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Abstract

Genome wide RNA-sequencing has become an important tool to identify potential candidate genes
involved in axon regeneration following spinal cord or peripheral nerve injury. One of the major benefits
but also challenges of such big data approaches is the identification of hundreds to thousands of potential
candidate genes that ultimately have to be subjected to further screening methods, before investigation in
in vivo models of axon regeneration is feasible. Thus, we have developed a protocol to efficiently silence
mRNA expression in adult DRG neurons in the 384-well plate format, which allows for rapid neurite-
morphology screening of candidate genes. We compared two widely used lipid-based transfection
reagents Lipofectamine2000 and RNAIMAX and investigated their efficacy on silencing of EGFP-
expression in adult sensory neurons from Fischer 344 rats that ubiquitously express EGFP. We assessed
mRNA knockdown by EGFP-expression in the neuronal cell body and determined overall cell health via
assessment of neurite outgrowth. Here we present that both transfection reagents produce comparable
results leading to EGFP silencing efficiencies of up to 60% in adult sensory neurons with minimal impact
on neuronal survival. We validate our assay by showing increased neurite growth via PTEN mRNA knock-
down. This assay allows for rapid and cost-efficient screening of hundreds to thousands of candidate
genes and to evaluate their impact on neuronal morphology and axon regeneration.

Keywords: Lipid-based transfection; Dorsal root ganglion (DRG) neuron; siRNA; Axon regeneration;
384-well plate; Gene silencing screen

Introduction

Transcriptomic and proteomic screens have become an integral tool to study mechanism
of axon regeneration following nerve injury [1-4]. These powerful, big-data approaches offer
a system wide understanding of mechanisms involved in axon regeneration. Performing
multi-omic screens on a specific model of axon regeneration can significantly deepen the
understanding of the mechanisms involved. Often times these screens are performed in
multiple conditions, thus leading to thousands of significantly differentially expressed genes.
One of the major challenges of these multi-omic approaches is the wealth of data one has to
analyze to ultimately identify the key players that are mediating the regenerative state [5].

In vitro screening of candidate genes investigating axon regeneration offers a pathway
to successfully narrow down extensive gene lists to a manageable count for further
investigation in in vitro or in vivo models of spinal cord regeneration [6,7]. It is important to
select the appropriate type of screening assay in order to aid in proper candidate selection.
Considerations should be included.

A. The neuronal cell type,
B. The method of gene manipulation
C. The method of transfection,
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D. The multi-well plate format

E. The method of readout,

F. The equipment needed, and

G. The available funds to plan and carry out successful in

vitro screens.

Neuronal cell type: When utilizing mammalian primary
neuronal cultures, one is mostly restricted to embryonic and
postnatal ages. One exception are sensory neurons isolated from
dorsal root ganglia (DRGs), which can be cultured as early as
embryonic day 10 (E10) [8,9], as well as in an adult state, without
the need of neurotropic support [10]. DRG neurons can be cultured
for an extended amount of time in vitro while retaining many of
their immunocytochemical and physiological characteristics [10-
14]. They further provide an excellent model to study the cell-
intrinsic mechanisms of axonal regeneration, since the expression
of regeneration associated genes can be induced prior to tissue
harvesting by a peripheral nerve injury [6,15-17]. DRG neurons
thus been instrumental in identifying and validating candidate
genes involved in mechanism of axon regeneration that have
emerged from multi-omic screens [1-4].

Method of gene manipulation: Genetic manipulations
resulting in gain or loss of function of candidate genes can in
general be achieved by candidate gene over-expression or gene-
silencing. Both overexpression plasmid libraries as well as
siRNA/shRNA libraries are commercially available. For economic
reasons, we decided to utilize siRNA molecules for a gene silencing
approach, since small scale libraries are much more affordable than
overexpression, or shRNA libraries.

