
42 www.e-neurospine.org

Original Article
Corresponding Author
Marianna Peroglio

 https://orcid.org/0000-0002-5458-3446

AO Research Institute Davos, 
Clavadelerstrasse 8, 7270 Davos, 
Switzerland
E-mail: marianna.peroglio@aofoundation.org

Received: January 31, 2020 
Revised: February 27, 2020 
Accepted: February 28, 2020

Direct and Intervertebral Disc-
Mediated Sensitization of Dorsal Root 
Ganglion Neurons by Hypoxia and 
Low pH
Junxuan Ma, Despina Stefanoska, Sibylle Grad, Mauro Alini, Marianna Peroglio

AO Research Institute Davos, Davos, Switzerland

Objective: Ischemia-related risk factors are consistently correlated with discogenic pain, 
but it remains unclear how the ischemia-associated hypoxia and acidosis influence the pe-
ripheral sensory nervous system, namely the dorsal root ganglion (DRG), either directly or 
indirectly via intervertebral disc (IVD) mediation. 
Methods: Bovine tail IVD organ cultures were preconditioned in different hypoxic and/or 
acidic conditions for 3 days to collect the conditioned medium (CM). The DRG-derived 
ND7/23 cells were either treated by the IVD CM or directly stimulated by hypoxic and/or 
acidic conditions. Neuronal sensitization was evaluated using calcium imaging (Fluo-4) af-
ter 3 days. 
Results: We found that direct exposure of DRG cell line to hypoxia and acidosis increased 
both spontaneous and bradykinin-stimulated calcium response compared to normoxia-neu-
tral pH cultures. Hypoxia and low pH in combination showed stronger effect than either 
parameter on its own. Indirect exposure of DRG to hypoxia-acidosis-stressed IVD CM also 
increased spontaneous and bradykinin-stimulated response, but to a lower extent than di-
rect exposure. The impact of direct hypoxia and acidosis on DRG was validated in a prima-
ry sheep DRG cell culture, showing the same trend. 
Conclusion: Our data suggest that targeting hypoxia and acidosis stresses both in IVD and 
DRG could be a relevant objective in discogenic pain treatment.

Keywords: Low back pain, Intervertebral disc, Dorsal root ganglion, Calcium Imaging, 
Hypoxia, Acidosis

INTRODUCTION

Low back pain (LBP) represents a major health problem ow-
ing to its frequency and consequences on professional life.1 In-
tervertebral disc degeneration is commonly associated with back 
pain.2,3 Despite its multifactorial nature, ischemia-related risk 
factors (aortic calcification, stenosis of lumbar arteries, smok-
ing and high serum cholesterol levels) are consistently correlat-
ed with discogenic pain.4-6

Nutrient supply in the avascular IVD is highly dependent on 
endplate diffusion.7 As a result of ischemia, the oxygen concen-
tration in the IVD can decrease to a level below the metabolic 
requirements. Reduction in oxygen delivery below tissue de-
mand is defined as hypoxia.8 Moreover, local low pH decreases 

due to the accumulation of lactate under hypoxic metabolism 
and failed circulation transport due to ischemia. Bio-markers of 
hypoxia such as hypoxia-inducible factor 1-alpha, glucose trans-
porter type 1, 3, and 9 were upregulated in the degenerative 
IVD,9,10 while high lactate concentrations associated with an-
aerobic metabolism were found in the IVD associated with dis-
cogenic pain.11 Electrode measurements of the IVD during sur-
gery found that the pH varied with the degree of degeneration 
and could fall below 6.0.12

It is known that the dorsal root ganglion (DRG) contains the 
cell bodies of the primary sensory neurons responsible for trans-
ducing and modulating sensory signals including nociception 
and/or pain.13 The pathological discharge of the DRG neurons 
transmits noxious or painful information to the central sensory 
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nervous system (CNS) and is believed to be one biological basis 
of pain.14,15 Experiments in animal models proved that sponta-
neous unprovoked pain, paresthesias, dysthesias, pain evoked 
by normally innocuous stimuli (allodynia) and exaggerated 
pain due to noxious stimuli (hyperalgesia), which are all typi-
cally associated with chronic pain symptom,16 largely depend 
on the peripheral input from DRG neurons.17,18

Former studies showed that the inflammatory, degenerative 
IVD can cause an increase in the endoneural fluid pressure19,20 
leading to the ischemia of the DRG.21-24 Hence, the ischemia-as-
sociated factors, namely hypoxia and acidosis, may directly in-
fluence DRG.25-27 The direct exposure of DRG to hypoxia and 
acidosis was defined as ‘direct effect.’ Alternatively, hypoxia- and 
acidosis-stressed IVD may release molecules that influence DRG 
sensitization.27 We defined this IVD-mediated effect as ‘indirect 
effect.’ Our hypothesis is that both ‘direct effect’ and ‘indirect ef-
fect’ of hypoxia and low pH can lead to DRG neuron neuropathy 
with spontaneous discharge or discharge evoked by bradykinin.

In this context, in vitro models are useful for studying pain-
related neural physiology. In this study, the DRG-derived ND7/23 
cell line was used. It is derived from cell fusion of N18Tg2 mouse 
neuroblastoma and neonatal rats DRG neurons.28 This cell line 
has been chosen since after differentiation, the ND7/23 cells 
display sensory neuron-like properties, such as depolarization 
in response to bradykinin and capsaicin and expression of neu-
ropeptide substance P.28 To ensure translational relevance of the 
study, primary DRG cells harvested from adult sheep were used 
to validate key findings obtained with the cell line.

Calcium imaging is a powerful tool to evaluate intracellular 
calcium signal within a large population of peripheral sensory 
neurons and to study pain mechanisms.29,30 The transient in-
crease of intracellular calcium levels following neuronal dis-
charge is a key step for neurotransmitter release which is both 
enough and necessary for the synaptic transmission of nocicep-
tive (pain) signal to the CNS.31 Furthermore, former studies 
comparing calcium imaging with electrophysiological measure-
ment using patch clamp showed that increases in intracellular 
calcium level detected using calcium imaging reliably and, with-
in a certain range, linearly reflect neuronal firing. Additionally, 
patterns of action potentials in individual cells can be deduced 
from calcium recordings.32-34

In this study, DRG cells were either directly exposed to hy-
poxia and acidosis, or indirectly (The indirect effect was evalu-
ated by stimulating the DRG cells with hypoxia and acidosis 
treated IVD conditioned medium [CM], where hypoxia and 
acidosis were not directly applied to DRG.). The effect of hy-

poxia alone, acidosis alone or their combination were investi-
gated. Spontaneous and bradykinin-stimulated response of 
DRG cells was evaluated using calcium imaging of both soma 
(cell body) and neurite outgrowth. Key output parameters in-
cluded calcium peak frequency, peak height, and proportion of 
cells responding to bradykinin.

