MOLECULAR
Research Article PAIN

Molecular Pain

Volume 16: 1-20

© The Author(s) 2020

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1744806920970368
journals.sagepub.com/home/mpx

©SAGE

Differentiation of the 50B | | dorsal ganglion
cells into NGF and GDNF responsive
nociceptor subtypes

Matusica Dusan' , Canlas jastrow', Martin M Alyce2 ,

Wei Yingkai®, Marri Shashikanth*, Erickson Andelain®,

Barry M Christine', Brierley M Stuart®, Best G Oliver®,

Michael Z Michael4, Voelcker H Nicolas3, Keating ) Damienz, and
Haberberger V Rainer'

Abstract

The embryonic rat dorsal root ganglion (DRG) neuron-derived 50BI1| cell line is a promising sensory neuron model
expressing markers characteristic of NGF and GDNF-dependent C-fibre nociceptors. Whether these cells have the capacity
to develop into distinct nociceptive subtypes based on NGF- or GDNF-dependence has not been investigated. Here we
show that by augmenting forskolin (FSK) and growth factor supplementation with NGF or GDNF, 50B1 | cultures can be
driven to acquire differential functional responses to common nociceptive agonists capsaicin and ATP respectively. In addi-
tion, to previous studies, we also demonstrate that a differentiated neuronal phenotype can be maintained for up to 7 days.
Western blot analysis of nociceptive marker proteins further demonstrates that the 50BI | cells partially recapitulate the
functional phenotypes of classical NGF-dependent (peptidergic) and GDNF-dependent (non-peptidergic) neuronal subtypes
described in DRGs. Further, 50BI | cells differentiated with NGF/FSK, but not GDNF/FSK, show sensitization to acute
prostaglandin E2 treatment. Finally, RNA-Seq analysis confirms that differentiation with NGF/FSK or GDNF/FSK produces
two 50B1 | cell subtypes with distinct transcriptome expression profiles. Gene ontology comparison of the two subtypes of
differentiated 50BI| cells to rodent DRG neurons studies shows significant overlap in matching or partially matching
categories. This transcriptomic analysis will aid future suitability assessment of the 50BI | cells as a high-throughput noci-
ceptor model for a broad range of experimental applications. In conclusion, this study shows that the 50BI 1| cell line is
capable of partially recapitulating features of two distinct types of embryonic NGF and GDNF-dependent nociceptor-
like cells.
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Introduction

The E14.5 rat dorsal root ganglia (DRG)-derived 50B11
neuron cell line was developed with the aim of investigat-
ing neuroprotective strategies for peripheral neuropathies
targeting nociceptive cell types.' The initial characterisa-
tion and subsequent reports' * have identified the 50B11
cells comparable to a subclass of small, unmyelinated, C-
fibre nociceptors, that play a key role in pain signalling
via the transduction of high threshold signals from the
periphery.” Other DRG/neuroblastoma-derived cells
such as the F-11° and ND7/23” have recently been
shown to express markers for both myelinated and unmy-
elinated neurons and were used as models for sensory
neurons and nociceptors. However, they lack key features
and nociceptive markers such as the transient cation
channel subfamily V member 1 (TrpV1).*? In a similar
fashion, the E12.5 DRG imposturous-derived MED17.11
cells represent another promising model for the study of
nociceptive neurons. The cells express markers of com-
mitted sensory neuron progenitors. Upon differentiation
MEDI17.11 cells express multiple markers of maturing
DRG neurons including voltage gated sodium channels
NaV1.7 and NaV1.9, but not NaV1.8."

The 50B11 cell line is the only DRG-derived cell line
that appears to express markers specific for both nerve
growth factor (NGF) and glial-derived neurotrophic
factor (GDNF) signaling."*® Response to these
growth factors is an accepted and common way of iden-
tifying subtypes of DRG sensory and nociceptive neu-
rons. During the perinatal and postnatal period,
prospective  nociceptors  undergo  two  distinct
differentiation pathways that lead to the formation of
NGF-dependent peptidergic and GDNF-dependent
non-peptidergic nociceptors. These two major classes
of nociceptors express distinct combinations of ion chan-
nels and receptors and innervate distinct peripheral and
central targets.'" ' Reliance on multiple growth factors
is critical for the timely and target-specific development
of nociceptors,'>'® and interestingly virtually all DRG
neurons normally lost after neonatal axotomy can be
saved by either NGF or GDNF.'” All developing noci-
ceptors depend on NGF for survival up until E15.5,
when about half of developing nociceptors switch off
the expression of NGF-receptor TrkA and begin to
express Ret, the transmembrane signaling receptor for
GDNF.'"® These neurons become GDNF-dependent
non-peptidergic nociceptors, most of which bind isolec-
tin B4 (IB4). The remaining nociceptors retain TrkA (a
few also co-express Ret) and develop into the peptidergic
class of nociceptors that express calcitonin gene-related
peptide (CGRP) and substance P (SP) and do not bind
1B4."®1” More importantly, GDNF-dependent neurons
differ from NGF-dependent neurons functionally,
having longer duration action potentials, higher

densities of tetrodotoxin-resistant sodium currents and
smaller heat-activated currents.*

Although DRG isolation techniques consistently pro-
duce highly enriched primary neuronal cultures, depend-
ing on the isolation technique and the species of origin,
these cultures can vary in the percentage of neuronal and
non-neuronal cells typically they contain.?' 2* These het-
erogeneous populations include several subtypes of noci-
ceptors, and have been of extraordinary value for the
study of neuronal anatomy, cell biology, and physiolo-
gy.>> 2 However, the ability to culture and isolate
homogeneous primary neurons from the DRG in a
subtype-specific manner, or with distinct sensory modal-
ities is fraught with technical difficulties and remains a
challenge to investigators.” Given that the 50B11 cells
have been shown to differentiate in response to both
NGF and GDNEF, our aim was to determine how the
timing of exposure to these growth factors is capable of
differentiating these cells into a peptidergic-like and
non-peptidergic like phenotypes. This capability would
provide a readily available and limitless resource of
homogeneous nociceptor like cells, currently not feasible
with primary culture methods.

Previous characterization of the 50B11 cells' did not
investigate their expression profiles of peptidergic and
non-peptidergic nociceptive markers. Here we describe
a modified protocol for longer-term (7 day) differentia-
tion of 50B11 cells in an NGF- and GDNF-dependent
manner into capsaicin- and ATP-responsive cell types,
resembling peptidergic and non-peptidergic DRG phe-
notypes respectively. We also show that 50B11 cells to
undergo limited sensitization in response acute prosta-
glandin E2 (PGE2) but not to interleukin-1 beta (IL1p),
which are commonly associated with inflammatory
responses in nociceptors. In addition, we present a
detailed analysis of nociceptor specific markers in undif-
ferentiated, as well as NGF and GDNEF differentiated
cells, including RNA-Seq analysis and qRT-PCR valida-
tion of key peptidergic and non-peptidergic nociceptive
markers. Our results demonstrate the S0B11 cells are a
suitable and readily available model for investigations of
specific molecular pathways in embryonic nociceptor
subtypes. Additionally, we provide for the first time, a
comprehensive transcriptomic comparison of between
S0B11 cells rodent DRG neurons, highlighting the sim-
ilarities and differences relating to peptidergic and non-
peptidergic nociceptive markers.

Materials and methods
Cell culture, differentiation and growth factor
treatments

S50B11 cells, a gift from Dr. Ahmet Hoke, were main-
tained in  plated in  Neurobasal = medium
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(Life Technologies, Gibco) supplemented with 10% FBS
(Life Technologies, Gibco), 1% B27 (Life Technologies),
20mM D-glucose (Life Technologies, Gibco) and
1% glutaMAX™ media supplement (Life
Technologies, Gibco). Cells were not used for experi-
ments after passage 20.

For neurite outgrowth assays cells were plated at dif-
ferent densities including low densities optimal for visu-
alizing individual neurites. 24 h after plating cells were
differentiated by adding forskolin (FSK; Sigma—Aldrich,
0.1-100uM) to the medium. Based on observations by
Chen et al.! and our preliminary studies, neuronal phe-
notype assessed by neurite outgrowth and changes to
rounded soma morphology was best established between
about 1 and 7 days in vitro (DIV) post-FSK and growth
factor treatments (50ng/ml recombinant mNGF,
Peprotech), GDNF (50ng/ml recombinant hGDNF,
Peprotech), and all subsequent protocols were designed
to be completed within this time frame. Cells were then
used for either immunohistochemistry, lysed for Western
blotting or qRT-PCR.