Method of transfection: The transfection options fall into two
basic categories: viraland non-viral. While viral transduction is more
effective, it is also more time-consuming, expensive and requires
additional safety precautions [18,19]. Non-viral transfection
techniques include direct DNA delivery via injection or biolistics
[20], sonoporation [21], electroporation, chemical vectors, cationic
polymersand lipofection [22-24]. While electroporation hasbecome
very efficient in the recent years, it requires expensive equipment
and consumables. Lipofection transfers DNA or RNA molecules
into the cell in a lipid carrier that fuses with the cell membrane
[25]. The advantage of lipofection is its cost-efficiency and ease
of application. DNA/RNA molecules can be pre-incubated with
lipofection reagent and lipid-nucleic acid complexes can be added
to the already adherent neurons. Lipofection leads to high yield
transfection in dividing cells but poses difficulties in transfection
postmitotic neurons [26]. In this study we are comparing two
widely used lipofection reagents Lipofectamine2000 (for DNA and
siRNAs) and RNAIMAX (specifically for siRNA-molecules).

Multi-well plate format: The source of the optical cell culture
plate can be an important consideration when performing high-
content screening assays investigating the effect of candidate gene
silencing on neurite morphology. The physical characteristics
of multi-well tissue-culture plates, such as type of plastics and
materials used, as well as charge-altering surface treatments (e.g.,

plasma or corona), can have a significant impact on neuronal
attachment, survival and on other neuromorphological parameters
[27,28]. Those aspects of a multi-well plate seem to become more
prevalent, with increasing number of wells, resulting in increased
surface to well ratio, in which surface tensions and electrostatic
properties become more predominant and can hence directly
impact neuronal properties [29]. Considering all these aspects we
decided to utilize 384-well plates, in which surface tensions are
reasonable and which offer the ability to simultaneously screen
libraries of several thousand siRNA molecules but can still be easily
managed with handheld multichannel/stepper pipettes.

Method of readout: DRG neurons were derived from
transgenic adult Fischer 344 rats that ubiquitously express EGFP.
We are utilizing the EGFP-fluorescent signal as a direct readout
for successful neuron transfection, mRNA-silencing and protein
knock-down. Utilizing EGFP expression as readout has two major
advantages.

a) EGFP expression can easily be detected by a fluorescent
microscope and quantified by image analysis software and
more importantly correlates directly with the amount of EGFP-
protein;

b) Reduction of EGFP has no known impact on neuronal
function. For determining axon regeneration, neuronal health
and other neuromorphological parameters that could be
affected by candidate gene silencing, we are utilizing the
neuronal marker [llI-tubulin immunofluorescent staining
combined with automated neurite tracing algorithms as
readout [30-32].

Equipment needed: We utilized multi-channel/multi-stepper
pipettes, 384-well optical plates, an automated imaging system
(ImageXpress, Molecular Devices) and software for automated
image analysis and quantification of neuro-morphological
parameters (MetaXpress, Molecular devices). An important
additional feature of the image analysis software is the ability to
measure EGFP fluorescence signal intensity specifically within the
neuronal cell bodies, that co-labeled with BllI-tubulin (Custom
module editor, Molecular Devices). To run this assay one can use
any fluorescent microscope with an automated stage followed by
automated image analysis. Software packages that are specifically
designed for neuro-morphological screens in 384-well plate format
are available as freeware [30].

Available funds: We designed this assay to be as economical
viable as possible, so small labs with limited funds can perform
meaningful gene silencing screens. With this optimized protocol, a
screen for 500 candidate genes can be repeated several times in
triplicates for under 10k USD.

The following data presents the development and validation of
a functional assay that was designed under all these considerations.
We developed a step-by-step protocol that is easy to follow, allowing
scientists with no high-content screening background to gather
meaningful data within a few weeks. The described assay can easily
be scaled to screen genome wide siRNA libraries.
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Differences in 384-well plate manufacturing directly
influences neurite morphology of adult DRG neurons

To establish a baseline for neurite morphological parameters,
such as neurite outgrowth, initiation and branching as well as
neuronal survival, we compared 384-well plates from different
manufacturers (Figure 1). Surprisingly we found significant
differences in neurite length and branching depending on the
manufacturer of the 384-well optical tissue culture plate. Culturing
DRG neurons in plates from Matrix resulted in a 100% increase
(p<0.0001, un-paired t-test; Figure 1B), while plates from Matrical
showed a ~30% reduction in neurite outgrowth compared to