MATERIALS AND METHODS 

The study design included: (1) Direct influence of hypoxia 
and acidosis on DRG sensitization (Fig. 1A); (2) Indirect influ-
ence of hypoxia and acidosis: influence of hypoxia-acidosis-
stressed IVD on DRG sensitization. Hypoxia and/ or acidosis 
were applied to IVDs for 3 days. Following this precondition-
ing, IVDs were cultured in normoxia and neutral pH for collec-
tion of IVD CM used to stimulate DRG cells (Fig. 1B).

1. ND7/23 Cell Line Culture and Neural Differentiation
DRG neuron-derived ND7/23 cells (Sigma-Aldrich, St. Lou-

is, MI, USA; cat. no. 92090903) were expanded in 4.5-g/L glu-
cose Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Pais-
ley, UK; cat. no. 52100-021), 10% fetal calf serum (FCS; Sera 
Plus, Biotech, Aidenbach, Germany; cat. no. 3702-P121812), 
1% penicillin/streptomycin (P/S, cat. no. 15140-122; Gibco), 
and 0.11-g/L sodium pyruvate (cat. no. P5280; Sigma-Aldrich). 
The cells were cultured at 37°C and 5% CO2 and passaged ev-
ery 4 days. Passage 8 ND7/23 cells were used for the study, while 
cell seeding density was 10,000 cells/cm2 for both routine pas-
sage and the study designs.

Since neural differentiation is necessary to achieve electro-
physiological properties similar to those observed in primary 
sensory neurons in culture, neural differentiation was induced 
by adding 1 mM N6,2́ -O-Dibutyryladenosine 3́ ,5́ -cyclic mo-
nophosphate sodium salt (cAMP, Sigma-Aldrich; cat. no. D0260) 
and 10-ng/mL recombinant rat beta-nerve growth factor (NGF; 
R&D Systems Inc., Minneapolis, MN; US; cat. no. 556-NG-
100)28,35 to either IVD CM (supplemented with 0.5% FCS) or 
DMEM (supplemented with 1% penicillin/streptomycin and 
0.11-g/L sodium pyruvate) 1 hour after cell seeding.

2.  Direct Exposure of ND7/23 Cells to Different 
Combinations of pH and Oxygen Level
ND7/23 cells were seeded in 48-well plates at a density of 

10,000 cells/cm2. After 1h of cell attachment in standard culture 
conditions (pH 7.4, O2 20%, cultured in DMEM with 0.11-g/L 
sodium pyruvate, 10% FCS and 1% P/S), the culture medium 
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was replaced by neural differentiation medium adjusted at dif-
ferent pHs and/or different oxygen tensions (pH 7.4, O2 20%; 
pH 6.5, O2 20%; pH 7.4, O2 2%; and pH 6.5, O2 2%). Hypoxia 
condition was created by setting the oxygen level at 2% in the 
low oxygen incubator (Thermo Fisher Scientific, Waltham, MA, 
USA), while normoxia culture was maintained in a standard 
tissue culture incubator at 20% oxygen (5% CO2 in both condi-
tions). The pH was adjusted with hydrogen chloride and was 
equilibrated overnight inside an incubator set at 5% CO2. To at-
tain pH 6.5, 42 μL of 1N hydrogen chloride was added per 1-mL 
medium; to attain pH 7.4, 27 μL of 1 N hydrogen chloride was 
added per 1 mL medium. The final pH was confirmed inside 
the incubator using a pH electrode connecting the pH meter 
(744 pH Meter, Metrohm Schweiz AG, Zofingen, Switzerland) 
set outside the incubator. Following a 72-hour exposure, cells 
were washed with Krebs-Ringer solution, maintained in pH 7.4 
and O2 20%, and evaluated for calcium imaging.

3. Preparation of IVD Conditioned Media
In addition to direct exposure of DRG cells to hypoxia and 

low pH (‘direct influence’), hypoxia and low pH may promote 
the IVD to release metabolites, cytokines, and other factors in 
the IVD CM which sensitize DRG neurons (‘indirect effect’). 
To study this sole ‘indirect effect’ and exclude the interference 
from ‘direct effect’, one must ensure that all IVD CM are nor-
moxic and at neutral pH. To achieve this goal, after stimulating 
the IVDs using hypoxia and/or low pH for 3 days (precondi-
tioning), the IVD culture medium was changed to normoxia 
and neutral pH for IVD CM collection.

In details, IVDs were dissected from 7 bovine tails obtained 
from a local abattoir. Whole IVDs were excised with intact end-
plates and were cultured in different hypoxic and/or acidic con-
ditions (pH 7.4, O2 20%; pH 6.5, O2 20%; pH 7.4, O2 2%; and 
pH 6.5, O2 2%) in DMEM with 0.11-g/L sodium pyruvate, 10% 
FCS and 1% P/S for 3 days. The pH adjustment methods were 

Fig. 1. Experimental setting of ND7/23 cells stimulated either directly by hypoxia and/or low pH stress (A) or indirectly by the 
conditioned medium from bovine IVDs preconditioned by hypoxia and/or low pH (B). (C-E) Workflow of calcium imaging data 
analysis. DRG, dorsal root ganglion; IVD, intervertebral disc; CM, conditioned medium; ROI, region of interest.
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the same as described above. The donor and IVD size were 
evenly distributed between groups. After 3 days of culture, the 
culture medium of all discs was replaced by DMEM supplement-
ed with 2% HEPES (Thermo Fisher Scientific; cat. no. 15630122) 
and cultured in 20% O2 for additional 24 hours. Then these 
media (used for the last 24 hours of IVD culture in all groups)  
were collected and stored undiluted at -20°C until further use. 
These media contain metabolites, growth factors, and extracel-
lular matrix proteins secreted into the media by the IVDs and 
were defined as the IVD conditioned media.

