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Abstract 
In vitro models of the peripheral nervous system would benefit from further refinements to better support studies on neuropathies. In partic-
ular, the assessment of pain-related signals is still difficult in human cell cultures. Here, we harnessed induced pluripotent stem cells (iPSCs) 
to generate peripheral sensory neurons enriched in nociceptors. The objective was to generate a culture system with signaling endpoints suit-
able for pharmacological and toxicological studies. Neurons generated by conventional differentiation protocols expressed moderate levels of 
P2X3 purinergic receptors and only low levels of TRPV1 capsaicin receptors, when maturation time was kept to the upper practically useful 
limit of 6 weeks. As alternative approach, we generated cells with an inducible NGN1 transgene. Ectopic expression of this transcription factor 
during a defined time window of differentiation resulted in highly enriched nociceptor cultures, as determined by functional (P2X3 and TRPV1 
receptors) and immunocytochemical phenotyping, complemented by extensive transcriptome profiling. Single cell recordings of Ca2+-indicator 
fluorescence from >9000 cells were used to establish the “fraction of reactive cells” in a stimulated population as experimental endpoint, that 
appeared robust, transparent and quantifiable. To provide an example of application to biomedical studies, functional consequences of pro-
longed exposure to the chemotherapeutic drug oxaliplatin were examined at non-cytotoxic concentrations. We found (i) neuronal (allodynia-like) 
hypersensitivity to otherwise non-activating mechanical stimulation that could be blocked by modulators of voltage-gated sodium channels; (ii) 
hyper-responsiveness to TRPV1 receptor stimulation. These findings and several other measured functional alterations indicate that the model 
is suitable for pharmacological and toxicological studies related to peripheral neuropathies.
Key words: nociceptors; peripheral nervous system diseases; allodynia; oxaliplatin; TRPV cation channels; receptors, purinergic P2X3.
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Abbreviations: AraC, cytarabine; ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; CIPN, chemotherapy-induced peripheral neuropathy; 
CPM, counts per million; DEG, differentially expressed gene; DMSO, dimethyl sulfoxide; DRG, dorsal root ganglion; FBS, fetal bovine serum; FGF, fibroblast 
growth factor; GDNF, glia-derived neurotrophic factor; GO, gene ontology; HBSS, Hanks’ Balanced Salt Solution; iPSC, induced pluripotent stem cell; NGF, nerve 
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PNS, peripheral nervous system; PRPH, peripherin; ROCKi, ROCK inhibitor; RT-qPCR, quantitative reverse transcriptase polymerase chain reaction; tRFP, turbo 
red fluorescent protein; TRK, tyrosine receptor kinase; TRP, transient receptor potential; α,β-meATP, α,β-methylene ATP; βIII-Tub, βIII-tubulin

Significance Statement
In vitro models of the peripheral nervous system are indispensable for pharmacological and toxicological studies. The authors present 
here a robust method to generate peripheral neurons enriched in nociceptors. Moreover, the authors provide a full characterization of a 
functional endpoint that can be used to assess normal and disturbed neuronal signaling in such cultures. The cells presented here are a 
useful tool for studies on mechanical allodynia and chemotherapy (here exemplified by oxaliplatin)-induced dysfunction.

Introduction
In vitro models of the human peripheral nervous system 
(PNS) are still relatively scarce. They are required to study 
chemotherapy-induced peripheral neuropathy (CIPN) and 
other impairments of the PNS. Of particular interest are sys-
tems that allow the assessment of agents that functionally im-
pair sensory neurons.

Cell-based model systems for the PNS are still mostly 
based on non-human cells, like rat dorsal root ganglion 
(DRG) neurons. Such DRG cultures have drawbacks 
concerning eg, their comparability, and human-specific 
functions may only be modeled partially.1 In the past decade, 
stem cell technology has provided novel alternatives. The 
fundamental principles of generating peripheral neurons 
from human-induced pluripotent stem cells (iPSCs) were 
described in 2012 by the Studer laboratory.2 This protocol 
uses neuralization of iPSCs by dual SMAD inhibition. The 
differentiation toward the sensory neuron fate is subse-
quently achieved by small molecule inhibitors combined 
with neurotrophins.

In vitro model systems for the PNS are indispensable for 
toxicity testing, as peripheral neurotoxicants are often not 
identified by models of the central nervous system.3,4 The sen-
sory neuronal subclass of nociceptors is of specific interest 
in CIPN research. Neuropathies involving this particular 
subpopulation5-7 are among the side effects that most pro-
foundly decrease the quality of life of chemotherapy-receiving 
patients.8,9

Sensory neurons can be classified into nociceptors, 
mechanoceptors, and proprioceptors. The first group 
expresses the nerve growth factor (NGF)-receptor TRKA 
(encoded by NTRK1)10 during maturation, while the others 
depend on TRKB and TRKC tyrosine kinase signaling. 
While all peripheral neurons are derived from neural crest 
progenitors, the TRKA-expressing neurons develop from the 
subgroup of NGN1-positive neural crest cells.11,12 They can 
be further divided into nociceptor subgroups: Peptidergic 
neurons release the neuropeptides substance P and calci-
tonin gene-related peptide and maintain TRKA expression. 
Non-peptidergic neurons lose expression of TRKA upon 
maturation, and express the RET neurotrophin receptor in-
stead.10 Nociceptors can also be distinguished according to 
their expression of different cation channels like the tran-
sient receptor potential (TRP) channels or the purinergic re-
ceptor ion channels. Notable members of the TRP family 
are TRPV1, TRPM8, and TRPA1 channels. The respective 
major functions are the sensing of heat, cold, or electro-
philic chemicals.5 Temperature-sensing TRP channels are 

polymodal and can respond to chemical agonists. A prom-
inent example is the TRPV1 channel, which is activated 
by increased temperatures exceeding the threshold of ~43 
°C, but also by vanilloid compounds like capsaicin.13 The 
purinoceptor P2X3 is the main ATP-activated pain-related 
channel on nociceptors. As TRPV1 and P2X3 are only 
found on nociceptors and not on other sensory neurons (eg, 
stretch receptors), they can serve as characteristic functional 
biomarkers.14-16

