











A general neurite outgrowth assay schematic for
immunohistochemistry is shown in Figure 1. Cultures

were plated on high-density microplates and processed

for evaluation after five days of outgrowth. Multiplexed
immunohistochemistry was conducted using two markers
for neurite outgrowth and a nuclear counterstain. The
MultiFlo FX multimode dispenser with AMX was used for
gentle plate washes between immunohistochemistry steps
to both maximize efficiency and minimize potential damage
from manual pipetting. Multichannel fluorescent images
were automatically captured on the Cytation 5 cell imaging
multimode reader across the plate and analyzed with

Genb5 neurite outgrowth module. Multiple types of analysis,
including dose—response analysis shown in Figure 1,

can be performed in Gen5 software to evaluate treatment
effects on outgrowth.

Image collection and processing for neurite
outgrowth analysis

Image-based neurite outgrowth measurements used
multichannel fluorescent immunocytochemistry to evaluate
two neurite outgrowth markers and nuclear counterstain as
outlined in Figure 2. A 20x objective was used for all image
acquisition and images were tiled to sample a large region
for analysis (Figure 2A, left panel). Montages were stitched
together automatically to evaluate a representative central
FOV in the well (Figure 2A, center panel). Images were next
background subtracted to aid in visualization of neuronal
processes (Figure 2A, right panel). Background subtraction is
an optional step that is not required for analysis but can help
optimize visualization of neurites for display of the analysis
results. Background subtraction yielded relatively minor
improvements with these cultures as observed by comparing
Figure 2A center and right panels. Individual fluorescent
channels are shown in Figure 2B with a composite overlay.
In maturing neurons, MAP2 antibody labeling is primarily
localized to dendrites, whereas the B-tubulin antibody

labels both axonal and dendritic compartments. This
compartmentation can be appreciated in the overlay image
where MAP2-positive neurites are also B-tubulin positive,

but many more processes, potentially the developing axonal
compartments, are labeled only by the B-tubulin antibody.

Figure 2. Automated image capture, processing steps, and example
immunocytochemistry results. (A) 20x magnification images are
automatically captured in multichannel acquisition on an Agilent BioTek
Cytation 5 cell imaging multimode reader in widefield mode. A 3 x 3 image
panel is captured for each well (left panel) and images are automatically
stitched to generate a large image montage for analysis (center panel).
Optional background subtraction can be automatically applied to improve
the visualization of neurite processes (right panel). (B) Example multichannel
images of cryopreserved iPSC-derived neuron cultures after five days in
culture stained with DAPI nuclear marker (top left), MAP2 antibody (top
right), B-tubulin antibody (bottom left) and composite overlay image for all
channels (bottom right). Scale bars correspond to 200 ym.



Multichannel fluorescent image-based neurite
outgrowth analysis

Multichannel montaged images were processed for neurite
outgrowth analysis for both B-tubulin and MAP2 staining
stepwise as indicated in Figure 3. Gen5 software neurite
outgrowth module supports analysis on a single fluorescent
channel (e.g., neuron staining) or can combine a second

fluorescent channel (e.g., DAPI staining) to optimize detection.

For neurite analysis with immunolabeled cultures, it is

recommended that both nuclear staining and immunolabeling

are used together for optimal results (Figure 3A).

The combination of nuclear staining with immunolabeling
helps optimize soma detection in several aspects. First,

many neuronal antibodies, including both B-tubulin and MAP2

antibodies, strongly identify the perinuclear somatic region,
but are weak or absent in the nucleus itself. Nuclear labels
effectively fill these immunolabeling voids for improved
soma segmentation. Second, the Gen5 neurite outgrowth
module uses nuclear signals to help separate clusters of
neuronal somas and can therefore provide more accurate
soma counts.

Third, Gen5 neurite outgrowth module includes built-in
options designed to leverage nuclear signals to limit the
detection of nonneuronal nuclei through a minimum percent
overlap criteria between the nuclear and somatic staining
signals. Finally, nuclear staining provides a means of setting
a distance limit for how far the soma signal can extend from
the nucleus, termed the nucleus/soma distance in Genb
neurite outgrowth module. This feature assists in defining
the boundary of where the soma ends and the neurite begins
and can be adjusted according to user requirements. Soma
identification, depicted in Figure 3B, was identified with this
purpose-built combination of Gen5 neurite outgrowth module
features to accurately identify viable neuronal somas for
analysis.