A

Brand Plus Brand Premium

Matrical

Neurite Length

average neurite outgrowth over all plates (p<0.05, un-paired t-test;
Figure 1B). Even more prominent effects of the plate manufacturer
were observed on neurite branching. Matrix plates increase
branching by almost 2-fold, while Matrical plates showed a 65%
reduction in branches compared to plate averages (p<0.0001,
un-paired t-test) (FigurelC). Similar plate-dependent neurite
outgrowth properties were observed with hIPSC derived neurons
(Figure S1), indicating that differences in plate manufacturing have
a general influence on neurite morphology from different neuronal
sources. We subsequently decided to move forward with 384-
well plates from Nunc, which displayed average value of neurite
outgrowth and branching (Figure 1B, C) and showed even cell
distribution (data not shown).
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Figure 1: Neurite outgrowth and branching of adult dorsal root ganglion neurons is influenced by plate type
manufacturer in 384-well plates.

(A) BIII-tubulin staining of representative DRG neurons in 384-well plates from different manufacturers. All plates
coated with either Poly-D-Lysine or pre-coated by the manufacturer (Nunc collagen and Nunc PDL). Scale bars:
S50um.

(B, C) Quantification of (B) total neurite length per cell (um) and (C) Number of neurite branches per cell in 384-
well plates from different manufacturers compared to plate average. n=3 independent experiments with n=4 wells/
experiment. Mean+SEM. p<0.0001 one-way ANOVA with Bonferroni’s posthoc, *p<0.05, **p<0.01, ****p<0.0001.
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Influence of the 384-Well Plate Manufacturer on Neurite Length

of hIPSC Derived Neurons
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Supplementary Figure 1: Neurite Outgrowth of human induced pluripotent stem cells is influenced by plate type
manufacturer on 384-well plate
Comparison of neurite outgrowth per cell (um). All plates were coated with either Poly-D-Lysine or pre-coated by the
manufacture. n=3 independent experiments with n=10 wells/experiment. Mean+SEM. p<0.0001 one-way ANOVA
with Bonferroni’s posthoc, **p<0.01.

Stimulatory and inhibitory substrates can be utilized
to alter neuronal morphology and thereby increase the
dynamic detection range

When performing high-content screens, it is critical to work
within a high dynamic range to ensure that positive and negative
hits fall within the detection spectrum. When the readout is
a neurite morphological analysis, such as neurite outgrowth,
decreasing the minimum and increasing the maximum growth
limits can expand the dynamic range. To establish these limits in
our assay, we show a dose dependent increase in neurite length
with the addition of laminin (Figure 2A,B) and dose dependent
reduction of neurite length with the addition of chondroitin sulfate
proteoglycans (CSPGs, Figure 2C,D). It is critical that these reagents
are used in concentration ranges, in which neurite morphological

parameters are not reaching a plateau state (>30pg/ml laminin/
CSPG; Figure 2A,B), which could potentially dominate the neuro-
morphological outcome and hence overpower the effect of the
candidate gene manipulation. It is advised to identify EC, and IC,,
values, which represent reagent concentrations, where 50% of the
maximum stimulatory (EC, ) or inhibitory (IC, ) effect is observed
(Figure 2). Laminin stimulation promoted neurite growth by a 10-
fold maximum (EC, =5ug/ml; 5-fold increase in neurite growth;
Figure 2A middle panel, B); whereas CSPG inhibition reduced
neurite growth up to a maximum of 28% (IC, = 15.0ug/ml; 14%
decrease in neurite growth; Figure 2C middle panel, D). To establish
an assay that aims to screen for positive manipulators of neurite
outgrowth (e.g., axon regeneration), it can be advantageous to
utilize conditions with reduced neurite outgrowth, such as coating
with inhibitory substrates (e.g., CSPGs) at their IC_
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Figure 2: Neurite outgrowth and branching of adult DRG neurons is stimulated upon laminin treatment and
inhibited upon CSPG treatment in 384-well plates.

Neuronal morphology is assessed via the neuronal marker BIII-tubulin. (A) DRG neurons without Laminin (top
panel), and upon Laminin stimulation (lower panels). 50% (middle panel) and 100% (bottom panel) neurite
outgrowth stimulation is shown.