Neurite outgrowth assays

Following culture and treatments described above,
S0B11 cells were photographed live on an Olympus
(IX71) microscope. Measurements of neurite length
(minimum 100 cells) were performed on 16-bit TIFF
format images using the Neuronl] plugin written for
Fiji (Image J, NIH). Single neurons with minimal or
no overlapping of neurite arbours with adjacent cells
were analysed using NIH Imagel] software with the
NeuronlJ Plugin. Distances from soma perimeter to neu-
rite tips were measured by tracing arbours and expressed
as the summed length of neurite outgrowth and as length
of the longest axon. Phase annuli counts of the cell soma
within each image were performed to determine % of
differentiated cell in total populations. All data are pre-
sented as+ standard error of mean (SEM), and treat-
ment effects were compared by Mann—Whitney rank
sum tests.

Western blot

Treated 50B11 cells were lysed using chilled lysis buffer
containing 10mM Tris-HCI, pH 8.0, 150mM NaCl,
2mM EDTA, 1% NP-40, 1% Triton X-100, 10% glyc-
erol, 1mM phenylmethanesulfonyl fluoride, 1mM
sodium orthovanadate, 1 M batimastat (BB-94), and
1% Roche protease inhibitor cocktail (2). For Western
blots, lysates were solubilized in an equal volume of
2 x SDS sample buffer containing 4% SDS, 2% glycine,
0.015% bromophenol blue, 20% glycerol, and 10%
B-mercaptoethanol in 100 mM Tris-HCI buffer, pH 6.8.
Protein quantification for all samples was performed

with the BCA Protein Assay Kit (Pierce - Thermo
Scientific). Cell lysates were electrophoresed through
4-12% Bis-Tris buffered SDS gels (Life Sciences).
Proteins were transferred onto PVDF or nitrocellulose
membrane at 100V for 1h. The membranes were
blocked in 4% skim milk powder for transmembrane
protein detection, or 3% bovine serum albumin (BSA;
Sigma) for phosphorylated proteins, in 0.1% Tween-
20, and 0.02% NaNj; in TBS, pH 8.0, for 1h at room
temperature and incubated overnight with primary
antibodies at 4°C. The following antibodies were
used for western blotting: rabbit anti-p75™"R #9992
(1:5000, M. Chao), rabbit anti-TrkA (1:500;
Biosensis), anti-TrpV1 antibodies (1:500; Biosensis),
c-Ret (1:2000; Cell Signalling), anti-P,X5 (1:500; Cell
Signalling), GFRal (1:200, goat antiserum, R&D
Systems) and mouse anti-B-IIT tubulin (1:2000;
Promega). Membranes were then washed three times
in TBS-Tween 20 (TBST), pH 8.0, for 10 min and incu-
bated for 1h with donkey anti-rabbit 680 or donkey
anti-mouse 800 secondary (1:50000; Invitrogen) in TBS
at room temperature and then washed three times in
TBS for 10 min. For stripping and re-probing Western
blot membranes were treated with 10 ml of Restore™
PLUS Western blot stripping buffer (Thermo-Fisher)
for 30 min at room temperature on an orbital shaker,
washed three times with TBST and blocked with either
5% skim milk powder or 3% BSA in PBST for 1h and
then incubated with appropriate primary and second-
ary antibodies as described above. Western blots for
individual markers were performed on separate mem-
branes, which means that the comparison may include
differences of antibody binding across the different
treatments.

Isolation of total RNA and reverse transcription

Undifferentiated 50B11 cells and those differentiated
with NGF (50ng/ml), GDNF (50ng/ml) and FSK
(10 uM) were harvested and stored in Trizol (Sigma) at
—80°C. Samples were mechanically homogenized using a
tissue lyser (Qiagen). Total RNA was isolated using a
column-based method (Zymo-Spin ICC Columns,
Zymogen, Irvine, CA, USA). DNA contamination was
removed by on-column DNA digestion. The concentra-
tion of total RNA was determined using standard pho-
tospectrometry (Nanodrop 2000, Thermo-Scientific,
Australia), quality of RNA was determined using a
lab-on-chip system (Bioanalyser, Agilent). Only samples
with RNA integrity numbers (RIN > 7) were used for
subsequent analysis. One microgram of total RNA was
reverse transcribed into cDNA according to the manu-
facturer protocol (Superscriptll, Bio-Rad, Australia).
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g-RT-PCR

The RNA was reverse transcribed into cDNA according
to the manufacturers protocol (Superscriptll, Bio-Rad,
Australia). qPCR analysis of the relative mRINA expres-
sion levels in undifferentiated and differentiated S0B11
cells was performed using the QuantStudio3 cycler
(Applied  Biosciences). TagMan  primers (Life
Technologies) were used for the detection of molecules
characteristic for nociceptors. Hypoxanthine phosphor-
ibosyl transferase 1 (Hprtl) was used as a reference
gene.’® The efficiencies of all primer-pairs were deter-
mined by 1/5 to 1/625 dilutions in a qPCR and a satis-
fying efficiency was determined with Q-Gene.’!' The
primers and efficiencies are listed (Table 1). The final
volume for qPCR was 20 ul of which 8 ul were water,
10 ul mastermix (Life Technologies), 1pul assay-mix
(Life Technologies) and 1ul cDNA. Each qPCR was
done in duplicate. The Ct values were determined for
each product and normalised as pairwise comparisons
against the Ct value of the reference gene and calculated
as Mean Normalized Expression (MNE).?!

RNA-Seq

RNA-Seq was employed for whole transcriptome anal-
ysis and was conducted in the Flinders Genomics
Facility. Libraries were prepared using the TruSeq
Stranded TotalRNA Sample preparation kit (Illumina)
in combination with the Ribo-Zero Human/Mouse/Rat
kit (Illumina) to remove ribosomal RNA. One micro-
gram of total RNA was used to generate each library.
Libraries were validated on the LabChip GX Touch 24
(Perkin Elmer) and quantified wusing Qubit 2.0
(Thermofisher), then diluted and pooled. Sequencing
was conducted on the Illumina NextSeq 500 platform

Table I. TagMan primer assay efficiency measurements.

Primer assay Amplicon Efficiency
(gene name) Assay code length (bp) (R2)
Hprtl Rn1527840_m] 64 0.995
P2rx3 Rn00579301_ml 63 0.998
Trpvl Rn00583117_ml 66 0.998
Ntrkl Rn00572130_ml 65 0.974
Ngfr Rn00561634_ml 60 0.997
Ptger2 Rn00579419_ml 71 0.992
el Rn01640664_ml 121 0.99
Calca RnOI511353_gl 129 0.98
Calcb Rn00593383_ml 63 0.986
Ret Rn01463098_ml 97 0.991
Gfra3 Rn01760829_ml 71 0.989
Senlla Rn00570487_ml| 110 0.97
Scnl0a Rn00568393_ml 69 0.982
Trpal Rn01473803_ml 104 0.995
Mrgprd Rn01785783_sl1 69 0.995

providing an average of approximately 60 million
reads per library.

The reads were analysed based on the Rattus norvegicus
genome (Rnor_6) available at the Ensembl database
(https://www.ensembl.org/Rattus_norvegicus/Info/Index).
Initially, the reads were subjected to quality control, adapter
sequence removal and later mapped onto the rat genome.
For the PCA plot, counts were normalized using the
RPKM method (reads per kilobase of transcript per
million mapped reads). For analysis of differentially
expressed genes, the DESeq2 algorithm was used.*
Genes were counted as differentially expressed at an
adjusted p-value of <0.05.

The transcripts studied were differentially expressed
between undifferentiated and NGF/FSK or GDNF/
FSK differentiated cells. Differentially expressed RNAs
were functionally annotated using the DAVID bioinfor-
matics resource (david.nciferf.gov).*

In addition, genes that were induced from undetect-
able levels, or completely down regulated to near unde-
tectable levels (0—5 counts), in response to differentiation
cues, were also identified. Furthermore, expression pat-
terns of primary microRNA transcripts (pri-miRNA)
and long non-coding RNAs (IncRNA) were also
compared.