De-regulations of ligand-activated and voltage-gated 
ion channels on peripheral neurons are known to con-
tribute to the dose-limiting side-effects induced by the 
chemotherapeutic drug oxaliplatin.17,18 General neuronal 
hyperexcitability,17,19-21 thermal hyperalgesia, and mechan-
ical allodynia17,22-24 are characteristic features of acute 
oxaliplatin-induced peripheral neuropathy (OXAIPN). While 
all platinum drugs lead to structural damage upon prolonged 
treatment, the acute form of OXAIPN occurs largely inde-
pendent of neurodegeneration.25

The example of OXAIPN demonstrates the need for in 
vitro model systems that can identify functional impairments 
of the PNS. While assays to detect chemicals acting on 
neurite growth, neuroprogenitor migration, or central neu-
ronal signaling are well established,3,4,26-31 PNS systems 
optimized to detect functional impairments are still scarce, 
and data on the modulation of pain receptors are mostly not 
included.32

Therefore, the aim of this study was to establish an in vitro 
system able to detect signaling alterations relevant for CIPN. 
A protocol to generate peripheral neurons with nociceptor 
features (PNN) from iPSCs was established. After an extensive 
phenotypic profiling, Ca2+-imaging was chosen as a quantita-
tive endpoint for the assessment of pain-receptor signaling. A 
case study of oxaliplatin treatment was performed to dem-
onstrate the relevance of our novel PNS model, which offers 
pain-receptor-related functional endpoints for CIPN re-
search. Thus, our study explored whether complex functional 
impairments of nociceptors are reliably detectable and quan-
tifiable in vitro.

Materials and Methods
Materials
Unless mentioned otherwise, all chemicals and cell cul-
ture reagents were from Merck (Darmstadt, Germany). All 
antibodies and PCR primers used are compiled in dedicated 
tables in Supplementary Material. There also an extensive 
chapter in Supplementary Material is included.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac031#supplementary-data
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Differentiation of Sensory Neurons from iPSC
We used the iPSC line Sigma iPSC0028 (Si28) and derived 
from this the transgenic iPSC line Sigma-NGN1 (Si28-
NGN1). Maintenance of the iPSCs was performed under 
xeno-free conditions33 as detailed in Supplementary Material. 
The differentiation was performed according to Hoelting et 
al4,26 with small modifications as shown in Supplementary 
Fig. S1A and described in Klima et al..4,26

The detailed differentiation procedure is described in 
Supplementary Material (also see annex). In brief, iPSCs 
underwent neuralization induced by dual SMAD inhibi-
tion. Differentiation toward the sensory neuron fate was 
achieved by small molecule inhibition following the estab-
lished literature.2 After 9 days of differentiation (on DoD9ʹ), 
immature peripheral neurons were frozen in 90% fetal bo-
vine serum (FBS; Thermo Fisher Scientific, Waltham, MA, 
USA) and 10% dimethyl sulfoxide. Further maturation 
after thawing was driven by a growth factor cocktail. For 
the differentiation of PNN, doxycycline (2 µg/mL) exposure 
from DoD4ʹ-9ʹ and DoD1-14 was integrated in the standard 
small molecule differentiation protocol, as detailed in the 
results chapter.

PeriTox Test
Immature peripheral neurons were thawed and used on 
DoD0 to assess the effects of test compounds on neurite area 
and cell viability (Supplementary Material) as previously 
described.3,4,34,35

Generation of a Gene-Edited iPSC Line
Si28 iPSCs were infected with the lentivirus described in Fig. 
2A (also see Supplementary Material). In brief, infected cells 
underwent hygromycin (Carl Roth, Karsruhe, Germany) se-
lection followed by manual picking and expansion of the col-
onies. Stocks of the clones were cryopreserved in 90% FBS 
and 10% dimethyl sulfoxide. Short tandem repeat (STR) 
DNA typing (described in detail in Ref. 36) was performed 
for cell line authentication. To evaluate the clone’s NGN1 ex-
pression properties, iPSCs were seeded as single cells in E8 
medium and exposed to doxycycline (2 µg/mL) for up to 5 
days (Fig. 2B).

Assessment of Gene and Protein Expression
Gene expression was investigated by quantitative reverse 
transcriptase PCR (RT-qPCR) using SsoFast EvaGreen 
Supermix (Bio-Rad). Protein expression was assessed 
via immunofluorescence staining and microscopy. All 
samples were prepared, and analyzed exactly as described 
before,26,37 using primers and antibodies as detailed in 
Supplementary Material.

Transcriptome Data Generation and Analysis
Sample lysates were prepared as described.26,27 
Measurements were performed at Bioclavis (BioSpyder 
Tech., Glasgow, UK) via the TempO-Seq targeted 
sequencing technology applied to the whole transcriptome 
set.38 For data processing, the R package DESeq2 (v1.32.0) 
was used for quality control, normalization and deter-
mination of differentially expressed genes (DEGs).39 A 
Benjamini-Hochberg-adjusted threshold of P < .05 and a 
fold change of 2 were used as filter for DEGs. Analysis 
of gene ontology (GO) term over-represenation was done 

with g:profiler software.40 All procedures are detailed 
in Supplementary Material, and the data on numbers of 
reads for each gene analyzed, and the fold-changes for 
DEGs are provided in Supplementary Material, organized 
as Excel workbook.

Electrophysiological Data
For electrophysiological characterization of the PNN, manual 
patch-clamp recordings were performed as described.26,28 
Details are given in Supplementary Material.

Measurement of Changes in Intracellular Ca2+ 
Concentration [Ca2+]i

Sensory neurons were cultured in 96-well plates after thawing. 
Cells were loaded with the Ca2+-indicator Fluo-4 (Thermo 
Fisher Scientific). Monitoring of [Ca2+]i was performed using 
a VTI HCS microscope (Thermo Fisher Scientific) equipped 
with an automated pipettor and an incubation chamber pro-
viding an atmosphere with 5% CO2 and 37 °C. Cells were 
imaged for 45 s. Test compounds were automatically applied 
after baseline recording (10  s). The images were exported 
as *.avi video files and analyzed with the CaFFEE software. 
Details are given in a dedicated technology paper41 and in 
Supplementary Material.