4.  Indirect, IVD-Mediated Exposure of ND7/23 Cells to 
Different Combinations of pH and Oxygen Level
ND7/23 cells were seeded in 48-well plates at a density of 

10,000 cells/cm2. After 1 hour of cell attachment in standard cul-
ture conditions (pH 7.4, O2 20%, cultured in DMEM with 0.11-
g/L sodium pyruvate, 10% FCS and 1% P/S), the culture medi-
um was replaced by the different undiluted IVD CM. In addi-
tion, 0.5% FCS, 1 mM cAMP and 10 ng/mL (NGF) were added 
to all the groups to induce neural differentiation. After 72 hours 
of culture, calcium imaging was performed. The DRG cell line 
treatment was limited to 72 hours because longer time in low 
serum conditions caused a significant cell death.

5. Calcium Imaging
The calcium imaging method was based on former literature.36 

The cells were washed with Krebs-Ringer’s solution (NaCl 119 
mM, KCl 2.5 mM, NaH2PO4 1.0 mM, CaCl2 2.5 mM, MgCl2 1.3 
mM, HEPES 20 mM and D-glucose 11.0 mM dissolved in de-
ionized water and filtered with 0.22-μm filter) and then incubat-
ed with 5 μM Fluo-4-AM (F14217; Thermo Fisher Scientific, 
Reinach, Switzerland) dissolved in Krebs-Ringer’s solution sup-
plemented with 0.3% bovine serum albumin (Fluka, Buchs, 
Switzerland; cat. no. 05484) and 10 μM probenecid (Thermo 
Fisher Scientific; cat. no. P36400) for 40 minutes at 37°C. Cells 
were washed once with Krebs-Ringer’s solution and further in-
cubated for 10 minutes at 37°C to de-esterize Fluo-4-AM. Fol-
lowing this step, cells were washed again and then preserved in 
200-μL Krebs-Ringer solution. Time-lapse images were acquired 
using EVOS FL Auto 2 Imaging System (Thermo Fisher Scien-
tific) at × 20 magnification, 0.40 numerical aperture and 6.8-
mm working distance. The image acquisition rate was set at one 
image per second and the recording time was set to 200 seconds. 
The first 100 seconds were taken as baseline level. At the 100th 
second, 200 μL of 1 μM bradykinin (Sigma-Aldrich; cat. no. 
B3259) was added to the well (bradykinin final concentra-

tion= 0.5 μM) to study the DRG cell line response to bradykinin.

6. Calcium Imaging Data Analysis
Since in animal models nerve fibers (neurite outgrowth) were 

frequently evaluated for their extracellular discharge to study 
the physiological mechanism of pain,14,15 in our vitro study cal-
cium signal in the neurite outgrowth was assessed in addition 
to the evaluation of calcium signal in the soma (Fig. 1C-E). The 
calcium imaging method was modified based on previously re-
ported protocols and includes 3 steps: (1) definition of the region 
of interest (ROI), (2) normalization of the fluorescent change 
over time, and (3) analysis of the calcium fluorescent peaks.37,38

ROI of soma was automatically established using a threshold 
of ‘20-255’ in the 8-bit stack image produced by ‘Z project’ func-
tion within ImageJ Fiji (version 1.52p, National Institutes of 
Health, Bethesda, MD, US) using time-lapse images from 1 to 
100 seconds with the projection type set as ‘average intensity.’ 
Since cell loading of Fluo-4-AM depends on intracellular ester-
ase activity of living cells, this method can be used to exclude 
non-viable cells (fluorescent intensity below the threshold).

The longest neurite outgrowth per cell was defined as ROI of 
outgrowth using the ‘Simple Neurite Tracer’ plugin (ver. 3.1.3) 
within ImageJ Fiji39 in the 8-bit stack image. The stacked image 
was acquired using the ‘Z project’ function from 1 to 200 sec-
onds, with projection type set as ‘maximum intensity.’ This was 
done to achieve a high sensitivity for recognizing fine outgrowth. 
Only outgrowth longer than 30 μm (which is approximately the 
soma diameter) was included in the analysis. Since outgrowths 
collapse when cells die, the calcium imaging within outgrowth 
should indicate living cell functions.

The mean value of fluorescent intensity within the ROI was 
analyzed as ‘grey value’ of images using the ImageJ Fiji. The 
‘grey value’ was averaged in images from 1 to 100 seconds to 
obtain the baseline fluorescence level (F0). The real-time fluo-
rescent value (F) was normalized by F0 to obtain the relative 
fluorescent change over time (F-F0)/F0. The calculation was 
performed using ‘R’ (versions 3.5.2 and 3.6.2 Lucent Technolo-
gies Inc., Reston, VA, USA), which was also used to plot first 
derivative curves of ∆F/F0 over time (representing the speed of 
relative fluorescence change over time).

Spontaneous activation of the cell line was evaluated from 1 to 
100 seconds, while response to bradykinin was evaluated from 
100 to 200 seconds. To filter out noise, only a fast increase of ∆F/
F0 was considered an intracellular calcium event (i.e., calcium 
peak). Hence, the first derivative (d∆F/F0) of the ∆F/F0 curve was 
used to represent how fast intracellular calcium concentration 
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was changing over time. Only if d∆F/F0 was higher than 0.05/sec 
(fluorescent intensity changing faster than 0.05 of baseline level 
per second), the peak was considered as a calcium event.

7. Statistics
For both spontaneous and bradykinin-induced calcium events 

in soma or outgrowth, proportions of cells with a calcium event 
(calcium peak with d∆F/F0 larger than 0.05/sec) were statisti-
cally compared between groups using chi-square method in R.

For each soma or outgrowth, the intensity of calcium peaks 
was quantified using average maximum fluorescent elevation 
speed (MFES, based on the peak height in the derivative curve) 
and calcium peak height (based on the area under curve in the 
derivative curve) for both spontaneous and bradykinin-stimu-
lated calcium events. Additionally, the peak frequency was ana-
lyzed for spontaneous calcium events, while duration of the 
calcium peaks of d∆F/F0 was evaluated for bradykinin-stimu-
lated calcium events. Since peaks were usually convolved after 
bradykinin stimulus, duration of the peaks was a better indica-
tor than peak frequency for the analysis of bradykinin-stimu-
lated calcium peaks. These indicators were compared between 
groups using Wilcoxon rank sum test in R.