Following soma detection optimization, neurite detection
was next optimized as shown in Figure 3C. Gen5 neurite
outgrowth module neurite filtering features provide the ability
to include or disregard detected neurites according to several
criteria. First, users can opt to include only neurites that are
connected to soma on the image for analysis. Electing this
filtering option will discard fragmented neurites and neurites
that originate from soma that are not within the image. The
neurite skeletons displayed in Figure 3C were filtered to only
include neurites connected to somas. However, it should be
noted that the images shown in Figure 3C are only a portion
of the entire field that was analyzed, and it is expected that
some neurites displayed connect to soma that are not visible
within the displayed region.

B-tubulin + DAPI

Figure 3. Immunocytochemistry-based neurite outgrowth detection
optimization for soma and neurites. (A) Example images of fluorescent
antibody staining for B-tubulin and MAP2 antibodies with DAPI nuclear
counterstaining, as indicated. The displayed image is a subregion of the
entire montage for display purposes. (B) The same image from panel

A overlaid with soma detection results (yellow solid mask overlay) for
B-tubulin (left panel) and MAP2 antibody (right panel) staining channels.
Detected soma were filtered based on multiple criteria including nuclear
size, and minimal overlap between the soma stain and nuclear stain. (C)
Neurite analysis results for B-tubulin (left panel) and MAP2 antibody (right
panel) staining shown with both soma mask overlay (solid yellow fill) and
neurite skeleton overlay (left panel: cyan, right panel: magenta). Neurite
skeleton overlay displays were increased to three-pixel width for improved
visualization. Scale bars correspond to 200 pm.



Additional filtering options permit users to set minimal
requirements to include neurites for analysis, such as
minimal acceptable lengths for fragmented neurites,
neurites extending directly from a soma, and terminal
neurite branches.

Neuron outgrowth response to inhibitors and enhancers
of neurite outgrowth

As a proof-of-principle demonstration, outgrowth of
cryopreserved iPSC-derived neuron and primary mouse
cortical neuron cultures were evaluated in response to
treatment with four drugs previously reported as potential
enhancers or inhibitors of neurite outgrowth.® Cells were
plated at a density of 10,000 live cells (determined via post-
thaw trypan blue cell counting) per well in a 96-well plate
format for outgrowth evaluation. For iCell GlutaNeurons,

a live cell percentage of approximately 65% was observed
at thaw and total live-cell yields were consistent with the
manufacturer estimates. For cryopreserved mouse ECNs, a
live cell percentage of approximately 50% was observed at
thaw, also in line with the manufacturer's estimates.

At 24 hours post-thaw (culture day 1), 50% of the neuron
culture media was removed and replaced with a dilution
series of each of the four drugs at the final concentrations
indicated in Figure 4A. After 48 hours of drug exposure
(culture day 3), an additional 50% media exchange was
performed for iCell GlutaNeurons (while maintaining final
drug concentrations), in alignment with the manufacturer's
recommendations for media refreshment schedule.

Media exchanges between culture days 1 and 5 were not
performed for mouse ECN culture, per media manufacturer's
recommendation.

Neuron cultures were fixed on culture day 5 and evaluated
for neurite outgrowth with fluorescent immunostaining
and nuclear staining as summarized in Figure 2. For these
cultures, detection settings were optimized to include cells
that met nuclear and soma minimum size criteria that are
consistent with characteristics of neurons that were viable
at the time of fixation. The Gen5 neurite outgrowth module
detection settings used are detailed in Table 1. Detection
parameters are flexible and intended to provide users the
ability to optimize analysis as desired across a range of
expected cell characteristics.

iPSC-derived neuron culture response to outgrowth
stimulation and inhibition

Neuron culture outgrowth in response to treatment was
first evaluated for iPSC-derived cultures. Results of the
Gen5 neurite outgrowth module analysis are automatically
reported for both image-level metrics (e.g., total outgrowth

length in the image), as well as cell-level average values (e.g.,
per-cell average neurite length). Analysis was performed
independently for each antibody, and outgrowth dose-—
response curves for B-tubulin evaluation (Figure 4C) and
MAP?2 staining evaluation (Figure 4D) are presented for
several outgrowth parameters.