Gene ontology analysis. Gene Ontology (GO) enrichment
performed on differential expressed genes to identify the
relationship between the genes and GO terms. To com-
pare the GO terms of published data of sensory neuron
types®* with the list of differentially expressed genes in
this experiment, followed similar workflow focusing only
biological process terms. The upregulated genes with
2-fold and p-value of 0.05, of GDNF and NGF (in
comparison to UND), samples considered for the GO
analysis. Cytoscape 3.5.1°° with ClueGo app’® used with
the following settings: Markers list of Rattus norvegicus;
GO terms levels: 3-8; GO term restriction: 2 genes and
4% evidence and a significance threshold of 0.05. If the
GO terms are not found similar to the generalised
sensory groups, according to Usoskin et al..>* the signif-
icance threshold is relaxed. Due to the difference in
experimental methods, tabulated information corre-
sponds to the GO terms published.

Mapping and differential expression. The reads were mapped
against the Rat reference genome (Rnor_6.0) from
Ensembl (https://asia.ensembl.org/Rattus_norvegicus/
Info/Index) and STAR spliced alignment algorithm®’
(version 2.7.0¢ with default parameters) used for map-
ping with default parameters. The featureCounts®® pro-
gram is used to assign the sequence reads to genomic
features and counts the reads assigned to each exonic
region. For the differential expression, the genes retained
which had Counts Per Million (CPM) > 1 in at least half
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of the libraries. The Differential gene expression analysis
carried out using the DESeq?2 statistical tool** in the R
statistical program (https://cran.r-project.org/).

Imaging of intracellular calcium concentration

Undifferentiated and differentiated cells were loaded
with the cell-permeant Ca®" indicator, fura-2 AM.
50B11 cells were loaded for 45min at 37°C. Cells
were then washed with HEPES buffer (composition
in mM: 138 NaCl, 5 KClI, 1.2 MgCl,, 2 CaCl,, 10 glu-
cose, 10 HEPES, pH 7.4) and incubated at room tem-
perature for a minimum of 30 min prior to starting an
experiment to allow intracellular hydrolysis of fura-2
AM.

Coverslips were placed in a small laminar flow perfu-
sion chamber (approximate volume 200pul; Warner
Instrument Corporation) and continuously perfused
(flow rate 2ml/min) with HEPES-buffered saline.
Capsaicin (500 nM-5nM), PGE2 (100nM) and II-18
(1uM) were applied locally (flow rate approximately
3ml/min) via a fine pipette positioned close to the cells
being studied. Cells were sequentially illuminated at
340nm and 380nm via two monochromators (PTI,
New Jersey) and images of emission fluorescence at
520 nm for each excitation wavelength captured with a
cooled CCD camera connected to a PC. Analysis of
ratios of emission intensity at 340nm: 380nm
excitation and subtraction of background fluorescence
and baseline for each cell, including ratio values in indi-
vidual cells determined by defining regions of interest
(ROIs) with the Workbench 6.0 analysis software.
The interval between live measurements was approxi-
mately 2s.

Ca*" flow cytometry andalysis

Undifferentiated and differentiated S0B11 cells at days
1, 2 and 7 DIV were centrifuged at 500 x g for 4 min,
then resuspended in 1 mL of Hank’s Balanced Salt
Solution (HBSS, Sigma) supplemented with 1mM
Ca®" and 20mM HEPES. Cells were then incubated
at 37°C for 35min in the presence of the Ca®" indica-
tors, Fluo-3 and Fura Red, washed once with HBSS,
centrifuged at 450 x g for 4min, then resuspended in
HBSS at a final volume of 150 uLL per FACS tube.
Intracellular Ca** (Ca®*;) flux determined using BD
FACSCanto II (BD Biosciences). Intact, single cells
were gated based on their forward (FSC)/side scatter
(SSC) characteristics and area scaling. Intact, single
cells were gated based on their forward (FSC)/side
scatter (SSC) characteristics and area scaling.
Following a 10s baseline recording, thapsigargin
(1 uM), capsaicin (5-500nM) and ATP (1-50uM) was
added, and recording continued for a further 150s. The

Ca”"-ATPase blocker, thapsigargin was used as a pos-
itive control to test the ability of cells to respond and
for proper Ca®" indicator loading. To demonstrate
TrpV1 activation specificity we used 10 uM the com-
petitive  TRPVI1 antagonist capsazepine (N-[2—(4-
Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihydroxy-
2H-2-benzazepi ne-2-carbothioamide; Merck, Cat#
C191), and 1 uM AMGS517 (Cayman Chemicals; Cat#
26191).

Data was expressed as the relative change in the ratio
of Fluo-3/Fura Red over time using FlowJo V10 (LLC,
USA) for analyses. Changes in Fluo-3/Fura Red were
compared to the baseline time period for each recording
and compared to responses in unstimulated conditions
(control). Baseline-subtracted net area under the curve
(AUC) was quantified using GraphPad PRISM 5.04
software. Gating strategy from Giles.

Patch-clamp recordings

Rheobase was determined by application of a series of
depolarizing pulses from holding potential =70 mV (10
or 25pA increments (480ms) followed by hold at
-70mV (100ms). Borosilicate glass pipettes were
fire-polished to 5-10 MQ. Current-clamp intracellular
solution contained (in mM): 135 KCI; 2 MgCl12; 2
MgATP; 5 EGTA-Na; 10 HEPES-Na; adjusted to
pH 7.3, 275 mOsm. Extracellular solution contained
(in mM): 140 NaCl; 4 KCI; 2 MgCl2; 2 CaCl2; 10
HEPES; 5 glucose, adjusted to pH 7.4, approximately
285 mOsm.

Voltage-clamp recordings: Current-voltage (INa-V)
relationship was determined by application of a pre-
pulse to —100mV (100 ms), followed by a series of step
pulses from —-70mV to +60mV (5mV increments
(100 ms)), before returning to hold at =70 mV (repetition
interval of 3 sec, P/8 leak subtraction). Pipettes were fire-
polished to 1 —2 MQ and >75% of series resistance was
compensated. Voltage-clamp intracellular solution con-
tained (in mM): 60 CsF; 45 CsCl; 2 MgCl12; 5 EGTA-Na;
10 HEPES-Cs; 30 TEA-CI; 2 MgATP; adjusted to pH
7.2 with CsOH, 280 mOsm. Extracellular solution con-
tained (in mM): 70 NaCl; 50 NMDG; 40 TEA-CI; 4
CsCl; 2 MgCl2; 2 CaClI2; 10 HEPES; 5 Glucose; adjust-
ed to pH 7.4, approximately 300 mOsm.

Statistical analyses

For in vitro experiments, n represents the number of
individual experiments, each with 4 replicates. p <0.05
was considered statistically significant. All statistical
analyses were performed using GraphPad Prism
(GraphPad Software) with individual post-hoc tests out-
lined in figure legends.
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Results

Effects of forskolin and growth factor concentrations
on 50BI | morphological differentiation

Previous studies characterising the 50BI11 cells have
reported that both NGF and GDNF had the capacity
to synergistically increase the differentiation of S0B11
cell treated with 50 pm forskolin.'> However, these
reports did not provide detailed comparison of the
contribution of FSK or the growth factors in a concen-
tration dependent manner. A fundamental limitation
outlined in the initial 50B11 characterisation was the
ability to maintain neurites for longer than 3 days.' To
determine whether 50B11 cells could maintain a differ-
entiated phenotype with extended neurites for longer
than 3days we titrated the amount of FSK ranging
from 0-100 uM and analysed the neurite outgrowth
over 1, 2 and 7 days. Consistent with previous reports,
concentrations above 10 uM FSK initiate neuritogene-
sis within 4 hours (data not shown). Our results show
that at 1day in vitro (1DIV) all concentrations of FSK

() (b)

produce similar neuronal outgrowth (Figure 1(a)).
However, this changes significantly at 2DIV where
concentrations ranging from 10-100uM of FSK
induce longer neurite processes compared to undiffer-
entiated cells and cells differentiated with 10 uM FSK
(Figure 1(b)). As with previous observations, higher
concentrations of FSK (50-100uM) caused neurite
retraction at 2-3DIV (Figure 1(c)). In contrast, cells
cultured in presence of 1-10 uM FSK maintained neu-
rites up to 7DIV (Figure 1(c)), with subsequent de-
differentiation in most of the cells by 10DIV (data
not shown). One critical observation during the FSK
differentiation timeline was the presence of undifferen-
tiated cells across all treatments. To determine whether
this was a reflection of cells that failed to differentiate
and continued to proliferate over 7DIV, we performed
cell proliferation assays in cells treated with FSK only
(Figure 1(d)) as well as in combination with NGF
(Figure 1(e)) or GDNF (Figure 1(F)). Our data show
that increasing concentrations of FSK reduce cell pro-
liferation in a dose-dependent manner, however at
7DIV cells cultured with 1-50uM FSK are still