Statistics
If not stated otherwise, experiments were performed on 3 
or more independent cell preparations (here called biolog-
ical replicates). In each cell preparation at least 3 different 
wells (here called technical replicates) were measured. 
Quantitative Ca2+-imaging data were derived from time-
dependent series of images by using the CaFFEE software.41 
The binary endpoint of reactive/non-reactive cells was de-
fined primarily by a well-specific, noise level-based threshold 
of changes in fluorescence intensity: (mean(ΔF) + 3x SD(ΔF)), 
with an upper limit set to 18 (ΔF: fluorescent change by neg-
ative control stimulation). Information concerning descrip-
tive statistics and experimental variability is included in the 
figure legends or the figures themselves. GraphPad Prism 5 
software (Version 7.04, Graphpad Software, Inc, San Diego, 
USA) was used for significance testing and data display. Data 
were evaluated by ANOVA plus appropriate post hoc testing 
method or by t-test for binary comparisons. P-value of <.05 
was regarded as statistically significant.

Results
Characterization of Human Sensory Neurons 
Generated from Non-Modified iPSCs
For the generation of sensory neuronal cultures, we optimized 
a previously published 2-step differentiation protocol starting 
from iPSCs4 (Supplementary Fig. S1A). The time point of 
freezing of the cells was adapted (DoD9ʹ), and the culture 
medium was supplemented with cytarabine from DoD3 until 
DoD14 to remove any mitotic, potentially non-neuronal 
cells. This procedure yielded pure neuronal cultures that 
develop an extensive neurite network (Fig. 1A,B). The sen-
sory neuronal phenotype was confirmed by gene expression 
analysis. Markers, such as PRPH, SCN9A, and P2RX3, 
were expressed on DoD1 and further upregulated over time. 
Indicators of the neural crest cell intermediary stage (PAX3, 
TLX2) were downregulated (Fig. 1C). Markers for cortical 
neuron precursors (PAX6) or glial cells (GFAP) were absent.
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The capacity of such neurons to grow neurites within 
24 h forms the basis for the established PeriTox test.3,4 This 
assay was used to verify that typical neurotoxicants exhibit 
a specific neurite-damaging effect. The pesticide rotenone, 
the gout medication colchicine and the chemotherapeutics 
taxol, bortezomib, and oxaliplatin all reduced the neurite 
area at concentrations that did not affect general neuronal 
viability (Fig. 1D, Supplementary Fig. S1B).

To investigate the functional expression of pain-related 
receptors, we used selective agonists of TRPV1 (cap-
saicin) and P2X3 (α,β-methylene ATP (α,β-meATP)42). 
Under standard culture-conditions, signaling through 
P2X3 and TRPV1 was found in only 10% and 1% of 
the cells, respectively, upon maturation of up to 40 days 
(Fig. 1E). By mimicking inflammatory conditions with 
increased NGF concentrations,43-47 we obtained 60% 
of α,β-meATP-responsive cells. However, the capsaicin-
responsive subpopulation did not exceed 5%. In summary, 
the optimized protocol generated largely pure, fully post-
mitotic sensory neurons (Supplementary Fig. S1C), but the 
functional properties were not suitable for CIPN research 
related to altered pain sensation, eg, through the TRPV1 
receptor system.

Generation of an iPSC Line with Inducible NGN1 
Expression
The standard differentiation protocols did not yield a sufficiently 
large nociceptor subpopulation to allow functional studies. 
Consequently, we investigated an alternative approach. NGN1 is 
a key transcription factor in the development of the here-desired 
neurons.11,12,48 Therefore, we hypothesized that its time-controlled 
overexpression would improve differentiation success.32

An iPSC line was generated, in which NGN1 expression can 
be controlled by adding doxycycline to the medium. After the 
NGN1 expression construct was stably inserted into the ge-
nome (Fig. 2A, Supplementary Fig. S2A), the newly generated 
iPSC line Si28-NGN1 was authenticated by the established 
method of STR analysis.36 On this basis, the Si28-NGN1 line 
and the commercially available Si28 line were declared identical 
(Supplementary Fig. S3). The pluripotency of the newly generated 
iPSC population was assessed by immunofluorescence imaging. 
The expression of several pluripotency markers (eg, Nanog, 
OCT4) (Supplementary Fig. S2B-D) as well as the absence of the 
neuroectodermal markers PAX6 and SOX10 (data not shown) 
were similar to that of the pluripotent parent cell line. Further, the 
cells’ NGN1 expression properties were verified (Fig. 2B). Gene 
expression of NGN1 was found to be inducible by doxycycline 
(Fig. 2C). The functionality of the NGN1 transgene was deduced 
from the control of its downstream target NTRK1. Moreover, 
transgene expression for 5 days led to the complete conversion of 
iPSCs into cells expressing the pan-neuronal marker βIII-tubulin 
(βIII-Tub) and exhibiting neuronal morphology. Additionally, 
these cells expressed the PNS markers peripherin (PRPH), 
BRN3A and ISL1 (Fig. 2D, Supplementary Fig. S2E,F). Such a 
staining pattern is typical for neurons that have exited the cell 
cycle.12 Taken together, these data confirm the successful genera-
tion of an iPSC line carrying an inducible NGN1 transgene with 
the expected functionality of the gene product, NGN1.