The calcium imaging method was the same comparing ND7/23 
cells stressed by hypoxia/low pH and those treated with differ-
ent IVD CMs. For the ND7/23 stressed by hypoxia/low pH, 5 
independent experiments were performed, with 3 wells per 
group in each experiment. One field of each well was taken for 
the calcium imaging analysis. The data shown were pooled from 
the 5 independent experiments. For the ND7/23 treated with 
different IVD CMs, IVDs from 7 bovine tails were included 
(biological replicates), with 2–4 IVDs dissected from each tail. 
The CM from the same bovine donor and same group was com-
bined to stimulate 3 wells of ND7/23 cells (technical replicates). 
One field per well was used for the calcium imaging analysis.

8. Sheep DRG Dissociated Cell Culture
Primary DRG cell culture from a large animal (sheep) was 

used to validate the main findings obtained with the ND7/23 
cell line. DRGs were dissected from sheep lumbar spines (L1–5) 
(obtained from sheep used in other unrelated preclinical stud-
ies approved by the cantonal ethics committee of Graubünden/
Grisons). After carefully removing the DRG membrane and 
mincing the DRGs into small pieces with a scalpel, cells were 
isolated by sequential digestion of the minced DRG tissues with 
2.5-mg/mL type I collagenase (Sigma-Aldrich; C9896) in PBS 
(37°C, on a shaker) for 1 hour and 0.25% trypsin/EDTA (Gib-

co; cat. no. 15400-054) solution (prewarmed to 37°C) for an-
other 30 minutes. Trituration of the loosened DRGs was per-
formed using a pipette tip (100–1,000 μL) until the digested tis-
sue pieces could easily pass through the pipette tip. The cell sus-
pension was then filtered through a 100-μm cell strainer (Fal-
con, Corning, NY, USA) to eliminate undigested tissue clusters 
and the enzymatic activity was stopped using an equal volume 
of DMEM/F12 medium supplemented with 10% FCS. Cells 
were centrifuged once (200 g for 10 minutes) and resuspended 
in DMEM/F12 medium with 10% FCS. Cells dissociated from 
12 DRGs (obtained from sheep lumbar spine) were resuspend-
ed in 4 mL solution and distributed into 12 wells of 15 μ-Slide 
8 well chambers (ibidi GmbH, Gräfelfing, Germany; cat. no. 
80824) (200-μL cell solution per well) with an overall culture 
surface of 12 cm2. In this way an initial confluency of around 
70% could be constantly achieved. Cells were seeded using 200 
μL of cell suspension per well. Following an overnight incuba-
tion, half of the medium in one chamber was replaced with 
DMEM 10% FCS preadjusted to pH 6.5 and kept in 2% oxygen 
culture for another 4 days (as acidic/hypoxic group), while half 
of the medium in the other chamber was changed to DMEM 
10% FCS preadjusted to pH 7.4 and cultured in 20% oxygen for 
additional 4 days (as neutral pH/normoxic group). Half of the 
medium was changed to pH-adjusted medium because the pri-
mary DRG neurons dramatically lost viability if the whole cul-
ture medium was replaced with medium adjusted to pH-6.5. 
Two independent experiments were performed using DRGs 
from 2 sheep donors; each group in each independent experi-
ment included 6 wells of culture for calcium imaging.

9. Calcium Imaging of Sheep Primary DRG Cell Culture
The calcium imaging method for primary sheep DRG cells 

was mostly the same as for the ND7/23 cells. The only differ-
ence was an additional step to recognize neurons from other 
kinds of cells in the mixed DRG culture: following 0–100 sec-
onds of baseline recording and 100–200 seconds bradykinin re-
sponse recording, 30 μL of 500 mM potassium chloride was 
added to the DRG cells in 270-μL Krebs-Ringer solution at the 
200th second for another 50-second recording. Since only neu-
ronal structures depolarize due to extracellular increase of po-
tassium chloride, ROIs obtained for the primary DRG cells us-
ing the same method as in cell line calcium imaging analysis 
were subdivided to those with potassium induced calcium peak 
(DRG neuronal structures) and those without potassium in-
duced peak (nonneuronal structures) after adding potassium 
chloride (a peak was defined as d∆F/F0 higher than 0.05/sec, 
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the same as in the cell line data analysis).40,41 The neuronal sub-
division procedures were performed using ‘R’. The proportion 
of neuronal ROIs with calcium events, average MFES and peak 
height were evaluated for both spontaneous and bradykinin-
stimulated calcium events. The peak frequency was analyzed 
for spontaneous calcium events and flux duration was evaluat-
ed for bradykinin-stimulated calcium events.

RESULTS

1.  Direct Exposure to Hypoxia and Low pH Promoted 
Spontaneous Calcium Response in ND7/23 Outgrowth 
and Soma

Ischemia in DRG can develop as a result of the exposure to 
the degenerative IVD microenvironment.14,15 Therefore, hypox-
ia and low pH as ischemia-related factors were evaluated re-
garding their influence on DRG neuronal sensitization. Hypox-

ia and/or low pH increased spontaneous calcium response both 
in neurite outgrowth and soma, as it can be qualitatively ob-
served in the first derivative of the fluorescence curves over 
time (Fig. 2A-D, Fig. 3A-D). This was further validated by the 
following quantifications of the calcium peaks in the curves.

For spontaneous calcium response in the neurite outgrowth, 
low pH alone significantly increased MFES, peak frequency 
and peak height by 4.1%, 75%, and 29.2%, respectively, while 
hypoxia alone only increased MFES by 29.3% (Fig. 2F-H). The 
combination of hypoxia with low pH resulted in a significant 
increase of MFES, frequency and height (by 12.7%, 50%, and 
31.7%, respectively) compared to normoxia and neutral pH (Fig. 
2F-H). No significant difference in proportion of cells with cal-
cium events was found among groups (Fig. 2E).