(©
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Figure |. Effects of forskolin and growth factor concentrations on 50BI | morphological differentiation. Analysis of mean neurite length
(a—c) of 50B1 | cells treated with increasing concentrations of forskolin (FSK) ranging from 0—100 uM as indicated on the graph.
Measurements represent same cultures measured across DIV |, 2 and 7 (n =4 experiments, neurite length analysis expressed as mean + S.
E.M; *, p <0.01; *¥, p < 0.05, **, p < 0.001; one-way ANOVA with Tukey’s multiple comparisons test). 50BI | cell proliferation measured
by acid phosphatase to determine the effects of FSK alone (d) and in combination with 50 ng/ml NGF (e) or 10 ng/ml GDNF (n=4
experiments, neurite length analysis expressed as mean £ S.E; *, p < 0.01; ** p < 0.05, ¥, p < 0.001; one-way ANOVA).



Matusica et al.

proliferating, and hence do not completely reach a
state of terminal differentiation (Figure 1D).
Addition of 50 ng/ml NGF (Figure 1(e)) or GDNF
(Figure 1(f)) to cells in presence of 10 uM FSK further
reduced proliferation of 50BI11 cells in a similar
manner to 50-75uM concentrations of FSK alone
(Figure 1(d). Our data indicate that the 50B11 cells
can maintain a differentiated morphology for a signif-
icantly longer time by decreasing the amount of FSK
to 10 uM and addition of nociceptor relevant growth
factors.

Reduced FSK levels abolish synergistic increases in
NGF and GDNF mediated neurite outgrowth

We next wanted to determine whether the reduction of
FSK also affected neurite outgrowth. The loss or
reduction in the proportion of differentiated cells may
affect high through-put assays, and can lead to
distorting effects on functional analysis over the
period of 2-7DIV. To determine the overall percentage
of differentiated cells, we performed phase contrast
annuli counts of cell soma and mean neurite length
analyses of 50B11 cells treated with FSK only, NGF
and GDNF only and FSK in combination with NGF
and GDNF. A representative micrograph for each
treatment condition is shown in Figure 2(a). Our data
shows that FSK alone as well as in combination with
NGF or GDNF produce a significant increase in the
proportion of differentiated cells (Figure 2(b), (d), (e)
and (g) when compared to undifferentiated cells or cells
treated with NGF or GDNF only at 2DIV (Figure 1
(b)). The addition of NGF or GDNF to FSK treat-
ments does not result in the previously described syn-
ergistic effect in relation to cell differentiation when
measured cell soma annuli or neurite outgrowth at
2DIV and 7DIV. There are also no differences in
total percentage of differentiated cells when comparing
FSK only or NGF/FSK and GDNF/FSK treatments
over 2 and 7DIV. Interestingly, although neither NGF-
only, nor GDNF-only treatments resulted in significant
cell differentiation at DIV2 (Figure 2(b) and (e)), both
growth factors induced differentiate of about 20-25%
of the total cell population at DIV7 (Figure 2(c), (d), (f)
and (g)). This data shows that reduction of FSK to
10 pM does not affect the overall percentages of differ-
entiated cells over 7 days, however it does abolish NGF
and GDNF-mediated increases in neurite length. These
results confirm that cells differentiated under reduced
FSK and corresponding growth factors are capable of
retaining a similar level of neurite length reported pre-
viously.!> However, the trade-off in acquiring longer
term cultures is the loss of additional growth factor-
mediated neurite outgrowth.

Differentiation of 50B1 | cells with NGF or GDNF
results in altered functional responses to capsaicin
and ATP

Previous functional characterisation of 50B11 cells,!?
has been limited to cells cultured over 2-3days and
has not always included analysis of NGF- and GDNF-
dependent responses.' To determine whether 50B11
cells responded differently to nociceptive stimuli when
differentiated with NGF or GDNF we analysed real-
time calcium activity analysis by flow cytometry in
responses to 500 nM capsaicin (CAPS) and 50 uM aden-
osine triphosphate (ATP). Analysis of undifferentiated
S50B11 cells (Figure 3(a)) shows that both CAPS and
ATP lead to calcium responses (Figure 3(a)).
Interestingly, FSK-only differentiated cells show
increased response to CAPS, whereas the response to
ATP remains similar to undifferentiated cells (Figure 3
(b)). Cells differentiated with NGF-only show a signifi-
cantly increased response to capsaicin when compared to
undifferentiated cells (Figure 3(a)) but lost the response
to ATP (Figure 3(c)). Similarly, cell differentiated with
GDNF-only (Figure 3(d)) maintained a response to ATP
but did not elicit a response to CAPS when compared to
undifferentiated and FSK-only differentiated cells
(Figure 3(a) and (b)). Combined NGF/FSK (Figure 3
(e)) and GDNF/FSK (Figure 3(f)) cells retained differ-
ential responses to capsaicin and ATP, with significantly
increased sensitivity for CAPS in the NGF/FSK differ-
entiated cells when compared to FSK and NGF-only
treatment (Figure 3(b) and (c)). Similarly, the reposes
to ATP were significantly increased in GDNF/FSK
cells when compared to FSK and GDNF-only differen-
tiated cells (Figure 3(b) and (d)). These data shows that
although NGF and GDNF alone do not appear to con-
tribute significantly to the neurite outgrowth in 50B11
cells, they have significant effect on their functional phe-
notype. In this case, NGF appears to dampen the
response to ATP and significantly increase sensitivity
to CAPS. In contrast, GDNF appears to have the oppo-
site effect and increases responsiveness to ATP but
reduces sensitivity to capsaicin. Therefore, NGF and
GDNF confer functionally discriminating phenotypes
in sensitivity to capsaicin and ATP respectively.

Differential expression of nociceptive neuron markers
in response to NGF and GDNF

To date, protein expression analysis of nociceptive
markers in 50B11 cells has received limited atten-
tion."****! Differentiation in the presence of NGF or
GDNF leads to the establishment of a functionally
different phenotypes, which are partially consistent
with  DRG neuron subtype development.*” To
determine  whether NGF and GDNF-specific
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Figure 2. NGF or GDNF do not contribute significantly to the morphological differentiation of 50BI | cells. (a) Hoffman modulation
contrast (HMC) micrographs showing 50B1 | cells cultured in the absence of any mitogenic agents or growth factors (no treatment; NT)
and presence of 10 M forskolin (FSK), 50 ng/ml NGF, 50 ng/ml, 10 uM FSK and 50 ng NGF or 10 uM FSK and 10 ng GDNF (Scale
bar =100 um). (b to g) Analysis of neurite length and phase contrast annuli in 50BI 1 cells showing the differences in morphological
characteristics of undifferentiated cells compared to cell differentiated with cells treated with 10 uM FSK only, 50 ng NGF or 10 ng GDNF
only, and cell differentiated with FSK and NGF or GDNF. Data showing that both NGF and GDNF have a significant effect at DIV 7 but not
DIV 2 (b to c and e to f), however they fail to provide any additional increase in the mean neurite length or the percentage of cells
differentiated when compared to FSK treatments only at DIV 2 and 7 (n =6 experiments, neurite length and phase annuli analysis
expressed as mean & S.E.M; *p < 0.01; **p < 0.05, ***p < 0.001; one way ANOVA with Tukey’s multiple comparisons test).

differentiation-dependent responses to CAPS and ATP
were accompanied by changes in nociceptive markers,
we analysed the relative protein expression of relevant
C-fiber nociceptor markers by Western blot at 7DIV.
Markers include the NGF cognate receptor TrkA, the
common neurotrophin receptors p75™ X, the GDNF
receptors GFR alpha 1 and c-Ret, the transient receptor
potential cation channel subfamily V member 1 (TrpV1)

receptor, as well as the ATP receptor P,X5, in relation to
BIII-tubulin. Representative Western blots show that all
of these markers can be detected under undifferentiated,
FSK-only, as well as FSK supplemented with NGF or
GDNPF treatment conditions (Figure 4(a) and (b)). TrkA
expression remains relatively constant, as is p75

expression in NGF/FSK or in NGF-only or GDNF-
only differentiated cells (Figure 4(a) and (b)). Both c-
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Figure 3. Differentiation of 50BI | cells with NGF or GDNF results in altered functional responses to capsaicin and ATP. Calcium flow
cytometry analysis of 50BI | cells using Fluo-3 signals acquired in FLI and Fura Red in FL3 showing the differential responses to 500 nM
capsaicin and 50 uM adenosine triphosphate (ATP) in undifferentiated 50B 1| cells (a), differentiated with FSK (b), 50 ng/ml NGF only (c),
50 ng/ml NGF + 10 uM FSK (d), 10 ng/ml GDNF (e) and 10 ng/ml GDNF + 10 uM FSK (f) (n =4 experiments, AUC analysis expressed as
mean £ S.E.M; *p < 0.01; **p < 0.001; ANOVA). Treatments represented by colours are Vehicle (green), ATP (blue) and Capsaicin (red).