For iPSC-derived neurons, responses for each drug were
consistent with previous reports of the ability of the drugs to
enhance (staurosporine and blebbistatin) or reduce (6BIO and
triptolide) neurite outgrowth.® However, blebbistatin produced
a relatively small (approximately 20%) increase in total
outgrowth for iCell GlutaNeurons, compared to staurosporine.
Staurosporine promoted neurite outgrowth until the highest
concentrations tested, where significant cell death was
abruptly observed, consistent with previous reports.® To
estimate the drug effect through fitting, the highest drug
concentration for staurosporine was omitted from the four-
parameter fit.

As opposed to the two stimulatory drugs tested, both 6BIO
and triptolide demonstrated substantial reductions in neurite
outgrowth with typical four-parameter dose-response
relationships. In addition to reductions in total outgrowth
measured at the image-level, the average per-cell neurite
length, branch count, and neurite number were all reduced
with application of both 6BIO and triptolide (Figure 4C).

The results obtained with B-tubulin and MAP2 staining
evaluations (compare Figure 4C and D) largely indicated
general agreement on neurite outgrowth properties with
some exceptions. For triptolide, both staining evaluations
provided similar outgrowth inhibition and dose-response
characteristics. For 6BIO, however, B-tubulin staining indicated
a greater degree of inhibition compared to MAP2. It is
possible that this difference indicates that 6BIO has a greater
inhibitory effect on putative axonal outgrowth compared to
dendritic outgrowth.

When cell count values are consistent, total image level
outgrowth reflects the average outgrowth of any individual
cell. However, if cell numbers are changing, such as with loss
of neuron viability, it is often informative to also evaluate the
per-cell outgrowth average. In addition to image-level results
for total outgrowth, the Gen5 neurite outgrowth module
calculates the per-cell average neurite outgrowth values using
the soma count. For these inhibitory treatments, both the
per-cell average and image average outgrowth were in general
agreement, indicating the effect on outgrowth occurred at the
per-cell level and not only at the image level. This is consistent
with the specific inhibitory effect of 6BIO and triptolide on
neurite outgrowth and not simply a reflection of a general loss
of cell viability.
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Figure 4. iPSC-derived neuron response to outgrowth enhancers and inhibitors. (A) Plate layout indicating dose-response curves for four drugs
tested in outgrowth assay. Plate view shows single image from montage of MAP2 immunofluorescence staining across the plate. (B) Automated
image analysis overlay display of the detected soma (yellow) and neurite skeletons (cyan) for three different example images of B-tubulin staining.
Scale bars correspond to 100 um. (C) Dose-response curves for each treatment are plotted for four outgrowth metrics evaluated by B-tubulin
staining. Plots depict technical replicate mean (N = 3) and standard deviation for each condition. Four-parameter fit lines (dashed black lines) are
shown for each curve as indicated. Staurosporine treatment at the single highest concentration is omitted from fitting (open blue circle) to estimate
drug response. (D) Dose-response curves for each treatment are plotted for four outgrowth metrics evaluated by MAP2 staining. Plots depict
technical replicate mean (N = 3) and standard deviation for each condition. Four-parameter fit lines (dashed black lines) are shown for each curve as
indicated. Staurosporine treatment at the single highest concentration is omitted from fitting (open blue circle) to estimate drug response.



Cryopreserved mouse cortical culture outgrowth
response evaluation

Parallel investigation of outgrowth was undertaken for
cryopreserved primary mouse cortical cultures, and was
evaluated over the same time course, drug concentration
series, and immunohistochemistry approach. Figure 5A
shows example images of neurite outgrowth evaluated in
control wells and wells treated with positive and negative
effectors as indicated after five days of culture. To simplify
comparison against iPSC-derived cultures, neurite outgrowth
results are presented only for -tubulin staining.

Blebbistatin produced a large increase in neurite outgrowth
in mouse cortical cultures, demonstrated by dose—response
evaluations across multiple parameters using both Gen5
neurite outgrowth module analysis (Figure 5B) and cell-
averaged analysis (Figure 5C). Interestingly, blebbistatin

was the only drug that demonstrated a dose-dependent
increase in the number of somas (Figure 5B). As blebbistatin
inhibits myosin Il implicated in both apoptosis and neuronal
outgrowth®, it is possible that blebbistatin is protective
against some of the apoptotic cell loss related to primary cell
culture cryopreservation.