For spontaneous calcium response in the soma, changes in 
pH alone or oxygen tension alone had only minor effects on 
MFES, peak frequency and peak height (Fig. 3F-H), but the 

Fig. 2. The influence of hypoxia and low pH on spontaneous response (from 0 to 100 seconds) in ND7/23 outgrowth. (A-D) 
First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium concentration fluctua-
tion. Each colored curve represents one neurite outgrowth from each cell. Peaks in the curve are regarded as calcium events 
which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of cells with 
calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square method was 
used for statistics. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated based on the 
derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in panels F and H show 
95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 25% and 75% quan-
tile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded as signifi-
cant and those values were shown in the plots. DRG, dorsal root ganglion.
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combination of hypoxia with low pH enhanced MFES and cal-
cium peak height by 23.5% and 37.3% compared to normoxia 
and neutral pH (Fig. 3F, H), respectively. Hypoxia alone was 
enough to increase the proportion of cells with calcium events 
by 42.8% (from 19.02% to 27.17%) compared to normoxia and 
neutral pH (p= 0.017) (Fig. 3E), while the combination of hy-
poxia with low pH induced a significant increase in the propor-
tion of reactive cells by 89.9% (from 19.02% to 36.11%) (p<0.001) 
(Fig. 3E). Only minor changes in peak frequency were detected 
among groups (Fig. 3G).

2.  Direct Exposure to Hypoxia and Low pH Promoted 
Bradykinin-Stimulated Response in ND7/23 Soma and 
Outgrowth

Overall, the bradykinin-stimulated response was stronger than 
spontaneous response (Fig. 4A-D, Fig. 5A-D), thus peak duration 
was evaluated instead of peak frequency (small peaks tend to 
convolve with each other). The calcium response to bradykinin 

stimulation was different in the outgrowth and soma regions.
Regarding the calcium response to bradykinin in neurite out-

growth, hypoxia, low pH and their combination all significantly 
increased MFES (by 46%, 37%, and 55.4%, respectively, Fig. 4F) 
compared to normoxia and neutral pH. Low pH alone increased 
calcium peak height by 19.8% (Fig. 4F), while low pH combined 
with hypoxia increased peak height by 39.7% (Fig. 4H) com-
pared to normoxia and neutral pH. The proportion of reactive 
cells was higher than 90% in all bradykinin-stimulated groups 
(Fig. 4E). No significant difference was detected for peak dura-
tion among groups (Fig. 4G).

For bradykinin-stimulated response in soma, when ND7/23 
was stressed by hypoxia and/or low pH, calcium flux was faster 
(indicated by the larger MFES) (Fig. 5F) but shorter (indicated 
by the smaller peak duration) (Fig. 5G), thus the peak height 
showed no significant difference among groups (Fig. 5H). The 
proportion of reactive cells was high in all bradykinin-stimulat-
ed groups (Fig. 5E). Representative images of calcium imaging 

Fig. 3. The influence of hypoxia and low pH on spontaneous response (from 0 to 100 seconds) in ND7/23 soma. (A-D) First de-
rivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium concentration fluctuation. 
Each colored curve represents one soma from each cell. Peaks in the curve are regarded as calcium events which indicate neuro-
nal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of cells with calcium events. The 
definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square method was used for statistics. (F-
H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated based on the derivative curve. Blue 
spots in the plots show data distribution; black bar represents median; error bars in panels F and H show 95% confident interval 
of median (calculated using bootstrapping method); while error bar in panel G shows 25% and 75% quantile. A p-value was cal-
culated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded as significant and those values 
were shown in the plots. DRG, dorsal root ganglion.
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Fig. 4. The influence of hypoxia and low pH on bradykinin-stimulated response (from 0 to 100 seconds) in ND7/23 outgrowth. 
(A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium concentration 
fluctuation. Each colored curve represents one neurite outgrowth from each cell. Peaks in the curve are regarded as calcium 
events which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of cells 
with calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square method 
was used for statistics. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated based on 
the derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in panels F and H 
show 95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 25% and 
75% quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded 
as significant and those values were shown in the plots. DRG, dorsal root ganglion.
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at the time of bradykinin addition are shown in Fig. 5I-L and 
representative videos are provided as Supplementary vedio clips  
1 and 2.

3.  Indirect, IVD-Mediated Exposure to Hypoxia and Low 
pH Promoted Spontaneous Calcium Response in 
ND7/23 Outgrowth

Since DRG neurites extend to the outer portion of the IVD, 
hypoxia and low pH in the IVD can indirectly influence the 
DRG, representing a possible mechanism of DRG sensory neu-
ron sensitization. To study this effect, ND7/23 cells were treated 
with hypoxia-acidosis-stressed IVD CM or nonstressed IVD 
CM, and calcium response was investigated through the calci-
um peaks (calcium events) shown in the derivative curve of 
normalized fluorescence over time (Fig. 6A-D, Fig. 7A-D).

Overall, the indirect, IVD-mediated effect of the combina-

tion of acidosis and hypoxia on DRG sensitization was similar 
to the direct effect. Generally, MFES, peak frequency and peak 
height were the highest in this group for both spontaneous and 
bradykinin-stimulated calcium response in the outgrowth.

Specifically, in the neurite outgrowth, hypoxia-acidosis-stressed 
IVD CM significantly increased the spontaneous calcium re-
sponse of ND7/23 cells compared to nonstressed IVD CM. Cal-
cium peak frequency and peak height were all significantly ele-
vated by hypoxia-acidosis-stressed IVD CM (increased by 37.5% 
and 23.4%, respectively) (Fig. 6G, H), which was intuitively 
shown in the derivative curve of normalized fluorescence over 
time (Fig. 6A-D). No significant difference was found between 
groups regarding proportion of cells with response and MFES 
(Fig. 6E, F).

In the soma, spontaneous calcium response was also the high-
est in the hypoxia-acidosis-stressed IVD CM group, although 
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Fig. 5. The influence of hypoxia and low pH on bradykinin-stimulated response (from 0 second to 100 seconds) in ND7/23 
soma. (A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium concen-
tration fluctuation. Each colored curve represents one soma from each cell. Peaks in the curve are regarded as calcium events 
which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of cells with 
calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square method was 
used for statistics. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated based on the 
derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in panels F and H show 
95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 25% and 75% 
quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded as 
significant and those values were shown in the plots. (I-L) Examples of images before (baseline) and at 0.5 μM bradykinin stimu-
lation in the calcium imaging time-lapse sequence. Arrows in panel K indicate soma calcium response, while arrow heads in 
panel K indicate outgrowth calcium signal responding to bradykinin. Scale bars equal to 100 μm. DRG, dorsal root ganglion.
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Fig. 6. The influence of hypoxia-acidosis-stressed IVD CM on spontaneous response (from 0 to 100 seconds) in ND7/23 out-
growth. (A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium con-
centration fluctuation. Each colored curve represents one neurite outgrowth from each cell. Peaks in the curve are regarded as 
calcium events which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Propor-
tion of cells with calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-
square method was used for statistics. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calcu-
lated based on the derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in pan-
els F and H show 95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 
25% and 75% quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was 
regarded as significant and those values were shown in the plots. IVD, indirectly via intervertebral disc; CM, conditioned medi-
um; DRG, dorsal root ganglion.
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the differences were smaller than in the outgrowth region (Fig. 7).