(B) Dose response curve of total neurite length per cell (um) in response to increasing concentrations of Laminin.
50% of neurite outgrowth stimulation (EC, ) is achieved by Sug/ml laminin.

(C) DRG neurons without CSPGs (top panel), and upon CSPG inhibition (lower panels). 50% (middle panel) and
100% (bottom panel) neurite outgrowth inhibition is shown.

(D) Dose response curve of total neurite length per cell (um) in response to increasing concentrations of CSPGs. 50%
of neurite outgrowth inhibition (IC, ) is achieved by 15ug/ml CSPGs. n=3 independent experiments with n=5 wells/

experiment. Mean+*SEM. Scale bars: A, 100um; C, 50um.

Titration of transfection reagent: increasing amounts of
transfection reagent lead to reduced EGFP-expression,
but also increased toxicity

To assess transfection efficiency as well as gene silencing
efficacy, we utilized transgenic Fischer433 rats that ubiquitously
express EGFP. This model allows for EGFP-mRNA silencing and
subsequent EGFP (protein) reduction, which (1) can be used as
direct readout of gene silencing efficiency via fluorescent intensity
of EGFP specifically in neuronal cell bodies in culture and (2) has
no impact on neuronal function. We tested a range of 0.03-0.5pul
lipid-based transfection regent per well, while keeping the siRNA

concentration constant (2.5pmol/well) and determined EGFP-
expression and neurite length after 48 hours in vitro (Figure 3),
whereas neurite length functions as a determinant of neuronal
health. EGFP expression was significantly reduced compared to
control conditions for all concentrations of transfection reagents
applied for both Lipofectamine2000 and RNAiIMAX (p<0.0001,
One-way ANOVA with Dunnett’s post-hoc; Figure 3A,E). We further
observed a trend of reduced EGFP expression with the application
of increased amounts of transfection reagent, but we also saw a
significant reduction in neurite growth for concentrations above
0.12ul/well for both Lipofectamine2000 and RNAIMAX (p<0.0001,
One-way ANOVA with Dunnett’s post-hoc; Figure 3B,F). We thus
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decided to use 0.12pl of transfection reagent per well for both
Lipofectamine2000 and RNAIMAX for further optimizations to
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Figure 3: EGFP expression and neurite outgrowth are reduced in response to increasing concentrations of
lipofection reagent.
Transfection of DRG neurons with either with (A-D) Lipofectamin 2000 (LFA2000), or (E-H) RNAiMAX. Both (A)
LFA2000 and (E) RNAIMAX show significant reduction of EGFP intensity with the application of 0.03-0.5ul/well.
p<0.0001, one-way ANOVA with Dunnett’s posthoc, ****p<0.0001. (B, F) Neurite length is significantly reduced
at lipofection reagents concentrations above 0.12ul/well. p<0.0001, one-way ANOVA with Dunnett’s posthoc,
**p<0.01, ***p<0.001, ****p<0.0001. n=3 independent experiments with n=5 wells/experiment. Mean+SEM. (C, D)
Example images showing DRG neurons transfected with EGFP-siRNA at 0.03ul/well LFA2000 (lowest concentration)
and 0.5ul/well LFA2000 (highest concertation) respectively. (G, H) Example images showing adult DRG neurons
transfected with GFP-siRNA at 0.03ul/well RNAIMAX (lowest concentration) and 0.5ul/well RNAIMAX (highest
concertation) respectively. Scale bars: 50um. Arrowheads indicate position of neuronal bodies.