Staurosporine, however, demonstrated a complex effect

in primary mouse neurons that differed from the relatively
robust and consistent outgrowth enhancement observed for
iPSC-derived neurons. Cell viability was reduced, as soma
counts, total outgrowth, and total branches all decreased with
increasing concentrations (Figure 5B). However, the cells that
did survive at higher staurosporine concentrations exhibited
a greater average number of outgrowths and branches,
concurrent with a shorter measured average length

(Figure 5C). This combination of effects suggests
staurosporine may promote neurite protrusion in this model,
but not overall length.

Although iPSC-derived neuron outgrowth was notably
inhibited by triptolide, outgrowth of mouse ECN-cultured
neurons was much less sensitive to triptolide as reflected

in the reduced effect size and comparatively shifted dose-
response curve across multiple measures of outgrowth
(Table 2). Although triptolide resulted in a relatively small
decrease in total neurite length at the highest concentrations
tested (Figure 5B), the average length and branching count of
the surviving cells was unchanged (Figure 5C); the absence
of average per-cell effects suggests a general decrease

in neuron viability that was consistent with the observed
decrease in soma counts (Figure 5B).

Comparative summary of iPSC-derived and primary mouse
neuron outgrowth

Table 2 provides a summary of the Gen5 software neurite
outgrowth module measurements for both iPSC-derived and
mouse neuron culture models. Control well averages are
indicated for each culture type, as well as percent effect size
(relative to control well values) and IC/EC, values across
outgrowth metrics. For most treatments, outgrowth metric
responses were adequately fit with four-parameter dose—
response relationships and IC/EC,, values automatically
calculated in the Gen5 software for imaging and microscopy.
In some cases, however, plateaus for concentration-
dependent effects were not well resolved. In those cases,
reported effect size and IC/EC,; values were instead
reported at 50% of the maximal response of the highest test
concentration using fit interpolation values in the

Genb software.

For each metric, Z-scores were calculated in Gen5 software
to determine whether treatment means were significantly
different from the control mean for each outgrowth
parameter. Outgrowth parameters with Z-score absolute
values greater than two across multiple consecutive
concentrations were considered to have a parameter mean
that was significantly different from control. Effect size and
IC/EC,, values are included for treatments with significant
responses in Table 2. Outgrowth parameters that did not
result in significant differences from control are indicated
with ns.”

In addition to the default parameters measured by the

Genb neurite outgrowth module, an additional parameter
calculating the percentage of neurons that had outgrowth is
included in Table 2. For this percentage evaluation, only cells
that exhibited multiple (> 1) neurite counts were considered
to have significant outgrowth and included in the percentage.
This parameter was generated using the neurite module
“Group Neurons” functionality to count cells and create
subpopulations based on different available measurements.
Neuron grouping criteria are flexible to permit user-specified
groupings based on multiple parameters such as soma size,
signal intensity, or neurite count.
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Figure 5. Cryopreserved mouse cortical culture response to effectors of neurite outgrowth. (A) Automated image analysis overlay displays the
detected soma (yellow fill) and skeletonized neurites (cyan lines) for three different example images of B-tubulin staining. Scale bar corresponds
to 300 pm. (B) Dose-response curves of neurite outgrowth parameters for B-tubulin staining evaluated at the image level, including soma count
(left panel), total neurite length (middle panel), and total neurite branches (right panel) for four drugs as indicated. Plots depict technical replicate
mean (N = 3) and standard deviation for each condition. For data series that conformed to a four-parameter fit, fit lines (dashed lines) are shown
for each curve as indicated. (C) Dose—response curves for neurite outgrowth parameters evaluated by per-cell average for neurite count (left
panel), average neurite length (middle panel), and average neurite branches (right panel). Plots depict technical replicate mean (N = 3) and
standard deviation for each condition. For data series that conformed to a four-parameter fit, fit lines (dashed black lines) are shown for each
curve as indicated. The highest concentration data point was omitted from staurosporine dose-response curve fitting as indicated (blue open
circles) to permit fitting over the remaining concentrations.



Table 2. Neurite outgrowth effect summary for iPSC-derived and primary mouse culture.