4.  Indirect, IVD-Mediated Exposure to Hypoxia and Low 
pH Enhanced Bradykinin-Stimulated Calcium Response 
in ND7/23 Outgrowth

To study the sensitivity of the DRG cell line in response to an 
inflammatory cytokine, bradykinin-triggered calcium response in 
both soma and outgrowth was evaluated after treatment with IVD 
CM. Overall, the trends were similar to the ones observed for the 
DRG cultures directly exposed to hypoxia and/or acidosis.

Specifically, in the outgrowth, the proportion of cells with 
calcium events, MFES, flux duration and peak height were in-
creased by 7.8%, 17.4%, 33.3%, and 36.3%, respectively by hy-
poxia-acidosis-stressed IVD CM compared to nonstressed IVD 
CM (Fig. 8E-H).

Changes in oxygen tension seemed to have a stronger indi-
rect effect on the calcium response of ND7/23 cells in the out-

growth compared to changes in pH: CM of IVD stressed by hy-
poxia alone was enough to enhance proportion of cells with 
calcium events, MFES, flux duration and peak height by 5.6%, 
19.3%, 22.2%, and 23.6%, respectively comparing to nonstressed 
IVD CM (Fig. 8E-H). CM of IVD stressed by acidosis alone in-
creased the proportion of cells with calcium events by 8.1% (Fig. 
8E) but had only minor effects on other indicators.

In the soma, calcium response to bradykinin showed no sig-
nificant difference among groups (Fig. 9).

5.  Hypoxia and Low pH Promoted Both Spontaneous and 
Bradykinin-Stimulated Response in Sheep DRG Neurons
Based on the results obtained with the neural cell line, direct 

exposure of DRGs to hypoxia and low pH showed a stronger 
effect on DRG neuronal sensitization compared to indirect, 
IVD-mediated exposure to the same stimuli. Hence, in the pri-
mary sheep DRG neuronal cultures, only the direct effects of 
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Fig. 7. The influence of hypoxia-acidosis-stressed IVD CM on spontaneous response (from 0 to 100 seconds) in ND7/23 soma. 
(A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calcium concentration 
fluctuation. Each colored curve represents one soma from each cell. Peaks in the curve are regarded as calcium events which in-
dicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of cells with calcium 
events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square method was used for 
statistical analysis. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated based on the 
derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in panels F and H show 
95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 25% and 75% 
quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded as 
significant and the values are shown in the plots. IVD, indirectly via intervertebral disc; CM, conditioned medium; DRG, dorsal 
root ganglion.
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hypoxia and low pH were investigated. Overall, the combined 
effect of acidosis and hypoxia was similar in primary DRG neu-
rons and ND7/23 cells.

Specifically, spontaneous peak height of neuronal structures 
in hypoxia and low pH culture was 24.7% higher than those in 
normoxia and neutral pH culture (Fig. 10F). For bradykinin-stim-
ulated response in neuronal structures, proportion of cells with 
calcium events in hypoxia and low pH culture was 11.2% higher 
than those in normoxia and neutral pH culture (Fig. 10I). Hypoxia 
and low pH induced higher MFES but lower flux duration, thus 
peak height showed no significant difference (Fig. 10J-L).

For spontaneous calcium response in nonneuronal struc-
tures, hypoxia and low pH treatment did not seem to have a 
strong influence: the proportion of cells with calcium events 
was only increased by 6.3% (Fig. 11C), while MFES and peak 
height was decreased by 3.7% and 0.8%, respectively (Fig. 11D, 
F). For bradykinin-stimulated calcium response, hypoxia and 

low pH decreased MFES, flux duration and peak height by 72.2%, 
66.7%, and 69.8%, respectively (Fig. 11J-L).

DISCUSSION

In this study, insufficient blood supply was hypothesized to 
be a causative factor in discogenic pain. Atherosclerotic lesions 
in the abdominal aorta and cardiovascular risk factors were 
constantly found to be correlated with LBP.4,6,42 However, to the 
best of our knowledge, the ischemia-related discogenic pain has 
not been successfully modelled in preclinical research, making 
it challenging to study the underlying biological and physiolog-
ical mechanisms and screen for novel treatments.

In the current in vitro system, DRG neurons could be sensi-
tized by the microenvironment of IVD stressed by hypoxia and 
acidosis, which represents a mechanism of neuronal sensitiza-
tion via IVD ischemia. On the other hand, ischemia in DRG 
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Fig. 8. The influence of hypoxia-acidosis-stressed IVD CM on bradykinin-stimulated response (from 0 second to 100 seconds) in 
ND7/23 outgrowth. (A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular cal-
cium concentration fluctuation. Each colored curve represents one neurite outgrowth from each cell. Peaks in the curve are re-
garded as calcium events which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) 
Proportion of cells with calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. 
Chi-square method was used for statistics. F-H Maximum fluorescent elevation speed, peak frequency, and peak height were 
calculated based on the derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in 
panels F and H show 95% confident interval of median (calculated using bootstrapping method); while error bar in panel G 
shows 25% and 75% quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of 
p < 0.05 was regarded as significant and those values were shown in the plots. IVD, indirectly via intervertebral disc; CM, condi-
tioned medium; DRG, dorsal root ganglion.
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was modelled by directly applying hypoxia and/or acidosis to 
the DRG neurons and seemed to have a stronger effect in pro-
moting neuronal sensitization. These results indicate that be-
sides the molecules produced by the IVD, ischemia-related hy-
poxia and acidosis in DRG themselves play a key role in neuro-
nal sensitization.