Integration of NGN1-Overexpression in the 
Standard Small Molecule Differentiation Protocol
In a next step, it was tested, which time window of NGN1-
overexpression was most suitable to improve the standard 

Figure 1. Human sensory neurons derived from iPSCs. Cells were pre-
differentiated for 9 days and frozen (Supplementary Fig. S1A). Counting 
of peripheral neuronal age in days of differentiation (DoD) started after 
thawing and plating (DoD0). (A) Phase-contrast images of DoD1/DoD7 
neurons. Arrowheads indicate a growth cone. (B) DoD1/DoD7 cultures 
stained for the neuronal cytoskeletal marker β-III-tubulin (green); DNA 
is shown in red. (C) Gene expression levels were determined by the 
TempO-Seq method. The left column shows the absolute expression 
levels of selected marker genes on DoD1 in counts of the corresponding 
gene per 1 million reads (CPM). The data for DoD4/DoD7 show the 
fold change (FC) of the expression levels vs DoD1. The color scale uses 
log2FC units (see Supplementary Material for complete data sets). 
(D) Neurons were used in the PeriTox test to assess the effects of 
toxicant exposure (24 h) on neurites. Data are given as mean ± range 
of 2-3 biological replicates. Viability was not significantly affected at 
the tested drug test concentrations (see Supplementary Fig. S1B). (E) 
Mature neurons (DoD25-45) were used for Ca2+-imaging. Cells reacting 
to the application of α,β-methylene ATP (α,β-meATP) and capsaicin 
were quantified. The effect of pre-treatment (48 h) with increased 
concentrations of nerve growth factor (NGF) on the percentage of 
reactive cells was assessed. Data displayed as bars are means ± SEM 
of 3-4 biological replicates. Color matching data points are derived from 
the same experiment. *P < .05, **P < .005, when tested vs control 
conditions (25 ng/mL NGF).
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differentiation protocol. 3 different doxycycline exposure 
schedules (S1–S3), integrated into the standard differenti-
ation, were investigated (Fig. 3A). Gene expression of sen-
sory neuronal markers was monitored daily until the day 
of freezing (Fig. 3B, Supplementary Fig. S4A). Early induc-
tion of NGN1 expression on DoD2ʹ in condition S2 led to 
an earlier expression of NGN1, NTRK1, PRPH, and ISL1 
compared to cells not exposed to doxycycline (S1). However, 
upregulation of RUNX1 expression, a gene crucial for noci-
ceptor specification,48,49 was poor in S2 cultures, while they 
revealed a large number of dead cells after thawing (Fig. 
3C, Supplementary Fig. S4B). Differentiation condition S3 
resulted in the highest gene expression levels for RUNX1, 
and shifted PRPH and NTRK1 expression to earlier time 
points. Immunofluorescence images on DoD3 showed that 
all 3 exposure schedules yielded peripheral neurons (PRPH+ 
neurites). The sensory neuronal markers ISL1 and BRN3A 
were expressed to a large extent in conditions S1 and S3 (74-
100% positive cells), but not in S2 (Fig. 3C, Supplementary 

Fig. S4B-D), which was decisive to exclude S2. Eight days after 
thawing uniformity of neuronal cultures was further assayed 
using tRFP fluorescence as an internal reporter of NGN1 
expression (Fig. 3D). Quantification of red fluorescent cells 
showed S3-derived cultures to be more uniform (96% tRFP-
positive cells) than S1 cultures (36% tRFP-positive cells) (Fig. 
3E). Therefore, all future experiments were conducted using 
exposure schedule S3, which yields neuronal cultures with the 
highest sensory neuron marker expression and uniformity.

Transcriptomics-Based Characterization of Mature 
iPSC-Derived Sensory Neurons
We used time-dependent transcriptome profiling (19 000 genes) 
to describe the differentiation process of iPSC-derived sensory 
neurons (Supplementary Material). A principal component 
analysis (PCA) provided a first overview of the data structure. 
Independent biological replicates clustered closely together, 
and the first principal component coincided with increasing 
time of maturation (Fig. 4A). The absolute expression levels of 