Neurite Outgrowth Summary
Untreated Staurosporine Blebbistatin 6BIO Triptolide
Value (%CV) Percent maximum relative change EC/IC_; (LM)
iPSC- Mouse iPSC- Mouse iPSC- Mouse iPSC- Mouse iPSC- Mouse
Derived Cortical Derived Cortical Derived Cortical Derived Cortical Derived Cortical
Sarie G 814 398 -82% -92%* - +29% - -25% -68% -62%
(11.7) (6.7) 0.35 pM 0.32 pM* 2.2 uM 0.64 pM 0.0077 pM 0.11 pM
Total Neurite Length 257,000 pm 157,000 pm +67%* -62%* +36% 150% -50% —42% -95% -70%
9 (11.6) (7.7) 0.007 uM* | 0.001 pM* 0.26 pM 2.3uM 0.61 pM 0.75 pM 0.0076 pM 0.12 pM
. 317 pm 395 pm +61%* +94% -65% -22% -93%
e (10.1) (8.6) 0.1 pM* Complex e 2.0 uM 0.4 UM 010pM | 0.011pM ns
Total Neurite Branches 3472 1643 * 4% Complex ns *42% kR ns ~89% ~64%
(13.1) (6.6) 0.01 pM* 2.6 UM 2.2 uM 0.0083 pM 0.21 pM
Average Neurite Branches 8g 41 R * 75% ns ns =8l +33% ~84% ns
9 (7.8) (7.5) 0.1 uM* 0.15 pM 0.25 pM 0.56 pM 0.011 uM
Tevel Nzt Aves 613,000 pm? | 526,000 pm? +31% =75%* - +112% -45% —44% -95% -75%
(8.4) (7.1) 0.029 uM 0.004 pM* 1.9 pM 0.92 pM 0.13 pM 0.0081 pM 0.15 pM
. . 2.4 pm 3.4pm -31% -15% +31% +29% -19%
Neurite Thickness (4.3) (2.5) ns 0.11 M ns 2.9 M 0.27 uM ns 0.0069 pM 0.26 M
AvaErsE Naie Qeug 2.5 4.0 +19% +28%* - +34% - + 39%* -75% -36%
9 4.1) (6.5) 0.046 uM 0.12 pM* 2.3uM 2.0 uM* 0.0087 pM 0.29 pM
Saiiig Sz 13.2 ym 19.7 pm =10%* -30%* - ns - ns -10% -23%
(1.4) (0.9) 0.44 pM* 0.34 pM* 0.0046 pM 0.21 pM
) 9.2 ym 10.8 ym +8.7%* +6.6%
Nucleus Size a.2) (1.8) Complex ns ns ns 014 UM ns 0.30 UM ns
Percentage Neurons 83.1% 91.4% -85% -76% - +6% =14%* ns -81% -25%
with Outgrowth (3.3) (2.6) 0.87 pM 0.87 yM 1.3 uM 1.4 pyM* 0.0096 pM 0.29 uyM

*Indicates that the effect size and EC/IC, were estimated at 50% maximum/minimum response in cases where fit and response did not plateau.

“Complex” indicates that the effect was not monotonic.

Conclusion

Automated solutions for image-based neurite outgrowth are
essential to enable rapid and high-throughput neurobiology
investigations at scale. The Agilent BioTek Gen5 neurite
outgrowth module described here provides a flexible and
powerful solution that leverages the advantages of an
automated, high-throughput system for multimodal image
analysis. A key feature of the Gen5 neurite outgrowth module
for neurite outgrowth assays is the flexibility of multichannel
analysis across multiple fluorescence channels and
modalities to support a broad range of neurite

outgrowth approaches.

This study has provided a proof-of-principle demonstration for
neurite outgrowth analysis of both iPSC-derived and primary
mouse neuron culture models relevant to a broad range of
neurobiology research areas. We have focused on evaluating
these key neurite outgrowth models in a commonly used
immunohistochemistry-based approach to demonstrate the
usability and performance of the platform. Agilent BioTek
Genb microplate reader and imager software integrated the
automated image capture, processing, and neurite outgrowth
detection within a single interface and in a streamlined step-
wise process. Data plotting and fitting capabilities of the Gen5
microplate reader and imager software readily transformed
the neurite image detection results into quantitative

analysis of the treatment effects. In both culture models
tested, significant dose-response effects were measured
across multiple parameters of neurite outgrowth for several
modulators of neuronal outgrowth.
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