According to the International Association for the Study of 
Pain (IASP), neuronal sensitization is defined as “an increased 
responsiveness of nociceptive neurons to their normal input, 
and/or recruitment of a response to normally subthreshold in-
puts, including spontaneous discharges”.43 In our study, neuro-
nal sensitization was evaluated using spontaneous and bradyki-
nin-stimulated calcium response. A transient increase of cyto-
plasmic calcium concentration reflects neuronal discharge, is 
necessary for neural transmitter release, and represents noci-
ceptive/painful input to the CNS.16,31 While spontaneous neu-
ronal discharge is an important mechanism in spontaneous 

pain (defined as resting or ongoing pain),17,44 the neuronal re-
sponse to bradykinin indicates its nociceptive responsiveness in 
the context of inflammation45 (the latter contributing to IVD 
degeneration and pain development).46 Tissue damage and in-
flammation are accompanied by bradykinin release which was 
not only shown to be responsible for acute and chronic pain, but 
can also directly activate nociceptors.45 Thus, evaluating re-
sponsiveness to bradykinin represents an important aspect in 
the evaluation of peripheral sensitization.47

The proportion of cells having spontaneous calcium response 
indicates the likelihood of “spontaneous discharges,” while peak 
frequency and height show their intensity. A higher proportion 
of cells responding to bradykinin represents a lower threshold 
of calcium response under the same amount of bradykinin 
stimulus, while height of the calcium peak indicates the intensi-
ty of the bradykinin-stimulated response and is determined by 
both flux speed and flux duration. A higher calcium response 
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Fig. 9. The influence of hypoxia-acidosis-stressed IVD CM on bradykinin-stimulated response (from 0 second to 100 seconds) 
in ND7/23 soma. (A-D) First derivative of the normalized fluorescence (ratio of F-F0 and F0), which indicates intracellular calci-
um concentration fluctuation. Each colored curve represents one soma from each cell. Peaks in the curve are regarded as calci-
um events which indicate neuronal discharge. Around 120 to 450 cells per group were included for this study. (E) Proportion of 
cells with calcium events. The definition of calcium event is the peak in the derivative curve larger than 0.05/sec. Chi-square 
method was used for statistics. (F-H) Maximum fluorescent elevation speed, peak frequency, and peak height were calculated 
based on the derivative curve. Blue spots in the plots show data distribution; black bar represents median; error bars in panels F 
and H show 95% confident interval of median (calculated using bootstrapping method); while error bar in panel G shows 25% 
and 75% quantile. A p-value was calculated using pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was re-
garded as significant and those values were shown in the plots. IVD, indirectly via intervertebral disc; CM, conditioned medium; 
DRG, dorsal root ganglion.
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detected using calcium imaging in large population of cells may 
indicate neuronal sensitization under direct or indirect stimu-
lus of hypoxia and acidosis. However, care should be taken in 
the interpretation of calcium imaging results since: (1) Absolute 
speed of the short and transient calcium flux cannot be mea-
sured precisely since it takes relatively more time for the calci-
um and indicator reactions to reach equilibrium.48,49 Nonethe-
less, the fluorescent elevation speed calculated from calcium 
imaging is still of value. Since a higher calcium flux speed is as-
sociated with a higher fluorescent elevation speed in calcium 
imaging,49 the relative difference of fluorescent elevation speed 
among groups could reflect a difference in calcium flux. The 
absolute calcium flux speed cannot be measured exactly using 
calcium imaging, but it is possible to use calcium imaging for 
relative comparison. (2) Regarding neuronal discharge, it can 
only be approximated by calcium transient, and calcium imag-

ing is only an indirect method for the measurement with a 
slower dynamic compared to patch clamp evaluation.33 Other 
techniques such as patch clamp are therefore needed for more 
in-depth analyses in the future.

Acute pain is generally benign and self-limiting. The difficul-
ties in pain management and treatment arise when pain be-
comes recurrent and/or chronic. Chronic pain has been recog-
nized as that pain which persists past the normal time of heal-
ing.50 For LBP, lack of recovery within 6 weeks, irrespective of 
the treatment type, is generally considered as chronic.51 To un-
derstand how pain is sustained, we used a study design in 
which ‘preconditioning’ by hypoxia and low pH stress on the 
IVD was replaced by normoxia and neutral pH when prepar-
ing the IVD CM to mimic the “recovery” in the definition of 
chronic pain. We found that the IVD kept on forming the mi-
croenvironment promoting neural sensitization even after isch-
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Fig. 10. The influence of hypoxia and 
low pH on calcium response of primary 
sheep DRG neuron. (A, B) Derivative 
fluorescent curve from 0 to 90 seconds 
which represent spontaneous response 
of the neurons. Each colored curve rep-
resents one neuronal structure. (C-F) 
Quantification of the spontaneous re-
sponse using proportion of cells with 
calcium events, maximum fluorescent 
elevation speed, peak frequency, and 
peak height based on the derivative 
curve. (G, H) Derivative of fluorescent 
curve from 0 to 300 seconds. Bradykinin 
(0.5 μM) was added at the 100 seconds 
to evaluate the bradykinin-stimulated 
response while potassium chloride (50 
mM) was added at the 200 seconds to 
differentiate neuronal structures from 
nonneuronal structures. Each curve rep-
resents one neuronal structure. (I-L) 
Quantification of the bradykinin-stimu-
lated response using proportion of cells 
with calcium events, maximum fluores-
cent elevation speed, flux duration, and 
peak height based on the derivative 
curve. For panels A, B, G, H, peaks in 
the curve are regarded as calcium events 
which indicate neuronal discharge. The 
y-axis is the derivative level of normal-
ized fluorescent (ratio of F-F0 and F0). 
Around n = 140 to 180 neuronal struc-
tures per group were included for this 
study. For panels C, I, the definition of 
calcium event is the peak in the deriva-