Ret and GFR alpha 1 expression is be lower in NGF
treated groups, and expressed at the highest level in
GDNF and GDNF/FSK differentiated cells (Figure 4
(b)). TrpV1 expression also appears to be differentially
regulated by NGF and GDNF, with highest expression
seen in NGF and NGF/FSK differentiated cells (Figure
4(a)), and lowest in the GDNF and GDNF/FSK group
(Figure 4(b)). The ATP binding purinergic receptor P, X3
shows differential expression between the NGF and
GDNF treatments, with its expression increasing in
GDNF and GDNF/FSK differentiated cells (Figure 4
(b)) and decreasing in the NGF and NGF/FSK group
(Figure 4(a)). These results show that both NGF and
GDNEF induce changes in classical nociceptive markers,
and these changes are partly in line with the observed
functional responses to capsaicin and ATP (Figure 3(a)
to (e)). Specifically, the NGF differentiated and capsai-
cin responsive cells show an increase in TrpV1, and a
decrease in ATP binding P,X; receptor (Figure 3(c) and
(e)), whereas GDNF differentiated and ATP responsive

cells (Figure 3(d) and (f)) show a decrease in TrpV1
expression and an increase in P,Xj3 receptor expression
levels.

Sensitization-like responses of NGF/FSK and GDNF/
FSK differentiated 50B1 | cells following prostaglandin
E2 (PGE2) exposure

We next investigated whether the 50B11 cells were capa-
ble of sensitization like responses prototypical of noci-
ceptive C-fibre neurons. Sensitization of nociceptive
neurons to stimulation plays a critical role in the
enhanced perception of sensation and pain,*** and
mechanisms of peripheral sensitization may involve
increased transduction that is secondary to repeated
stimulation or an increase in the excitability of the affer-
ent nerves by molecules that decrease the excitation
threshold.'*4*47  Sensitization can also develop in
response to inflammation although basic mechanisms
of this process are poorly understood. Prostaglandin
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Figure 4. Western blot analysis of nociceptive neuron cell sur-
face markers on 50B1 | cells. Western blot images showing the
relative protein expression of nociceptive neuron cell surface
markers including the NGF cognate receptor TrkA, the common
neurotrophin receptors p75NTR, the GDNF receptors GFR alpha |
and c-Ret, the transient receptor potential cation channel sub-
family V member | (TrpV1) receptor, as well as the ATP receptor
P, X3 in undifferentiated, FSK, NGF, GDNF, NGF/FSK and GDNF/
FSK differentiated cells (a and b), in relation to Blll-tubulin. (n = 3).

E2 (PGE2) commonly found at elevated levels in injured
tissues have been shown to directly activate as well as
sensitize DRG neurons,*® including via the activation
TrpV1 receptor by capsaicin.>***% Analysis of calcium
increase following acute exposure to capsaicin and ATP
in naive and PGE2 treated (2min at 1 uM) cells showed
that NGF/FSK-differentiated cells show a significantly
increased responses to 50nM capsaicin but not ATP
(Figure 5(c) and (d)) when compared to NGF/FSK dif-
ferentiated controls (Figure 5(a) and (b)). In GDNF/
FSK-differentiated cells PGE2 failed to have the same
effect on both capsaicin and ATP showing a similar cal-
cium response when compared to naive cells treated with
50nM capsaicin (Figure 5(e) to (h)). Additional experi-
ments investigating whether proinflammatory cytokine
interleukin-1 (Il-1B), an important mediator in pain sen-
sitization,”'% was capable of a similar sensitizing effect
on both NGF/FSK and GDNF/FSK differentiated cells
did not observe any sensitization-like responses (data
not shown). These experiments show that 50B11 cells
generate acute sensitization-like functional responses to
PGE2 stimulation but not Il-1p.
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Figure 5. Sensitization-like responses of NGF/FSK but not
GDNF/FSK differentiated 50B1 | cells following prostaglandin E2
(PGE2) exposure. (a) Representative micrographs showing calcium
increase following acute exposure to capsaicin and ATP in naive
(top row) and PGE2 (bottom row) treated (2 min, | pM) as indi-
cated (scale bar =200 um). (b and c) Representative analysis of
control and (d and e) prostaglandin E2 (PGE2) treated 50BI | cells
showing an increased Ca*" response when compared to naive
cells treated with to 5 uM capsaicin. (e and f) Representative cal-
cium influx Analysis of control and (g and h) prostaglandin E2
(PGE2) treated 50BI | cells showing a similar Ca>* response when
compared to naive cells treated with a range of capsaicin con-
centrations (500 nM — 5 nM; n =4 experiments, AUC expressed as
mean £ S.E.M; **¥p < 0.001; one way ANOVA with Tukey’s
comparison).

50bl1 cells did not generate action potentials or
sodium currents

The initial report by Chen et al. described the ability of
the 50B11 cells to generate action potentials following
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differentiation with 75 uM FSK and 10 ng/ml NGF.' To
determine whether the reduction of FSK concentrations
that extended the time 50B11 cells maintain a differen-
tiated phenotype had any impact of the cells generating
action potentials and sodium currents, we performed a
comprehensive patch clamping screen at 3DIV and
7DIV days following differentiation with 1, 10, 50 or
100uM FSK alone, or with combination ranging
across 10, 50, and 100 ng/ml NGF or GDNF. Effect of
positive current injection on membrane potential and
voltage-dependence of activation was attempted, howev-
er no action potentials or sodium currents were observed
in any of the cells, traces of all cells recorded are given in
Supplementary Figure 1. These results indicate that the
S0B11 cells may have drifted from their original pheno-
type since being introduced to the field. All cells used for
patch clamping electrophysiology experiments were
from passage 11 or lower.

PCA analysis and heatmap distribution tables of
differentially expressed nociceptive phenotype
genes in 50B1 | cells

The 50B11 cell line is to our knowledge the only sensory
neuron model capable of acquiring differential functional
phenotype in a growth factor-depended manner. We per-
formed RNA-Seq screening of undifferentiated and NGF
and GDNF differentiated cells to establish a comprehen-
sive gene expression profile of each 50B11 cell subtype.
The data allow an understanding how growth factors and
FSK modulate the RNA expression profile and connect
RNA expression to functional phenotypes. Recent stud-
ies by multiple groups have contributed to the ongoing
classification of nociceptive subtypes,>**> > with at
least 11 different nociceptor subtypes characterised by
large-scale single-cell RNA sequencing.**

We used a read of about 60 million which allows for a
comprehensive analysis of expression patterns. Thus far
our data show that the 50BI1 cells reflect NGF- and
GDNF-mediated differential expression profiles, which
partially align with a peptidergic and non-peptidergic
DRG expression-type respectively.'**>>3 Principle com-
ponent analysis (PCA) plot showing RNA expression
profile differences between 50B11 cells grown in the pres-
ence of NGF/FSK, GDNF/FSK and undifferentiated
(UND) cells (Figure 6(a)) demonstrates the distinct
expression profiles induced by different growth factors
in comparison to undifferentiated cells.