Titration of siRNA molecules: varying amounts of siRNA
molecules have no significantimpact on EGFP expression
and neuronal morphology

With a constant concentration of transfection reagent (0.12ul/
well), we investigated EGFP expression with varying siRNA
concentrations ranging from 0.5 to 4.75pmol EGFP siRNA per well
(corresponds to 8 to 80nM; Figure 4). All tested concentrations
showed similar levels (~25% average/cell) of EGFP knockdown in

neuronal cell bodies for both Lipofectamine2000 (Figure 4A) and
RNAiMax (Figure 4D) (p<0.0001, One-way ANOVA with Dunnett’s
post-hoc). We did not observe any change in neurite growth related
to the amount of siRNA molecules applied (data not shown). We
thus concluded that a concentration within the middle of our
tested range (between 2-3pmol/well; 30-50nM) would be optimal
for screening of unverified siRNA molecules, to account for siRNA
molecules with less silencing efficacy and potential off-target
effects.
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Figure 4: EGFP Expression is unaffected by siRNA concentration. (A) EGFP Intensity normalized to naive [%] after
transfection with EGFP siRNA [pmol/well] and 0.12ul/well of Lipofectamine 2000. (D) EGFP Intensity normalized to
naive [%] after transfection with EGFP siRNA [pmol/well] and 0.12ul/well of RNAIMAX. (B) EGFP Expression after
treatment with Opmol/well of siRNA and 0.12ul/well of Lipofectamine 2000. (E) EGFP Expression after treatment
with Opmol/well of siRNA and 0.12ul/well of RNAIMAX. (C) EGFP Expression after treatment with 2.5pmol/well of
siRNA and 0.12ul/well of Lipofectamine 2000. (F) EGFP Expression after treatment with 2.5pmol/well of siRNA and
0.12ul/well of RNAIMAX. Arrowheads indicate position of neuronal bodies. n=3 independent experiments with n=10
wells /experiment. Mean+SEM. p<0.0001, one-way ANOVA with Dunnett’s posthoc, ***p<0.001. Scale bar: SOum.

silencing efficiency, we investigated EGFP fluorescence on a single
cell basis. We found that our optimized transfection conditions of
. y timizati " b d ducti 2.5pmol siRNA and 12.5pul Lipofectamine2000 transfection reagent

¢ Eglfsr terop 1.Inlzab10r12;;ps- Wle (;.serve an a;/elliag: re lflc log per well (40nM) reduced EGFP fluorescence by 50% in at least 45%
© expre]slswn yt (; Htlcdu ing succ;ss Wy trans ectel of all DRG neurons (Figure 5). The EGFP-siRNA transfected neurons
neuron.s as we .as un-transtec .e neu.r(.)ns. O IMOTe accurately  ith the highest EGFP knockdown displayed up to 60% reduction
determine the siRNA transfection efficiency as well as EGFP . . . .

in EGFP fluorescent signal intensity.

Optimized screening conditions reduce EGFP expression
by half in 45% of neurons
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Figure 5: EGFP fluorescence intensity is reduced by at least 50% in 45% of all neurons.

Cells were sorted by individual EGFP fluorescence intensity and binned into 5 groups based on their fluorescent
signal. Groups from left to right represent each twentyest percentiles of all cells from highest to lowest EGFP signal
intensity. White bars represent fluorescent intensity of control siRNA transfected neurons, and black bars represent

the corresponding fluorescent signal intensity of GFP siRNA transfected neurons.

PTEN mRNA silencing significantly increases axon
growth

To determine if our assay is able to detect a significant change in
neurite length viasilencing ofa single gene, we applied the optimized
transfection conditions to siRNA molecules that have previously
been validated to alter neurite length. Reduced Phosphatase and
tensin homolog (PTEN) expression has been shown to increase axon
extension in vivo [33,34] and in vitro [35]. We consequently utilized
siRNAs targeting PTEN (Figure 6A) to investigate if neurite length
will significantly increase upon knock-down of PTEN in our assay.
We further targeted cell growth and survival mechanisms (AllStars

A

PTEN siRNA

positive control siRNA, Qiagen, Figure 6B) to determine if we can
observe a significant reduction in axon growth. As a reference we
utilized a non-targeting control siRNA (Life Technologies, Figure
6C). Transfection with siRNA molecule targeting PTEN significantly
increased neurite outgrowth by 40% (p<0.001, un-paired t-test;
Figure 6D), while transfection with the AliStars siRNA reduced in
neurite outgrowth by 30% compared to a non-targeting control
siRNA (p<0.001, un-paired t-test; Figure 6D). These results indicate
the level of siRNA transfection and subsequent gene silencing is
sufficient to significantly alter neuro-morphological parameters,
which can be used as a successful readout for screening purposes.
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Figure 6: PTEN siRNA transfection significantly increases axon growth in adult DRG neurons.