Figure 2. Generation of human iPSCs with inducible expression of ectopic NGN1. (A) Structure of the lentiviral construct used to generate an NGN1-
overexpressing iPSC line. NGN1 is expressed as fusion protein with turbo red fluorescent protein (tRFP). tRFP and NGN1 are linked via a 2A region 
and ubiquitin (Ubi) to ensure the precise cleavage of NGN1 inside cells. Gene expression is controlled via the tetracycline-on system (TRE promotor). 
This system uses a reverse tetracycline-controlled transactivator (rtTA3) driven by the UbC promoter. R, repeat region of the HIV long terminal repeat 
(LTR) region; U5 (green), U5ʹ region of the HIV LTR; Psi, packaging sequence; RRE, Rev response element; TRE, tetracycline response element; 
UbC, ubiquitin C promotor; EMCV IRES, encephalomyocarditis virus internal ribosomal entry site; Hygro, hygromycin resistance; WPRE, woodchuck 
hepatitis virus post-translational regulatory element. (B) Experimental setup to assess the NGN1 transgene expression. Cells were exposed for 5 days 
to doxycycline (0 or 2 µg/mL). (C) Gene expression of NGN1 and its downstream-regulated gene NTRK1 were monitored daily in control (-Dox) and 
doxycycline-exposed cells. Gene expression was quantified by RT-qPCR. Data are given relative to iPSC (control, day 1). Data displayed as bars are 
means of 2 biological replicates (dots). (D) Immunofluorescence images of cells treated with doxycycline for 5 days. Cells were labeled with antibodies 
against β-III tubulin (βIII-Tub), peripherin (PRPH) and the sensory neuronal transcription factors NGN1, ISL1, and BRN3A. Color code and scale bars are 
given in the images. More detail is given in Supplementary Fig. S2E,F.
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Figure 3. Integration of NGN1-overexpression in the standard small molecule differentiation protocol. (A) Schematic representation of 3 different 
doxycycline exposure schedules (S1, S2, S3) incorporated in the standard differentiation protocol. Condition S1 did not receive doxycycline treatment 
before freezing. Cells of condition S2 were treated with doxycycline from DoD2ʹ until DoD7ʹ with subsequent freezing of the cells. Condition S3 included 
doxycycline treatment from DoD4ʹ until DoD9ʹ with subsequent freezing. After thawing, all 3 conditions were exposed to doxycycline from DoD1 until 
DoD14. (B) Gene expression analysis of the nociceptor marker genes NGN1, NTRK1, RUNX1 and the general sensory neuronal marker gene peripherin 
(PRPH) for all 3 exposure situations. Data are expressed relative to expression levels in iPSCs and given as means ± SEM of 3-4 biological replicates. 
(C) Immunofluorescence images of cultures (S1-3) on DoD3 (after thawing). Cells were stained for peripherin (PRPH) and ISL1. Nuclei were stained with 
H33342 (DNA). Details are displayed in Supplementary Fig. S4A. White arrowheads indicate exemplary dead cells. (D) Overlay of phase contrast and 
tRFP fluorescence images of condition S1 and S3 neuronal cultures on DoD8. Black arrows indicate exemplary tRFP-negative cells. (E) Quantification 
of tRFP positive cells in cultures of differentiation conditions S1 and S3 on DoD8. Data are shown as percentage of total cell count ± SD. DoD, day of 
differentiation; tRFP, turbo red fluorescent protein.
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Figure 4. Time-dependent transcriptome profiling of iPSC-derived sensory neurons. (A) TempO-Seq whole transcriptome analysis (19 000 genes). 
For the top 500 variable genes of this data set (full data in Supplementary Material) a PCA was performed. In the 2-dimensional PCA display, seven 
maturation stages of PNN are color-coded according to their DoD. Data points are derived from 3 independent differentiations. (B,C) Gene expression 
levels of sensory neuron and nociceptor marker genes were assessed via RT-qPCR. Data are means ± SEM, n = 3-4. Error bars smaller than the data 
point symbols are not shown. (D) Over-represented gene ontology (oGO) terms were determined for the significant DEGs on DoD42. Quantitative 
activation scores of the Top50 oGOs were calculated for all time points by “multiplying the percentage of genes within the GO that was found to be 
significantly regulated with the average fold change of these regulations”.51 Activation scores for the GO terms “neurotransmitter secretion,” “synaptic 
vesicle cycle,” and “neurotransmitter transport” are shown over time. (E) oGO terms were assigned to the superordinate groups “Synapse signaling,” 
“Neurotransmitter,” “Receptors, Channels, Transporters,” and “Morphogenesis” (see Supplementary Fig. S7). Means of the activation scores of all 
oGOs belonging to one group are shown to visualize the development of these biological categories over time. The dotted lines indicate the upper and 
lower bounds of the SEM. Significance was tested against the respective mean activation scores on DoD7. *P < .05, **P < .001, ***P < .0001.
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the sensory neuron marker genes ISL1 and PRPH were high 
(>1000 transcripts per 1 million reads) from DoD1 until DoD49. 
Nociceptor marker genes such as P2RX3, RET, and SCN9A also 
reached high absolute levels (Suppl. File2). However, some essen-
tial genes (NTRK1, SCN10A, and TRPV1) were not captured 
well by the transcriptome mapping approach. Consequently, their 
expression was investigated via RT-qPCR. The levels of NGN1, 
RET, NTRK1, RUNX1, and SCN10A peaked at DoD3-7 and 
then declined until DoD21 (Fig. 4B). For P2RX3, SCN9A, 
TRPM8, and TRPV1, we found increased expression on DoD3-
7, and thereafter largely stable levels until DoD21 (Fig. 4C).

The expression kinetics of these pre-selected transcripts are 
in good agreement with our objective of generating nociceptor-
enriched sensory neuron cultures. Moreover, iPSC-derived 
neurons (DoD ≥ 14) were positioned in close proximity to the 
human DRG in a 2-dimensional landscape established on the 
basis of transcriptional heterogeneity (PCA) of a large set of 
human tissues (Supplementary Fig. S5).50

For further transcriptome data mining, DEGs were deter-
mined for all sampling time points (Supplementary Material). 
For the 600 DEGs of DoD42 altogether 130 over-represented 
gene ontology (oGO) terms were identified,40 and reason-
able expression of the genes found in ≥20 of these oGOs 
was demonstrated (Supplementary Fig. S6). The 50 oGOs 
with the lowest P-values mainly fell into the superordinate 
groups “synapse signaling,” “neurotransmitters,” “receptors, 
channels, transporters,” and “morphogenesis”. They were 
also analyzed for the other time points (Supplementary Fig. 
S7A,B) and quantitative GO activation scores were cal-
culated for all time points (Fig. 4D,E, Supplementary Fig. 
S7C).51,52 Activation scores for “synapse signaling” and 
“neurotransmitters” showed a continuous increase until 
DoD42 (Fig. 4E, upper graph). The activation scores of re-
ceptor/channel-related genes showed a plateau for DoD7-28 
and then rose to a higher level at late differentiation stages 
(DoD35-42) (Fig. 4E, lower graph). In summary, analysis 
of gene expression patterns over large biological categories 
confirmed that the here-established differentiation protocol 
yields peripheral neurons with nociceptor features (PNN). 
While most general neuronal markers were well established 
after 1-3 weeks of differentiation, genes linked to particular 
PNN functions continued to be upregulated until at least 
DoD35-42.

Electrophysiological Characterization of PNN
The basic functional characterization of the PNN also in-
cluded a check for general neuronal electrophysiological 
features. Patch-clamp measurements provided evidence 
for all major classes of voltage-gated cation channels (KV, 
NaV, and CaV) (Supplementary Fig. S8). All cells recorded 
showed that they could fire action potentials (Fig. 5A,B). 
Half of the cells showed a phasic firing pattern (Fig. 5B, 
left), while the other half displayed tonic firing behavior 
(Fig. 5B, right). This distribution is consistent with the 
current literature on the characterization of primary rat 
DRG neurons.53 After confirmation of these basic neuronal 
properties, we moved on to establish a neuronal signaling 
endpoint, more suitable for broader toxicological/pharma-
cological evaluation.