RNA-Seq screening of undifferentiated and NGF &
GDNF differentiated 50B1 | cells
On average 70.96% (£0.073, n=23) from an average of

62 million total reads (62,218,538.22+13,646,681.37,
n=3) were uniquely mapped reads. The number of

uniquely mapped reads were similar between samples.
The fast majority of genes were protein-coding
(93.03% 4+0.01) followed by mitochondrial rRNA
(1.66% £ 1.21), ribosomal RNA (1.58% +0.51) and
long non-coding RNA (0.79% =+ 0.23). Principal compo-
nent analysis (PCA) showed a clear separation of sam-
ples generated from undifferentiated 50B11 cells and
50B11 cells differentiated with NGF/FSK and GDNF/
FSK for 7days (Figure 6(c) and (d)).

Analysis of mRNA expression for genes that are
relevant for nociceptor function

Major growth factors such as Ngf, Bdnf, Cntf and Gdnf
are expressed in undifferentiated and differentiated
S0B11 cells after 7d of differentiation. Interestingly in
relation to receptors for growth factors, only trkA
(Ntrk1) but not trkB (Ntrk2) or C (Ntrkl) were
detected. The p75 neurotrophin receptor (Ngfr) was sig-
nificantly upregulated in response to differentiation (4.06
fold, p adj. 2.07 x 10-12). Persepin (Pspn) and its recep-
tor Gfra4 were expressed under all conditions. Artemin
(Artn) and neurturin (Nrtn) were expressed under all
conditions. mRNAs for GFRs other than Gfra4 could
not be detected.

Peptidergic nociceptors contain characteristic pepti-
des such as substance P or calcitonin-gene-related pep-
tide. None of the genes related to major peptides found
in nociceptors such as the preprotachykinin (Tacl) rele-
vant for substance P, calcitonin-gene-related peptide
alpha (Calca), somatostatin (Sst) or vasoactive intestinal
polypeptide (Vip) were expressed in 50B11 cells.

Transient receptor channels of the vanilloid type
(TrpV) are expressed from nociceptors with TrpV1 a
characteristic channel expressed from peptidergic noci-
ceptors.”*>*>7 TrpV channel expression was restricted to
Trpvl-4 (rank order Trpv4 > Trpv2 > Trpv3 =Trpvl)
whereas Trpv5 and 6 were not detected independent of
differentiation. The TrpAl receptor is also expressed
and characteristic for nociceptors®® but was absent in
50B11 cells.

Mas-related GPR family members (Mrgprs) are
almost exclusively expressed in peripheral sensory neu-
rons and are related to itch.”>” Only Mrgprd, Mrgpre and
Mrgprf were present in 50B11 cells. The mRNA for
Mrgprf was induced in response to differentiation. The
mRNA is absent in undifferentiated cells but present in
NGF and GDNF differentiated cells.

Receptors for ATP are expressed in nociceptor and
the P»X3 receptor subtype is characteristic for non-
peptidergic neurons.®® Tonotropic receptors for ATP
are expressed in 50B11 cells. The P,X3 receptor (P2rx3)
was expressed under all conditions, the P,X; was very
low, the P,X; receptor was not expressed similar to
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Figure 6. Analysis of genetic variance including the expression of nociceptor relevant growth factors and common cell surface markers.
Principle component analysis (PCA) plot showing RNA expression profile differences between 50B1 | cells grown in the presence of NGF/
FSK, GDNF/FSK and undifferentiated (UND) cells (a). Graph showing the relative expression of growth factor genes know to be involved
in the development and maintenance of nociceptor phenotypes (b; Ngf- nerve growth factor; Bdnf — brain derived neurotrophic factor; Cntf —
ciliary neurotrophic factor; Gdnf — glial derived neurotrophic factor; Artn — artemin; Pspn — persepin; Nrtn - neurturin). (c) Heat map of expression
of the most significantly enriched genes for each population in all treatment conditions (UND, NGF and GDNF), with neurons grouped
according to assigned population (Black bars in the heatmap represent markers that were not detected in RNA-Seq and confirmed to be

absent in qRT-PCR).

previous reports.” The rank order of expression was
P>X4 > Py X5 > PrX5 > PrXg > Py X5

Non-peptidergic receptors bind the IB4 and the noci-
ceptor binding partner for this lectin has been shown to
be versican V2 a splice variant of versican (Vcan).®'
Vcan expression is significantly higher in GDNF/FSK
differentiated cells compared to undifferentiated
SO0B11 cells.

Voltage gated sodium and calcium channels are key
components in action potential generation in nocicep-
tors and differentiated 50B11 cells responded to capsai-
cin and ATP with an increase in intracellular calcium.®
Classic nociceptor sodium channel alpha subunits of the
tetrodotoxin-resistant Nav1l.8 (Scnl0a) and of Navl.9
(Scnlla) could not be detected in 50B11 cells whereas
voltage gated calcium channels such as Cav2.1
(Cacnala), Cav2.2 (Cacnalb), Cavl.2 (Cacnalc), includ-
ing auxiliary B and 0232, 4 subunits were expressed.

Analysis of growth factor expression profile in undif-
ferentiated and differentiated cells shows that BDNF
and CNTF expression is a characteristic of the 50B11
cell line, however the expression of both growth factors

decreases in the presence of FSK/NGF and FSK/GDNF
(Figure 6(b)).

To provide a better overview of the nociceptive
markers that were differentially expressed or absent
Figure 6(c) provides a heat map summary of primary
nociceptor genes including neurotrophin receptors, cal-
cium channels, sodium channels, potassium channels
and receptors activated as a result heat, cold, mechanical
and cellular damage stimulus. Heat map of expression of
the most significantly enriched genes for each population
in all treatment conditions (UND, NGF and GDNF),
with neurons grouped according to assigned population.
Comparison to the comprehensive non-biased analysis
of mouse DRG neurons by single-cell-RNA-Seq shows
that the 50B11 cells share many of the nociceptor specific
genes, however classification into a peptidergic and non-
petidergic peptide expression profiles was not possible
due to their embryonic origin, and the differences in
cell numbers analysed (Supplementary Tables 1 and 2).
However, the p-values of the GO terms related to the
peptidergic and non-petidergic like cells demonstrate
high similarities to specific GO terms reflecting sensory
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properties or functions of nociceptors in Supplementary
Tables 1 and 2.

gRT-PCR validation of RNA-Seq data for peptidergic
and non-peptidergic nociceptive neuron markers
Expression of peptidergic and non-peptidergic pheno-
type classification markers was validated following
RNA-Seq analysis. Relative mRNA-expression levels
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Figure 7. qRT-PCR validation of RNA-Seq data for peptidergic and non-peptidergic nociceptive neuron markers. Expression of pepti-

dergic and non-peptidergic phenotype classification markers. Relative mRNA-expression levels as mean normalized expression (MNE) for
in undifferentiated (UND) NGF/FSK differentiated and GDNF/FSK differentiated cells showing (a) tropomyosin receptor kinase A (trkA);
(b) neurotrophin receptor p75 (p75ntr); (c) c-RET proto-oncogene encodes a receptor tyrosine kinase (ret); (d) the transient receptor
potential cation channel subfamily V member | (trpV1); (e) transient receptor potential channel | (trpcl); (f) ligand-gated ion channel P2X
purinoceptor 3 (p2x3); (g) G protein-coupled receptor Mas-related G-protein coupled receptor member D (mrpgrd); (h) Prostaglandin E2
receptor 2 (ptger2); and (i) interleukin-1 receptor (il-1r). (n =15, expressed as mean 4= SEM; one-way ANOVA, Bonferroni’s post hoc test,

*p < 0.05; **p < 0.01; *=p < 0,005 and **=p < 0.0001).
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alpha-1 and 3 could not be detected (data not shown),
whereas c-RET RNA was detectable by qRT-PCR only
in GDNF/FSK differentiated cells (Figure 7(c)).
Relative mRNA expression levels for the TrpV1 receptor
were significantly lower in GDNF/FSK differentiated
cells (Figure 7(d)) in agreement with the Western blot
data (Figure 4(b)), as was the transient receptor poten-
tial channel 1 (trpcl) receptor (Figure 7(e)).
Interestingly, no difference in RNA expression was
detected in ligand-gated ion P,X;5 purinoceptor (Figure
7(f)). Expression levels for the G protein-coupled recep-
tor Mas-related G-protein coupled receptor member D
(mrpgrd) which were not detected in the RNA-Seq sam-
ples were readily detected in qRT-PCR and were signif-
icantly lower in NGF/FSK differentiated cells compared
to undifferentiated and GDNF/FSK differentiated cells
(Figure 7(g)). Expression levels for PGE2 receptor 2
(ptger2) was significantly upregulated in NGF/FSK
cells and undetectable in GDNF/FSK cells (Figure 7

(h)). Interleukin-1 receptor (il-1r) RNA expression level
was significantly decreased in response to NGF/FSK
and also undetectable in GDNF/FSK differentiated
cells (Figure 7(i)). (n=5, expressed as mean + SEM;
one-way ANOVA, *p<0.05; **p<0.01; ***p<0.001
and ****p <0.0001). Similar to the RNA-Seq results
precursor mRNAs for CGRP, Calca (and Calcb),
could not be detected in S0B11 cells (data not shown).
mRNAs for the TRPAT1 receptor and for sodium chan-
nel subunits Scnl0a and Scnll could not be detected
confirming RNA-Seq data. The comparison between
PCR and RNA-Seq is summarized in (Table 2).