(A-C) Example images of adult DRG neurons transfected with PTEN siRNA, Allstars siRNA and control siRNA with
optimized conditions, respectively. (D) Neurite outgrowth normalized to control siRNA. n=3 independent experiments
with n=10 wells/experiment. Mean+SEM. p<0.0001, one-way ANOVA with Dunnett’s posthoc, ***p<0.001. Scale bar:

S0um.
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Experimental Procedures
Animal care

All procedures involving animals were carried out in strict
adherence to guidelines provided by The Guide for the Care and
Use of Laboratory Animals (The Institute of Laboratory Animal
Resources, 2011), The Public Health Service Policy on Humane Care
and Use of Laboratory Animals (NIH, 1986), The Animal Welfare
Act/Regulations and subsequentamendments (PL 89-544),and The
Veterans Health Administration Handbook 1200.07 “Use of Animals
in Research” (2011); VA San Diego Healthcare System (VASDHS)
Research Services Policy 01 section 151-04 (Institutional Animal
Care and Use Committee, IACUC) and VASDHS IACUC Policy 03 (Pre
and Post-procedural Care of Laboratory Rodents). The animal use
protocol was approved by the VASDHS IACUC (Protocol number 14-
008). F344-Tg (UBC-EGFP) F455Rrrc rats were obtained from the
Rat Resource & Research Center and maintained at the VA hospital
in San Diego, CA. All rats were maintained on a 12-hr light/dark
cycle and given ad libitum access to food and water.

Plate type analysis

384 well plates ((Brand Plus and Brand Premium (BrandTech
Scientific, Inc., Essex, CT), Corning (Corning, Corning, NY), Matrical
(Spokane, Washington), Matrix, Nunc, Nunc Collagen, Nunc PDL
(Thermo Scientific, Waltham, MA)) were precoated with Poly-
D-lysine hydrobromide (PDL, 20pg/ml in water, Sigma-Aldrich,
St. Louis, MO) overnight at room temperature, washed 3 times
with sterile water and air dried then coated with either laminin
(0-200pg/ml (Sigma-Aldrich, St. Louis, M0O)) or Chicken CSPG (0-
200ug/ml (Bellirica, MA)) in DPBS (Life Technologies, Carlsbad,
CA) for 4 hours at room temperature, and washed 3 times with
media (DMEM/F12 with GlutaMAX (Life Technologies, Carlsbad,
CA),10% FBS (Gemini, Sacramento, CA), 1x B27 (Invitrogen, Grand
Island, NY)).

DRG culture

DRGs were removed, stripped of their roots and collected
in HBSS (Life Technologies, Carlsbad, CA) on ice. DRGs were
washed once with HBSS, digested with HBSS+0.25% collagenase
XI (SigmaAldrich, St. Louis, MO)+5mg/ml Dispase (Worthington,
Lakewood, NJ) for 30 min at 37 °C, washed once with media,
triturated in media, and plated onto a 384 well tissue culture
treated plates at 100-400 DRG neurons in 70pl media per well. After
plating, the cells were allowed to settle for 30 minutes followed by
incubation at 37 °C and 5% CO, until ready for transfection.

Immunohistochemistry

Neurons were fixed with 4% Formaldehyde (Fisher Scientific,
Pittsburg, PA) in DPBS for 20 min at room temperature, washed 3
times with PBS, blocked and permeabilized in DPBS + 0.25% Triton
X-100 (Fisher Scientific, Pittsburg, PA) + 5% horse serum for one
hour at room temperature. Cells were then incubated with primary
antibody mouse anti-fI1I-tubulin (1:1000, Promega, Fitchburg, WI)
in DPBS +.25 Triton X-100 + 5% horse serum for 1.5 hours at room
temperature, washed 3 times with DPBS + Triton X-100 + 5% horse
serum, incubated with secondary antibody Alexa 647 anti-mouse
(1:1000 Life Technologies, Carlsbad, CA) and 4’,6-diamidino-2-

phenylindole dihydrochloride (DAPI; [1pg/mL]; Sigma-Aldrich,
St. Louis, MO) in DPBS + Triton X-100 + 5% horse serum for one
hour at room temperature, washed 3 times with DPBS and imaged
with ImageXpress (Molecular Devices, Sunnyvale, CA). Data
was analysed with MetaXpress (Molecular Devices), graphs and
statistical analysis were done with Prism (GraphPad, La Jolla, CA).