Establishment of Intracellular Ca2+-Measurement as 
Test Endpoint
We decided on the use of Ca2+-imaging54 as signaling endpoint 
for our PNN. General proof of concept for the feasibility of 

this approach was obtained by recording strong signals trig-
gered by increased K+ concentrations in the medium or by 
opening of NaV channels by veratridine (VTD; Fig. 5C,D). 
As PNN are a mixed neuronal population, it was important 
to establish the Ca2+-signaling endpoint on a single cell level. 
As practical approach to work with the multi-dimensional 
information provided by the recording of Ca2+ fluorescence 
time courses of thousands of cells, we decided to use a bi-
nary endpoint of “responsive” vs “non-responsive” cells. For 
this, we thoroughly investigated and defined suitable response 
thresholds as described in detail in Supplementary Fig. S9. 
Based on the extensive evaluation (signal intensity changes 
(Δ) for >9200 cells), a robust algorithm was chosen to define 
responsive cells in Ca2+-signaling experiments.

Functional Characterization of PNN Cultures 
Regarding Nociceptive Features
A hallmark of nociceptive neurons is the expression of ion 
channels responsible for the sensation of pain. In this study, we 
focused on TRPV1 and P2X3. Immunofluorescence staining 
revealed the presence of both receptors in virtually all cells 
on DoD42 (Fig. 6A, Supplementary Fig. S10A,B). The P2X3-
specific agonist α,β-meATP and the TRPV1-agonist capsaicin 
were used as tool compounds for functional characterization. 
The cultures did not react to these stimuli during the first 4 
weeks after thawing. From then on, the percentage of reactive 
cells continuously increased until DoD42 (Supplementary Fig. 
S10C, left, right). For comparison, functional NaV channels 
were found to be present from DoD7 on and maximum cul-
ture responsiveness toward VTD was reached on DoD21 
(Supplementary Fig. S10C, middle).

Responses induced by α,β-meATP were characterized by 
fast-inactivating inward currents typical for P2X3 receptors 
(Fig. 6B,C, left).55-57 Capsaicin, in contrast, evoked sustained 
inward currents throughout the exposure period, as is typical 
for TRPV1 receptors (Fig. 6B,C, right).58,59 The expression 
of functional TRPV1 receptors was further substantiated, as 
treatment with 2 other TRPV1-agonists, olvanil and piperine, 
induced Ca2+ influx in a subset of neurons (Supplementary 
Fig. S10D). Quantification of reactive cells revealed a 
concentration-dependence of both P2X3 and TRPV1 
responses (Fig. 6E), which also makes this endpoint a useful 
model for pharmacological intervention studies in PNN. The 
reactivity of PNN toward nociceptive stimuli was clearly su-
perior to the one observed in peripheral neurons differentiated 
conventionally (without transient NGN1 overexpression) 
(Fig. 6D, gray boxes).

As a next step, we performed double-stimulation studies 
to investigate the overlap of P2X3 and TRPV1 receptor-
expressing cell populations (Supplementary Fig. S10E). PNN 
were treated with α,β-meATP followed by a capsaicin stim-
ulus and vice versa. Independent of the sequence, we found 
that 40% of the cells reacted to a P2X3 stimulus only, while 
approximately 10% reacted toward capsaicin only. One 
quarter of the whole population responded to both stimuli 
(Supplementary Fig. S10F). These sequential stimulation 
experiments also demonstrated that there was no cross-(de)
sensitization of TRPV1 and ATP receptors, as has sometimes 
been claimed.60-62 This finding also significantly increased the 
throughput of this method, as double-stimulations can be 
used as the standard experimental design.

To ensure that the measured responses are P2X3- and 
TRPV1-specific, the cells were pre-incubated with the P2X3-
selective antagonists AF-353 or A-317491 (Fig. 6E, left). 
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A concentration-dependent decrease in Ca2+ influx was 
observed at ≥30 nM and ≥0.3 µM, respectively, confirming 
P2X3 as the main P2X subtype expressed in PNN.63,64 To 
prove the specificity of TRPV1-responses the well-known 
antagonist capsazepine was used. We also tested SB-366791, 
which exhibits improved selectivity and potency.65,66 Both 
antagonists blunted the capsaicin responses. Selectivity of 
the receptor-antagonists A-317491 and capsazepine was con-
firmed by double-stimulation experiments demonstrating that 
only the respective target receptor was inhibited, but not the 
response of the other receptor (Supplementary Fig. S10G).

Modeling CIPN-Related Alterations in Pain Receptor 
Functions Using PNN
Acute painful CIPN is often attributable to alterations in pain 
signaling, but not necessarily to morphological damage. We 
performed an oxaliplatin case study to investigate the poten-
tial of PNN to model acute chemotherapy-related functional 
alterations in vitro. On the basis of the PeriTox test (DoD0 
cells), which has been used broadly for identifying neurite-
damaging agents,3,35 we selected oxaliplatin concentrations 
of 5 µM (no effect) and 20 µM (moderately decreased 
neurite area, but no cell death) for further experiments 
(Supplementary Fig. S11A).

In PNN, matured for several weeks, neither concentra-
tion affected the neurite integrity or viability (Supplementary 
Fig. S11B). Using Ca2+ signaling as endpoint, we examined 
whether pain-related excitability was affected independent of 
morphological effects. First, we established a simple model of 
mechanical allodynia. Pre-treatment with 20 µM oxaliplatin 
(24 h) made PNN react to a mechanical stimulus (mild shear 
forces) with increased Ca2+ influx (Fig. 7A,B, Supplementary 
Fig. S12A,B). As NaV channels have been implied in OXAIPN-
mechanical allodynia,67 we applied the NaV channel-inhibitors 
TTX and carbamazepine (Carb). They fully blocked Ca2+ sig-
nals following mechanical stress (Fig. 7B). This dampening ef-
fect was specific for the mechanical stress model, as the same 
inhibitors did not affect signaling triggered by direct TRPV1 
activation (Supplementary Fig. S12C). P2X3 is not involved in 
this in vitro mechanical allodynia, as inhibition by A-317491 
had no effect (Fig. 7B). We were interested in learning, whether 
the bare presence of oxaliplatin is sufficient to alter neuronal 
responsiveness (allodynia). The washout of oxaliplatin did 
not restore normal functions and a shortened pre-treatment 
time (1 h) did not lead to the same de-regulations as observed 
with 24  h incubation time (Fig. 7C,D). These data argue 
against a direct interaction of oxaliplatin with NaV channels 
as a cause for the observed signaling changes.

