 2,000 cells/well (57 cells/mm2) in serumfree DMEM. Newly seeded plates were incubated for 2-4
hours at 37°C. Differentiation medium was then added to the
wells to bring the final horse serum concentration to 1% and
the final NGF concentration to the desired concentration (10100 ng/mL).
iCell® Neuron cultures:
On the day of plating, a 96-well TPP plate was rinsed twice
with WFI-grade water (Mediatech, Cat. #9999-0001-A) and
coated with 150 µL of 0.1 mg/mL poly-d-lysine (Millipore,
Cat. #A-100-E) in WFI water. After incubating at room
temperature for two hours, the plate was rinsed twice to
remove remaining poly-d-lysine, and dried in a biosafety
cabinet. The plate was then coated with 100 µL/well of 3.3
µg/mL laminin (Sigma, L2020) and incubated for at least 1
hour in a 37°C incubator. The laminin solution was removed
immediately before seeding cells. Cells were prepared as
described in the iCell® Neuron User Guide, and were seeded at
densities ranging from 8k to 25k cells/well (See Supplemental
Data for more detailed information on seeding density.). 18-24
hours after plating, media was removed and replaced with 200
µL/well of iCell® Neuron Complete Maintenance Media.
After seeding cells of interest, vessels were placed in an
IncuCyte ZOOM and phase-contrast images were collected
and analyzed every 4-6 hours over the course of the assay.
E18 cortical, hippocampal and iCell® neurons were imaged
using a 20x objective and Neuro-2a cells and PC-12 cells were
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imaged using a 10x or 20x objective. 9 images were taken per
well of a 96-well plate at 20x, and 4 images per well at 10x.
Data Quantification and Analysis
NeuroTrack software analyzes a HD phase image of neurons
in two steps: 1) Cell bodies are segmented from background
based on texture and/or brightness, and are masked as cell
body clusters (Figure 1, lower left). The number of clusters
and the total area of clusters are normalized to image area. 2)
Linear features are detected based on width and brightness,
and are masked as neurites (Figure 1, lower right). The total
neurite length and the total number of branch points are
normalized to image area. The segmentation mask can be
refined and filtered to tailor the mask to the specific cell type
(see NeuroTrack Technical Note). For every timepoint of a
NeuroTrack assay, the following list of metrics are generated
from the automated software analysis.

dynamics. Displayed in Figure 2 are the HD phase images
and the corresponding NeuroTrack masks. (Mask colors:
yellow—neurites; raspberry—cell body clusters). All images
show cells at mid-to-late timepoints in the assay at the same
scale.

NeuroTrackTM Metrics
Neurite length
Total neurite length/mm2
Neurite length/cell body cluster count
Neurite length/cell body cluster area
Cell body clusters
Count/mm2
Area/mm2

Branch points
Total branch points/mm2
Branch points/cell body cluster count
Nucleus count (for cells with a nuclear
fluorescent label)
Nucleus count/mm2
Neurite length/nucleus count
Branch points/nucleus count

These metrics quantify biologically relevant processes such as
neurite initiation, neurite extension, branching, and loss of
neurite length due to retraction or disintegration.
Quantification of cell body cluster count and area provides
methods to measure cell body size or proliferation, as well as
providing two metrics for normalization. (See Supplemental
Data for information on normalization.) NeuroTrack metrics
can be normalized to a fluorescent nuclear count if the model
system features a red or green nucleus. Essen Bioscience’s
Neuro-2a NucLightTM cells are one such model system with a
fluorescent nucleus that can be monitored within the
NeuroTrack application. Statistical data such as standard
deviation and S.E.M. are automatically produced for userdefined replicates.
Results and Discussion
Assay Flexibility
The NeuroTrack processing algorithm was validated using five
distinct cell types: primary E18 rat cortical neurons, primary
E18 rat hippocampal neurons, iPSC-derived neurons (iCells®
from Cellular Dynamics International), Neuro-2a cells, and
PC-12 cells. A processing definition was optimized for each
cell type and successfully utilized in experimental assays.
Observation of the NeuroTrackTM masks at early, middle and
late timepoints confirmed the effective masking of neurite

Figure 2. Five neuronal model systems imaged in an IncuCyte ZOOM
in phase (left) are successfully masked by NeuroTrack (right). From top in
descending order: E18 rat cortical neurons, 4.5 days post plating; E18 rat hippocampal
neurons, 4.5 days post plating; iPSC-derived neurons, 3.5 days post plating; Neuro-2a
cells, 3.5 days post treatment with 20 µM all-trans retinoic acid in 2% FBS; PC-12
cells, 5 days post treatment with 50 ng/mL NGF in 1% horse serum. Raspberry: cell
body clusters; yellow: neurites.