Transfection

The transfection reagent (Lipofectamine 2000 and RNAIMAX,
Invitrogen, Carlsbad, CA) was diluted in Optimem (Life
Technologies, Carlsbad, CA) at 0-100pl/ml. siRNA molecules
EGFP-siRNA and control-siRNA, (Life Technologies, Carlsbad, CA)
Block-iT Alexa Flour Red Fluorescent Control (Thermo Scientific,
Waltham, MA), Allstars Death siRNA (Qiagen), and Rn_PTEN_7
Flexitube siRNA (Qiagen) were diluted in optimem at 0-0.95uM.
The mixtures were incubated for 20 min at room temperature. 5l
of reagent mix was combined with 5pl of siRNA mix and incubated
for 20 min at room temperature. 10ul of the combined mix was
added per well (384-well plate). The plate was preincubated at
room temperature for 30 min and transferred to conditions of 37
°C in 5% CO,. 3 hours after transfection, the media was exchanged
with (DMEM/F12 w/Glutamax,10% FBS, 1x B27, penicillin and
streptomycin (Life Technologies, Carlsbad, CA; 1000U per 10mg/
ml final concentration). All DRG neurons were then cultured at 37
°Cin 5% CO, for 48 hours.

Human iPSC generation and culture

Human iPSC derived neurons were derived and purified
as previously described (47). In brief, after iPSC generation
from patient derived fibroblasts (47), iPSCs were differentiated
to NPCs and further to neurons as previously described (48).
3x105 FACS-purified TRA1-81+ cells were seeded onto 3x10cm
plates that were seeded the previous day with 5x105 PA6 cells.
On day 11, cells were dissociated with Accutase and ~5x 105
CD184+CD15+CD44-CD271- NPCs were FACS-purified and plated
onto poly-ornithine/laminin-coated plates and cultured with bFGF.
NPCs were differentiated by removal of bFGF from the media. After
3 weeks of differentiation, cells were dissociated with Accutase and
CD24+CD184-CD44- cells were purified. FACS was performed with
a FACSAria II (BD Biosciences). Purified neurons were then plated
in 384-well plates (Matrix, Thermofischer) at 2500 cells per well in
50ul media (DMEM: F12 + Glutamax, 0.5x N, 0.5x B27 (both from
Life Technologies), 1x P/S (Millipore), 0.5mM dbCAMP (Sigma-
Aldrich, St. Louis, MO), 20ng/ul BDNF and 20ng/ul GDNF (both
from Peprotech)). Plates were pre-coated overnight at 37 °C with
poly-ornithine (40ug/ml in water, Sigma-Aldrich, St. Louis, MO),
washed 3 times with sterile water, subsequently coated with either
rat or monkey myelin (10ug/ml in PBS) overnight at 4 °C, washed
3x with PBS, coated with laminin (5ug/ml in media) for 4 hours at
room temperature, washed 3x with media before plating of cells.
Cells were cultured at 37 °C'in 5% CO, for 48 hours.

Data and statistical analysis

Neurite outgrowth, EGFP and Block-iT fluorescent intensity
were analyzed with MetaXpress (Molecular Devices, Sunnyvale,
CA). Results are represented as mean * standard error of the mean
(SEM) with at least 5 wells per condition. Prism (GraphPad, La Jolla,

Res Med Eng Sci

Copyright © Gunnar Poplawski



RMES.000742. 10(4).2023

1113

CA) was used to calculate the SEM and statistical significance of
difference between groups, evaluated by one-tailed Student’s t-test
or one way ANOVA with Bonferroni’s or Dunnett’s Test to determine
significance of a condition *p<0.05; **p<0.01; ***p<0.001 against a
control.