Figure 5. Characterization of neuronal excitability of PNN. PNN (DoD28-35) were used for current-clamp recordings and Ca2+-imaging experiments. (A) 
Schematic representation of the stimulation protocol used for current-clamp recordings. Current pulses were applied with a pulse duration of 300 ms 
and a pulse frequency of 0.2 Hz, starting at −50 pA and increasing in steps of +10 pA. Example pulses are colored. (B) Current-clamp measurements 
of PNN (n = 28). Cells exhibit phasic (46%) (B, left) or tonic (54%) (B, right) action potential firing behavior. (C) Representative traces of changes in Ca2+ 
indicator fluorescence (=Δ signal intensity) in response to the negative control HBSS (Hanks’ balanced salt solution), the positive control KCl [50 mM], 
and the voltage-gated sodium (NaV) channel opener veratridine (VTD) [3 µM]. The arrow indicates the time point of stimulus addition. Data are shown as 
means of 4 biological replicates. The dotted lines indicate the upper and lower bounds of the SEM. (D) Quantification of the percentage of reactive cells 
according to their Δ signal intensity values upon HBSS, VTD, or KCl addition. The horizontal line indicates the noise boundary of the Δ signal intensity. 
Each dot represents the Δ signal intensity of an individual cell. The mean ± SD of all cells is shown. The percentage of reactive cells is indicated below 
the diagram and the exact number of measured cells is given above. A total of more than 10 000 cells was individually measured in 14 experiments.
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Figure 6. Functional characterization of the nociceptor-ion channels P2X3 and TRPV1 in PNN. Sensory neurons were differentiated for at least 37 days after 
thawing. (A) Representative immunofluorescence images of fixed cells stained for P2X3 and peripherin (PRPH) (left), as well as TRPV1 and βIII-tubulin (βIII-
Tub) (right). Nuclei were stained using H33342 (DNA). Color code and scale bars are given in the images, and further details are shown in Supplementary 
Fig. S10A,B. (B) Representative voltage-clamp recordings of cells exposed to α,β-methylene ATP (α,β-meATP) [10 µM] (left) and capsaicin [1 µM] (right). The 
black bars indicate the time of compound exposure. (C) Representative traces of changes in intracellular Ca2+ concentration of single cells upon addition 
of α,β-meATP [1 µM] (left) and capsaicin [1 µM] (right). The black bars indicate the time of compound exposure. (D) Concentration dependence of the 
percentage of reactive cells toward a stimulus of α,β-meATP (left) and capsaicin (right). The blue data point depicts the respective percentage of reactive 
cells in sensory neurons generated traditionally (without transient NGN1-overexpression). (E) Concentration-dependence of the P2X3-specific antagonists 
AF-353 and A-317491 (purple) (left) and the TRPV1-specific antagonists capsazepine and SB-366791 (right). All data are means ± SEM of at least 3 biological 
replicates. Significance was tested against control/HBSS (*) or against cells w/o NGN1-overexpression (#). */#P < .05, **/##P < .005.
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As second approach to understand functional impairments 
triggered by oxaliplatin, we studied potentially modified re-
ceptor responses. Triggered by the pertinent literature18,22 we 
focused on TRPV1. A significant hypersensitivity to capsaicin 

was observed at the low oxaliplatin (5 µM) concentration 
(Fig. 7E). The control stimulus (P2X3 receptors) was not af-
fected at this concentration. However, the response of P2X3 
receptors was found to be decreased at higher (20 µM) 

Figure 7. Functional impairment of PNN exposed to oxaliplatin. PNN (>DoD37) were used for Ca2+-imaging experiments to assess oxaliplatin-induced 
functional impairments. (A) Schematic representation of the experimental setup to assess responses toward a mechanical stimulus. (B) PNN were 
pre-treated with oxaliplatin (Oxali) according to (A). Cells received the P2X3 antagonist A-317491 (A31, 10 µM), or the NaV channel inhibitors tetrodotoxin 
(TTX, 3 µM) or carbamazepine (Carb). The fractions of cells reacting with Ca2+-influx (ΔF > 18) were quantified. (C) Schematic representation of 
oxaliplatin exposure scenarios (a-d) before stimulation of cells by HBSS addition (see trigger mark). Some cells (a) did not receive oxaliplatin pre-
treatment, while others (b) were pre-treated with oxaliplatin for 24 h prior to Ca2+ measurements. Condition (c) included pre-treatment with oxaliplatin 
for 1 h only. In scenario (d), a 24-h oxaliplatin pre-treatment was ended 2 h before Ca2+-measurement. (D) PNN were treated with oxaliplatin according 
to the scenarios (a-d), and reactive cells were quantified. Data in (B), (D) are means ± SEM, from 3-6 biological replicates. Significance was tested 
against condition a (*) or against condition b (#). */#P < .05, ***/###P < .001. (E, F) Effect of oxaliplatin pre-treatment (24 h) on (E) TRPV1 and (F) P2X3 
PNN reactivity upon capsaicin or α,β-meATP stimulation (both 1 µM), respectively. Data points belonging to the same cell lot are color matched. Means 
± SEM are given. Significance was tested against the respective control (0 µM). *P < .05, **P < .005, n.s. not significant.
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oxaliplatin pre-treatment (Fig. 7F). As the depression of P2X3 
responses by oxaliplatin pre-treatment was quite pronounced, 
and some direct receptor inactivation by oxaliplatin may be 
conceived, we performed a series of experiments varying the 
presence of the chemotherapeutic drug during receptor stim-
ulation. Only prolonged pre-treatment was effective, while 
direct presence of oxaliplatin was not required to attenuate 
P2X3 responses (Supplementary Fig. S12D).