Discussion

Anatomical and physiologic changes that occur within
nociceptive DRG neurons affirm that these neurons par-
ticipate in the development and maintenance of different
types of pain.'"'**’ The diversity of DRG neuron

Table 2. Relative mRNA expression data for nociceptor related genes in 50BI | cells and RNAseq in brackets and notable absence of

nociceptive markers in grey.

Expression (7 d)

Gene

Undifferentiated

NGF/FSK

GDNF/FSK

Ngfr (p75 neurotrophin
receptor)

Ntrkl (tyrosine kinase
receptor A)

Ret (Ret proto-oncogene)

Gfra3 (Gdnf family receptor
alpha)

P,X3 (purinergic receptor
P2X3)

Trpvl (transient receptor
potential cation channel V
member |)

Trpal (transient receptor
potential cation channel A
member |)

Mrgprd (Mas related GPR
family member D)

Ptger2 (prostaglandin E
receptor 2)

lllrl (interleukin | receptor
type |

Calca (calcitonin related pep-
tide alpha)

Calcb (calcitonin related
peptide alpha)

Senl la (sodium voltage-gated
channel alpha subunit I 1)
Scnl0a (sodium voltage-gated
channel alpha subunit 10)

Low expression (low
expression)
Present (low expression)

Absent (absent)
Absent

Present (low expression)

Present (low expression)

Absent (absent)

Present (low expression)
Present (low expression)
Present (present)
Absent (absent)

Absent (absent)

Absent (absent)

Absent (absent)

Present (present)
Present (low expression)

Absent (low expression)
Absent

Present (low expression)

Present (absent)

Absent (absent)

Present (low expression)
Present (low expression)
Present (present)
Absent (absent)

Absent (absent)

Absent (absent)

Absent (absent)

Present (present)
Present (low expression)

Present (low expression)
Absent

Present (low expression)

Low expression (low
expression)

Absent (absent)

Present (low expression)
Absent (low expression)
Absent (present)

Absent (absent)

Absent (absent)

Absent (absent)

Absent (absent)

The table summarizes the detection of mMRNAs of genes related to nociceptors using qRT-PCR and RNAsq (in brackets) in 50BI | cells. Comparison of
expression in undifferentiated cells and cells differentiated for 7 days with NGF and forskolin (NGF/FSK) or GDNF and forskolin (GDNF/FSK)..
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subtypes,** displaying unique molecular, morphological,
and functional characteristics, is a fundamental feature
enabling the discrimination between various types of
sensations. Nociceptive neurons are also emerging as
relevant therapeutic targets, based on their unique acces-
sibility and increasing clinical evidence through systemic
and local neuromodulation approaches.®*** To address
different types of pain, more focussed therapeutic
options are needed with selective nociceptor subpopula-
tions as targets. It is well known that nociceptor subpo-
pulations impact differently on the development of pain.
For example, TRPV1 which is found primarily on the
subpopulation of peptidergic nociceptive neurons®-®¢ is
activated by noxious thermal and chemical (eg, capsai-
cin) stimuli and is integrally involved in the development
of inflammatory hyperalgesia.®® On the other hand, the
purinergic receptor P,X; is found predominantly in
GDNPF-sensitive non-peptidergic nociceptors, is also
important in mechanical and chemical stimuli and
mechanical hypersensitivity.®”*® The aim of this study
was to determine whether immortalised S0B11 embryon-
ic DRG neurons retained the capacity to differentiate
into growth factor-dependent nociceptive subtypes
observed in vivo.

Characterisation of the 50B11 cells has been limited
to reports describing the generation and initial charac-
terization, including their suitability for the study of
excitability, neurodegeneration, neuritogenesis, and
transcriptomic comparison to nociceptive cells.' >%®
Most studies relied on differentiating their cultures in
the presence of 75uM of forskolin supplemented with
NGF or GDNF, however no titration of forskolin or
growth factor was described.'* More importantly, the
only transcriptomic analysis to date has only been per-
formed on undifferentiated cells.” Immortalized neuronal
cultures of various origins differentiate and maintain
neurites under mitogenic agents and/or growth factor
stimulation for over a week.”® 7> Wanting to determine
whether 50B11 cell could maintain a differentiated mor-
phology for a longer period of time than previous
reports,? we titrated the amount of FSK and estab-
lished that reducing the concentration did not signifi-
cantly reduce the ability of the 50B11 cells to
differentiate when assessed by neurite length measure-
ments. Contrary to previous reports' the co-treatment
with NGF or GDNF 17hours post-FSK (1-100 pM;
Figures 1 and 2) did not yield synergistic effects in neu-
rite outgrowth. Although the cells maintained a differ-
entiated phenotype up to 7days in a FSK-dependent
manner, the addition of NGF and GDNF (Figure 1(a)
to (e), the extension in the time that the cells maintain
neurites leads to the loss of additional synergistic effects
on neurite elongation in combined FSK and NGF or
GDNEF treatments, most likely due to the neurites reach-
ing maximum length with additional time in culture.

Our observations of NGF inducing neurite outgrowth
in 50B11 cells independent of FSK is in line with experi-
ments showing that factors including NGF released
from prostate cancer cells promote differentiation of
50B11 cells.* Collectively, our results demonstrate that
FSK is the primary agent driving rapid neurite differen-
tiation in 50B11 cells, and that reducing its concentra-
tion extends the maintenance of a differentiated
phenotype to 7days. NGF and GDNF are both inde-
pendently capable of driving neurite outgrowth in the
absence of FSK over 7days (Figure 2).

Previous studies have concluded that differentiated
S50B11 cells uniformly express both NGF and GDNF-
family receptors and could not be subdivided based on
unique receptor expression,' therefore we investigated
whether functional differences to nociceptive agonists
capsaicin and ATP could be observed. 50B11 cells
have been shown to respond to capsaicin' and ATP.?
Capsaicin is a potent activator of the TrpVI1 receptor,
and ATP activates P2X purinoreceptors, both acting as
characteristic receptors in nociceptive neuron sub-
types.”> As previous studies characterising 50B11 cells
relied primarily on morphological and immunohisto-
chemical analysis we used calcium-imaging to confirm
functional presence of nociceptor signalling in differen-
tiated S0B11 cells. Capsaicin responses were observed in
acutely dissociated DRG cells from E14.5 DRG.>* We
observed that compared to undifferentiated cells the
NGF/FSK differentiated cells showed a significantly
reduced Ca®" response to ATP while eliciting an
increased response to capsaicin (Figure 3(a) to (d)). In
contrast, an inverse relationship was observed in
GDNF/FSK differentiated cells (Figure 3).