Discussion

The powerful approach of unbiased high throughput siRNA
screening has been described recently [36], allowing for rapid
investigation of candidate gene function in biological pathways,
such as axon regeneration. Here we developed a high-content assay
to screen siRNA libraries for the identification of modulators of
axon regeneration in adult DRG neurons [1-4].

One of the challenges in designing a gene silencing screen in
postmitotic cells, such as neurons, is achieving suitable transfection
rates, without having to rely on labor and cost intensive transfection
methods such as electroporation or viral based transfection [37].
We thus investigated several widely used lipid-based transfection
reagents and determined their efficiency in silencing EGFP
expression in adult DRG neurons derived from rats that ubiquitously
express EGFP. The initial panel included Lipofectamine 3000
(Invitrogen) [38], MessengerMax, RNAIMAX (Invitrogen) [39,40].
and Lipofectamine2000 (Invitrogen) [26], as well as self-delivering
siRNAs (Dharmacon) that do not require additional transfection
reagents [41]. Initial investigation of all reagents showed the most
reliable EGFP protein knock-down for Lipofectamine2000 and
RNAIMAX, on which we subsequently focused our investigations.
Utilizing Lipofactamine2000 and RNAIMAX we achieved similar
EGFP knock-down compared to self-delivering siRNA molecules
(Accell from Dharmacon), which can be added directly to the
growth media [41] (unpublished observations), but for a fraction
of the cost. Thus, Accell is a viable option for screening a limited
number of siRNAs in DRG neurons but becomes economically non-
viable for larger screens.

RNAiIMAX, which was specifically developed for the transfection
of siRNA molecules showed higher transfection efficiency and less
toxicity in certain cell types [42,43]. We show that in adult DRG
neurons, Lipofectamine 2000 and RNAIMAX result in comparable
gene silencing efficiencies with no significant difference in toxicity.
We thus recommend the usage of Lipofectamine 2000 over
RNAiMax if co-transfection of a reporter plasmid is desired [39,40].

We decided to use EGFP fluorescence as a proxy for
determining the efficiency of gene silencing, since it allows for
a direct readout of successful protein reduction without relying
on immunolabeling [44,45]. Boudes and colleagues reported an
average reduction of EGFP expression up to 40% in DRG neurons
using single cell electroporation [44]. This method of transfection,
however, is timely and cost inefficient for high content screening.
Our assay using inexpensive reagents is able to reduce the average
EGFP expression up to 25% in DRG neurons. This magnitude of
EGFP reduction closely replicates the decrease in EGFP signal
observed in embryonic hippocampal neurons also transfected with
lipofectamine 2000 and EGFP siRNA [45]. In addition, our method
demonstrates at least a 50% reduction of EGFP expression in up to

45% of DRG neurons, an improvement over previous optimization
of lipofection that reported efficiencies between 20-30% in other
primary neurons [26].

To establish sensitivity of our assay to detect significant
morphological changes of a single target gene, we targeted PTEN to
promote neurite growth [35]. We observed 40% increase in neurite
growth compared to non-targeting control siRNA, significantly
more than a previously reported 25% increase with similar
methods [35]. We could further significantly reduce neurite growth
by 30% with the application of Allstar control siRNA (Qiagen) that
targets cell maintenance pathways. We thus successfully designed
an assay that has the potential to identify genes that either promote
or reduce neurite growth of adult DRG neurons in 384-well format
in vitro. A detailed step-by-step protocol can be found in the
supplemental materials of this manuscript.

Conclusion

We developed an assay that allows for rapid screening of
commercial siRNAs libraries to evaluate the impact of candidate
gene silencing on neuro-morphological parameters, such as axon
regeneration in adult DRG neurons. These screening conditions can
be applied to siRNA libraries of unknown efficacy and the impact
of specific siRNA molecules on neurite-morphology can be easily
assessed by Blll-tubulin staining and automated neurite tracing
[30]. Positive or negative regulators of neurite-morphology have to
be consequently validated in follow up experiments in detail. This
protocol allows laboratories with access to a standard fluorescent
microscope with automated stage to effortlessly screen hundreds of
candidate genes within a short time frame and thus make informed
decisions on target selection, before conducting further in vitro or
in vivo studies.
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