4
CellPlayer™ 96-Well Kinetic NeuroTrack Assay

Assay Variability and Validation
Through precise quantitation and optimized cell culture
methods, the NeuroTrack assay exhibits the low variability
necessary for medium-throughput screening. The intra-assay
variability of NeuroTrack was examined using a 96-well plate
of E18 rat cortical neurons plated at 8,000 cells/well on polyd-lysine. A five-day timecourse charting neurite length/cell
body cluster count determined the coefficient of variation
remained below 10% throughout the entire assay (Figure 3A).
Furthermore, the 96-well plate format was analyzed for
undesirable edge effects (Figure 3B). No significant difference
in neurite length/cell body cluster was detected between the
cells plated in edge wells and those plated in the center over
the five-day timecourse. According to a power analysis of rat
cortical neurons, using 6 wells per condition and 9
images/well taken at 20x, >80% power can be reached to
measure a 10% change in neurite outgrowth/cell body cluster
count. This indicates the NeuroTrack assay is amenable to
screening protocols as well as potentiating economical use of
reagents and rapid results for studies of cell function.

To validate the NeuroTrack assay, data from live-cell
NeuroTrack analysis of neurite outgrowth was compared to
the data from fixed, end-point analysis. Specifically, three 96well plates from the same E18 rat cortical prep were seeded at
8,000 cells/well and each plate imaged in ZOOM at different
timepoints post-plating (18, 90, and 162 hours). These images
were quantified with NeuroTrack to measure neurite
length/mm2. Immediately after imaging in ZOOM, plates were
removed from the incubator, fixed, and immunostained for βtubulin to mark the neurite structures. Cells were then imaged
in an Image Xpress Micro high-content screening system and
MetaXpress software was used to quantify neurite
length/mm2. The quantification from NeuroTrack and
MetaXpress software was compared (Figure 4). At the three
different time points, NeuroTrack’s automated software
quantified neurite length in unfixed cells over the course of a
6.5 day assay with a sensitivity statistically identical to the
fixing/immunostaining method quantified by MetaXpress
software.

A

B

Figure 4. NeuroTrack ZOOM vs. High Content Imaging and Analysis. Neurite
length (mm/mm2) of cells imaged and analyzed by NeuroTrack ZOOM and then
immediately fixed, immunostained for β-tubulin, and imaged and analyzed by Image
Xpress Micro. The two data sets are statistically indistinguishable at each time point.
Error bars represent standard deviation. N=6.

NeuroTrackTM Applications
Time-dependent effects of cytochalasin D on neurite length

Figure 3. Intra-assay variability. A) Intra-assay variability of a 96-well plate of rat
cortical neurons plated on poly-d-lysine at 8,000 cells/well. Blue shows neurite length,
error bars represent standard deviation (left y-axis). Green shows coefficient of
variation (right y-axis). B) Edge effect analysis of the same plate. Error bars are
standard deviation. N=96.

Cytochalasin D is an alkaloid known to be a potent inhibitor of
F-actin polymerization.1 High concentrations of cytochalasin
D (~1 µM) have been observed to cause rapid development of
multiple axon-like structures in rat primary hippocampal cells
within 24 hours after treatment.2,3,4 However, the cited
experiments utilize endpoint assays that did not measure
neurite length beyond the 24 hour time point. To investigate a
more complete time course of cytochalasin D’s effects, rat
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interestingly, cells treated with all concentrations of
cytochalasin D exhibited similar morphological responses:
neurites were smooth and curling (Figure 6, top row)
compared to control cells. This experiment was reproduced
twice with the same kinetic response (data not shown).
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Figure 5. Application of cytochalasin D to E18 rat cortical neurons shows a
fluctuation of neurite length at the highest concentration. The literature cited only
reports data taken at and before the 24 hour time point. Data points represent mean
±standard deviation. N=6.