These data in combination with Western blot and
RNA-Seq results show that undifferentiated cells,
either do not respond or insufficiently respond to noci-
ceptive stimulation. In contrast, differentiation drives
neurons towards a nociceptor-like phenotype. NGF/
FSK differentiated cells express TrpV1 receptor
mRNA and protein, down-regulate P,X5 receptors and
respond to capsaicin (Figure 3(d) to (e)). Simultaneously
the response to ATP is reduced (Figure 3(c) and (d))
indicating a  functional capsaicin-sensitive/ATP-
insensitive phenotype similar to peptidergic nocicep-
tors.®”"*7 Using a different combination of FSK with
the growth factor GDNF induces a different phenotype.
S50B11 cells lose their ability to respond to capsaicin but
increase their sensitivity for ATP (Figure 3(e) and (f))
similar to non-peptidergic nociceptors.®®’>

NGF and GDNF have been shown to differentially
regulate the expression of TrpV1, where upregulation of
TrpV1 expression in DRG neurons is dependent on
NGEF.”*"" The role of GDNF in the regulation of
TrpV1in S0B11 cell is less clear. Our mRNA and protein
studies showed that both c-Ret and GFRal are
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expressed at the highest level in GDNF and GDNF/
FSK differentiated cells, In addition, GDNF-only or
GDNF/FSK treatment causes a decrease in TrpVl
expression (Figure 4(a) and (b)). These results suggest
that 50B11 cells respond to exogenous growth factors
similar  to  developing  nociceptive  neurons."’
Depending on the growth factor combination with
low-concentration FSK cells acquire functional charac-
teristics specific for subtypes of nociceptors. However,
nociceptors respond to more than algogenic stimuli.
One hallmark of nociceptors is the ability to be sensi-
tized. Given that peripheral sensitization is a key feature
of nociceptors and is a key factor in the development of
chronic pain, we next investigated whether the 50BI11
cells were capable of sensitization-like behavior.
Plasticity of DRG nociceptors induced by pro-
inflammatory mediators contributes to sensitization.
Prostaglandin E2 (PGE2) enriched in injured tissues is
known not only directly to sensitize DRG neurons, but
also to potentiate sensitizing effects of other pain medi-
ators such as capsaicin via its TrpV1 receptor.” In addi-
tion, cytokines such as interleukin-18 (IlI-1B) also
contribute to pain hypersensitivity by targeting excitato-
ry and inhibitory synaptic transmission mechanisms in
sensory neurons.’®"”

Our qRT-PCR results showed presence of the PGE2
receptor (Ptger2) in NGF/FSK-differentiated 50B11
cells but interestingly a significant down-regulation of
Il1r in response to differentiation with GDNF. This indi-
cates a growth factor or phenotype-specific receptor
expression for inflammatory mediators.

NGF/FSK differentiated cells with increased expres-
sion of TrkA and TrpV1 and absence of functional P2X
receptors, showed significantly increased responses to
10-fold lower concentration of capsaicin (Figure 5(c)
and (d)) but not ATP (data not shown) following
acute stimulation with PGE2 (Figure 5(a) and (b)).

Functional data are supported by comprehensive
analysis of RNA expression. In contrast to other
DRG-derived cell lines, 50B11 cells do not contain chro-
mosomes and genes of other species and are therefore
suitable for RNA analysi.®

RNA-Seq in combination with qRT-PCR showed the
expression of nociceptor related genes such as TRPV1
and P,X; in 50B11 cells. Importantly, differentiation
with NGF/FSK generated cells with different expression
profiles that expressed genes characteristic for non-
peptidergic nociceptors whereas differentiation with
GDNF/FSK induced expression of mRNAs character-
istic for non-peptidergic nociceptors.

The GDNF receptor c-Ret was expressed in GDNF/
FSK differentiated cells whereas TRPV1 was highly
expressed in NGF- but not GDNF- differentiated cells.
In addition, versican was higher expressed in GDNF/
FSK differentiated cells. The V2 splice variant of

versican is the binding partner for 1B4, a marker for
non-peptidergic nociceptors.®!

Taken together, analysis of mRNA expression sug-
gests that differentiation with NGF or GDNF drives
S50B11 cells towards an NGF-dependent or GDNF-
dependent DRG phenotype.

However, our data show that 50B11 cells resemble
but do not completely reflect gene expression patterns
of adult rat nociceptors. The absence of mRNA expres-
sion for nociceptor-related neuropeptides such as SP,
CGRP or NPY might be related to the embryonic
origin of 5S0BI11 cells since these cells were generated
from DRG neurons at E14.5. Peptide expression in
DRG neurons starts around day E15,*%%8! therefore
absence of peptide expression indeed reflect the embry-
onic origin of the cells.

In contrast to previous reports,’ we could not detect
nociceptor-generated action potentials (Supplementary
Figure 1). This finding was supported by absence of
expression of voltage-gated sodium channel o-subunits
characteristic for Nav1.8 and 1.9 channels in 50B11 cells.
Ton channels such as Navl.8 are expressed by only 10%
of trkA positive DRG neurons at E15 and Navl.9 is
absent at this time point and expression starts at E17
(see review*>>?8283) quggesting a low or absent expres-
sion of channels at E14.5. Our patch clamping results
aligned with the RNA-Seq data showing the absence
of sodium channels, and without having access to alter-
nate stocks of S0B11 cells. One possible reason is that the
cells might have drifted from their original phenotype,
given that the original report did not provide detailed data
on what percentage of cells elicited action potentials.'
However, the absence of sodium channel expression in
the S0B11 cells makes them ideal candidates for investi-
gating transfection of either individual or combinations of
sodium channels providing a unique toolset to investigate
their function in a nociceptive microenvironment.
Advances in transfection technology developed for primary
neurons,’* could be suitable for transfection of these cells
following differentiation, Alternatively, further investiga-
tions with long term cultures in presence of growth factor
cocktails may yield a more mature phenotype with endog-
enously induced expression of nociception related chan-
nels, as observed for other cell lines.®> To this end, we
are applying our phenotypic differentiation strategy to
other nociceptor-derived cell lines.

The RNA-Seq data show presence of calcium chan-
nels including voltage-gated calcium channels. Therefore
Ca”" responses can be used to demonstrate activation
and consequently function of 50B11 cells. The Ca*"
response profile is greatly aligned with protein expres-
sion profiles that show an upregulation of TrkA and
TrpV1, and downregulation of P,X3 in response to
NGEF/FSK treatment (Figure 4(a)). Conversely, TrkA
and TrpVI levels decreased and P,X;5 expression levels
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were increased in GFNF/FSK differentiated cells
(Figure 4(a) and (b)). Protein expression and Ca’"
responses changed simultancously in response to indi-
vidual growth factors further demonstrating a pheno-
type switch at transcriptional, translational and
functional levels.

In conclusion, here we provide detailed characterisa-
tion of the DRG-derived 50B11 cells line, showing that
these cells recapitulate numerous characteristics of C-
fibre nociceptors aligned with their embryonic origin,
and are capable of acquiring early phenotypes resem-
bling both peptidergic and non-peptidergic sensory neu-
rons in a growth factor-specific manner. More
importantly, we show that this cell line can maintain a
sensory phenotype in a FSK-, NGF- and GDNF-
dependent manner for up to 7days by decreasing the
amount of FSK in cultures. Interestingly, unlike previ-
ous reports, our study indicates that FSK is the primary
factor responsible for the neuronal differentiation of
these cells, whereas NGF and GDNF are essential for
the development of a functionally specific phenotype,
sensitive  to  capsaicin  or ATP  respectively.
Additionally, this functional separation can provide a
useful platform for the use of S0B11 cells in investigating
NGF/TrpVl/capsaicin and GDNF/P2X/ATP-specific
signalling in a homogeneous population of neuronal
cells. Interestingly, the 50B11 cells show sensitization
to PGE2 only in NGF differentiated cells, suggesting
that a more comprehensive test of the subtype specificity
of inflammatory mediators may be warranted. More
importantly, our RNA-Seq data supports our functional
and proteomic analysis of the 50B11 cells, clearly show-
ing that undifferentiated cells, NGF- and GDNF-
differentiated cells can be separated by gene expression
profile. Subsequent validation of nociceptor-specific
markers also confirms growth factor-dependent changes
in expression profiles related to both peptidergic and
non-peptidergic nociceptors. The study of receptor biol-
ogy may not have to rely on the complete expression of
phenotype-specific nociceptive markers, and should always
be validated in naive DRG neurons. These findings pro-
vide detailed validation of undifferentiated and differen-
tiated 50B11 cells and their suitability as a useful tool for
investigating mechanisms regulating nociceptor biology.

Accession codes

Gene Expression Omnibus: raw data for individual
plates (libraries), https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE147186. Additional external
resources are available as supplementary data and
include normalized data for all sequenced wells
(expressed as reads per million, RPM), with full
sample annotation; the expression profiles for all genes
and neuronal populations in line with NGF and GDNF

differentiation, allowing visualization of scatter plots of
expression (RPM) for any gene; visualizing tool for
expression level posteriors; and online search engine
for scatter plots of expression for any gene.
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