tive curve larger than 0.05/sec. Chi-square method was used for statistics. For panels D, E, F, J, K, L, blue spots in the plots show 
data distribution; black bar represents median; error bars in panels D, F, J, and L show 95% confident interval of median (calcu-
lated using bootstrapping method); while error bar in panels E and K show 25% and 75% quantile. A p-value was calculated us-
ing pairwise comparisons of Wilcoxon rank sum test. A value of p < 0.05 was regarded as significant and those values were 
shown in the plots. IVD, indirectly via intervertebral disc; CM, conditioned medium; DRG, dorsal root ganglion.
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Fig. 11. The influence of hy-
poxia and low pH on calcium 
response of primary sheep DRG 
nonneuronal structures. (A, B) 
Derivative of fluorescent curve 
from 0 to 90 seconds which 
represent spontaneous response 
of the nonneuronal structures. 
Each colored curve represents 
one nonneuronal structure. (C-
F) Quantification of the sponta-
neous response using propor-
tion of cells with calcium events, 
maximum fluorescent elevation 
speed, peak frequency, and peak 
height based on the derivative 
curve. (G, H) Derivative of fluo-
rescent curve from 0 to 300 sec-
onds. Bradykinin (0.5 μM) was 
added at the 100 seconds to 
evaluate the bradykinin-stimu-
lated response while potassium 
chloride (50 mM) was added at 
the 200 seconds (Nonneurons 
do not have instant response to 
extracellular rise of potassium.). 
Each curve represents one non-
neuronal structure. (I-L) Quan-
tification of the bradykinin-
stimulated response using pro-
portion of cells with calcium 
events, maximum fluorescent 
elevation speed, peak frequency, 
and peak height based on the 
derivative curve. For panels A, 
B, G, H, peaks in the curve are 
regarded as calcium events which 
indicate event of intracellular 
calcium rise. The y-axis is the 
derivative level of normalized 
fluorescent (ratio of F-F0 and 
F0). Around n=660 to 785 non-
neuronal structures per group 
were included for this study. For 
panels C, I, the definition of cal-
cium event is the peak in the de-
rivative curve larger than 0.05/sec. 
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Chi-square method was used for statistics. For panels D, E, F, J, K, L, blue spots in the plots show data distribution; black bar represents me-
dian; error bars in panels D, F, J, and L show 95% confident interval of median (calculated using bootstrapping method); while error bars 
in panels E and K show 25% and 75% quantile. A value of p<0.05 was regarded as significant and those values were shown in the plots. 
DRG, dorsal root ganglion.
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emia-related factors were removed. This study differs from oth-
er studies where sensitization was recorded under the stimulus 
and can be interpreted as a passive response to the stimulus.52 
Retrieving stress or other treatments during the recording sug-
gests a prolonged effect which is not simply a passive response 
to noxious stimulus but may persist even after the stimulus is 
removed.

This study has several limitations: (1) it does not reflect the 
duration of the neural sensitization; (2) other mechanisms of 
pain persistence such as central sensitization and glial modula-
tion etc.53,54 were not addressed; (3) our in vitro model lacks the 
ability to reproduce the modulation from the CNS at tissue or 
organ level. Hence, the knowledge obtained in vitro requires 
further validation in preclinical and clinical studies.

Nerve fiber was frequently evaluated for its extracellular dis-
charge in animal models to study physiological mechanisms of 
pain.14,15 Therefore, the calcium response in both soma and neu-
rite outgrowth was evaluated in our DRG cell line culture. Our 
results suggest that the outgrowth is more sensitive to changes 
in calcium signal than the soma. Hence, small changes caused 
either by a change in a single parameter in direct exposure (hy-
poxia alone or low pH alone) or by indirect effect (mediated by 
IVD CM) may be only detectable in the outgrowth. If the calci-
um imaging analysis had only been performed in soma, smaller 
influence caused by the treatment may have been overlooked, 
which further emphasized the necessity of recording neuronal 
discharge in neurite outgrowth specifically. As reported by Lad-
ewig et al.,55 outgrowth calcium transients may differ from so-
matic responses in their kinetics, amplitude, voltage dependence 
and regulation of basal calcium levels. This difference may be 
due to a higher enrichment of calcium channels at the nerve 
terminals compared to the soma.56

While the translational value of a cell line study is lower than 
in vivo studies, it does not require experimental animals. In this 
study, the cell line was used for preliminary screening and only 
validation of most representative findings was done in primary 
cultures from animals (sheep) already enrolled in unrelated 
preclinical studies. In this way, the number of experimental ani-
mals was reduced, preventing animal suffering and distress in 
the studies on pain, in line with 3R principles.

CONCLUSIONS

Hypoxia and low pH in the IVD or DRG may contribute to 
the development of peripheral neural sensitization, an impor-
tant mechanism of pain. These results suggest alleviation of 

ischemia from DRG and IVD as a strategy against peripheral 
nerve sensitization. In addition to considering approaches against 
the degenerative IVD microenvironment, the protection of the 
DRG from hypoxia and low pH stresses appears to be of equal 
importance.
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SUPPLEMENTARY MATERIALS

Supplementary video clips 1 and 2 can be found via https://
doi.org/10.14245/ns.2040052.026.v1 and https://doi.org/10.14245/ 
ns.2040052.026.v2.

Supplementary video clip 1. Calcium imaging of ND7/23 fol-
lowing preconditioning in 2% O2 and pH 6.5 for 3 days. For 
ease of visualization, the videos were cropped to the last 7 sec-
onds of spontaneous response and the first second following 
bradykinin addition. The overall recording lasted for 200 sec-
onds with 100 seconds of spontaneous response and 100 sec-
onds following bradykinin. The bradykinin-stimulated response 
in both soma and outgrowth can be visualized at the end of 
video (at the 8th second), while spontaneous response in cells 
preconditioned by 2% O2 and pH 6.5 could be detected from 1 
to 7 seconds. Scale bar equals 20 μm.

Supplementary video clip 2. Calcium imaging of ND7/23 fol-
lowing preconditioning in 20% O2 and pH 7.4 for 3 days. For 
ease of visualization, the videos were cropped to the last 7 sec-
onds of spontaneous response and the first second following 
bradykinin addition. The overall recording lasted for 200 sec-
onds with 100 seconds of spontaneous response and 100 sec-
onds following bradykinin. The bradykinin-stimulated response 
after 20% O2 and pH 7.4 preconditioning can be visualized in 
both soma and outgrowth at the end of the video (at the 8th 
second) but seems to be weaker than cells preconditioned by 
2% O2 and pH 6.5. Spontaneous response in cells precondi-
tioned in 20% O2 and pH 7.4 could not be detected. Scale bar 
equals 20 μm.
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