In contrast to oxaliplatin, cisplatin treatment usually is not 
associated with acute pain effects.9 We investigated whether 
this was replicable in the in vitro model. In cisplatin pretreated 
cells, we did neither observe mechanical allodynia-like sig-
nals nor TRPV1 hyper-responsiveness. However, a decrease 
in P2X3 responsiveness was observed as seen similarly for 
oxaliplatin (Fig. S12A,E).

In summary, these data suggest that CIPN-relevant 
alterations of ion channel functions can be observed and 
studied in PNN. As both hyper- and hypo-sensitivity 
to different stimuli can be simultaneously assessed in a 
concentration-dependent manner, the PNN-based test system 
allows for novel approaches to study CIPN in vitro.

Discussion
We present here a robust method to generate PNN. Moreover, 
the study provides a full characterization of a signaling end-
point that can be used to assess normal and disturbed neu-
ronal signaling in such cultures. Finally, we demonstrate in 
an exemplary case study the applicability of PNN to assess 
pain-related altered neuronal excitability after exposure to a 
chemotherapeutic drug.

Altogether, this paper contains Ca2+-signaling data for more 
than 60 000 individual neurons. The recording of intracellular 
Ca2+ concentrations over time provides a wealth of data (con-
sidering different curve shapes, peak heights, areas-under-the 
curve, relaxations times, etc.). Extraction of robust informa-
tion from such multidimensional data sets can be extremely 
difficult. Often it is not possible at all, unless the evaluation 
method is adapted and optimized from experiment to exper-
iment. The latter procedure has a relatively large risk of bias. 
We explored here as alternative the use of a binary readout of 
“responsive” vs “non-responsive” cells. This allowed the clear 
and accessible display of the multidimensional data recorded 
by high-throughput imaging. With this test method in hand, 
we demonstrated, using the example of oxaliplatin, that drug-
induced receptor hyper-sensitivity or mechanical allodynia 
can be assessed in vitro.

Until few years ago, the major models to study peripheral 
pain-related neuropathies were experimental animals and 
patients.1,68 The few in vitro studies mainly focused on struc-
tural defects, and the main test systems for this were rodent 
neurons. Robust quantitative studies on nociceptor modula-
tion are thus quite limited.69 In vivo studies often assess be-
havioral outcome measures that are the result of a complex 
integration of peripheral, central, and glial cell-type activities. 
In such situations, specific mechanisms or receptors are hard 
to assess. Within the published mechanistic studies, only a 
small fraction focused on functional neuronal properties.70 
Morphology-based test methods are more wide-spread and 
better-established, but they may miss signaling changes.27 
This is at present an important gap in CIPN research, as it is 
known that chemotherapeutic drugs like oxaliplatin can alter 
neuronal excitability/function without structural damage.25 

Test systems based on nociceptor functions are therefore re-
quired in this area.

Since pluripotent stem cells have been established as readily 
available resources, it became possible to generate complex 
human cell types not easily available from other sources. 
Protocols to generate peripheral neurons from iPSCs have 
paved the way for new human-relevant test systems. In vitro 
test methods offer many advantages for the study of spe-
cific mechanistic and pharmacological aspects of peripheral 
neurotoxicity due to their relative “simplicity”, and as en-
vironmental factors can be very tightly controlled. Indeed, 
iPSC-based in vitro test methods have been repeatedly used to 
measure the effects of chemotherapeutics on cellular viability 
or morphology.3,4,31,71-73 However, there is still a dearth of 
studies that employ human iPSC-derived nociceptor cultures 
to assess alterations of signaling endpoints. The cell system, 
together with the endpoints we characterized may help to fill 
this gap for toxicological or pharmacological studies.

Although we have several years of experience in the use 
of sensory neuronal cultures,3,4,26,74 it was not possible to sig-
nificantly improve the nociceptor character of these cells by 
using modifications of conventional protocols.2 Functional 
sensory neurons can indeed be obtained after differentia-
tion times of >60 days.32,75 However, such time-demanding 
protocols severely limit the usefulness and robustness of the 
resulting cultures. Therefore, we harnessed here the nowadays 
widely used method of transcriptional programming32,76-79 to 
enhance the fate specification toward nociceptive neurons 
by transient NGN1 overexpression. The integration of this 
approach into the traditional small molecule differentiation 
protocol yielded PNN with a high abundance of P2X3 and 
TRPV1 receptors. It was interesting to note that gene ex-
pression patterns quickly resembled those of PNN, but the 
cells required considerably more time to acquire functional 
properties of nociceptors. For instance, high transcript levels 
for P2X3 were detected already on DoD1, while responses to 
P2X3 agonists were measured earliest from DoD28 onwards. 
This may be attributable to the continuing changes in several 
components of signaling pathways.80 Our study therefore also 
demonstrates that the expression of receptor-encoding genes 
does not necessarily imply the functionality of these receptors.

We made here use of the fact that recording of Ca2+ signaling 
on the level of single cells allows the assessment of the com-
position of functionally heterogeneous populations. This is 
important for nociceptors, which are known to be a phenotyp-
ically mixed population (eg, TRPV1 expression is only found 
on half of the peptidergic nociceptors81). Mixed populations 
also require large numbers of cells to be monitored to obtain 
robust results. In this sense, the endpoint presented here offers 
possibilities to re-evaluate other approaches that originally 
had to use <20 individual cells for important statements.22

Conclusion
The in vitro model of PNN opens new possibilities for the 
study of functional aspects of peripheral neuropathies. 
However, our study does not close all gaps. An important fu-
ture goal is the further shortening of the culture time, and the 
generation of several, highly defined subpopulations of sen-
sory neurons. For instance, nociceptors expressing TRPA1,18 
or other specific receptors and ion channels would be desir-
able. It should also not be forgotten that toxicity often is a 
network phenomenon that may involve interactions between 
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several glial cells, nociceptors and central neurons.82,83 Next 
steps might therefore involve co-culturing of PNN with eg, 
Schwann cells.84 In the more distant future, it is likely that 
network recording tools, like multi-electrode arrays, will 
reach cellular resolution, and thus allow recording of single 
cell responses in mixed cultures.
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