Figure 6. Phase images of E18 rat cortical cells treated with 1 µM cytochalasin D
(top) or vehicle (bottom) and their corresponding NeuroTrackTM masks. Taken
from t=24 hours post application, when there is a 33% greater neurite length/cell body
cluster in the 1 µM treated cells. Note the smoother, curlier neurites in cytochalasin Dtreated cells.

cortical neurons at 1 day in vitro (DIV) were treated
with three concentrations of cytochalasin D (Vehicle: 0.01%
DMSO). Neurite length per cell body cluster count was
analyzed every 6 hours.
At 24 hours post-treatment, the increase in neurite length
reported in the literature was evident in the data: cells treated
with 1 µM cytochalasin D showed ~33% greater neurite
length/cell body cluster (Figure 5). However, after 48 hours
the initial rate of increase slowed and by 96 hours the length
began to decrease. Images of the cortical neurons confirmed
this and revealed that the high concentration of cytochalasin D
resulted in cell death over time, causing a loss of neurite
length (Figure 6). The lower concentrations of cytochalasin D
did not cause a significant initial burst of axon formation, nor
as strong a toxic effect, as evidenced by the images. However,

User observation of IncuCyte ZOOM images provides one
avenue for qualitative assessment of cell death, but neurite
length is a valuable metric to produce quantitative data of
toxicological effects on neurons. To demonstrate the ability of
neurite length as a metric to assess neurotoxicity, we utilized a
well-characterized PKC inhibitor, Ro-31-8220. E18 rat
cortical neurons were plated at 10,000 cells/well and treated
with the given concentrations of Ro-31-8220 at 1 DIV.
Addition of Ro-31-8220 to cortical neurons resulted in
decreased neurite length compared to the vehicle control
(0.01% DMSO) in a concentration-dependent manner (Figure
7). The images of the cells validated the data as shown by
disintegrated neurites and shrunken cells in treated wells
(Figure 8). The low variability demonstrated in the analysis
indicates the 96-well assay is amenable to medium-throughput
screening applications.
Neurite length (mm/cell body cluster)

Neurite length (mm/cell body cluster)
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Figure 7. Neurite Length in response to Ro-31-8220 treatment. Data points
represent mean ±standard deviation. N=6.

Figure 8. Qualitative observation of neurotoxic effect of Ro-31-8220. Images
taken in ZOOM at 20x, 24 hours post treatment (48 hours post plating). Left, vehicle
control; right, 1 µM Ro-31-8220.
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imaging assay that kinetically quantifies neurite dynamics in
living cultures. It is a sensitive method to detect
pharmacological and genetic manipulations that alter neurite
formation, elongation, and loss of length. Flexible for a wide
range of neuronal culturing methods, it is robust enough for
medium-throughput screening. The imaging strategy allows all
quantitative data to be validated by observation of
morphological changes, allowing uniquely thorough analyses
to be done in a single assay.
1. The image analysis software is flexible to quantify many
cells types, from large immortalized cell lines to primary
neurons and iPSCs. An intuitive user interface allows
rapid optimization and quantification of neurite
dynamics.
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2. Kinetic measurements of neurite length, branch points,
and cell body clusters capture a complete description of
a highly dynamic process that is not provided by single
time point data alone. Arbitrarily defined endpoints are
not required.
3. Low well-to-well variability and minimal user labor
makes the assay amenable to medium throughput
screening in a 96-well format.
4. The user has the freedom of multiplexing the
NeuroTrack assay. Fluorescent markers, such as nonperturbing fluorescent protein reporters or mix-and-read
endpoint dyes, can be used to enable IncuCyte ZOOM
fluorescent measurement of real-time proliferation, cell
viability, or neurotoxicity.
5. All data and time points can be verified by inspecting
individual images and/or time-lapse movies. Observation
of cell morphology provides additional validation and
insight into the biological effect of treatment groups.

About the IncuCyteTM Live-Cell Imaging System
The Essen BioScience IncuCyteTM Live-Cell Imaging System is a compact, automated microscope.
The IncuCyteTM resides inside your standard tissue culture incubator and is used for long-term kinetic
imaging. To request more information about the IncuCyteTM, please visit us at www.essenbioscience.com.
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