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1 | INTRODUCTION

Low back pain (LBP) is the leading cause of disability worldwide.! The
intervertebral disc (IVD) is the most frequent pain generator (~40%).2
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Abstract

Introduction: Mechanical overloading can trigger a degenerative-like cascade in an
organ culture of intervertebral disc (IVD). Whether the overloaded IVD can influence
the activation of nociceptors (i.e., the damage sensing neurons) remains unknown.
The study aims to investigate the influence of overloaded IVD conditioned medium
(CM) on the activation of nociceptors.

Methods: In the static loading regime, force-controlled loading of 0.2 MPa for 20 h/
day representing “long-term sitting and standing” was compared with a displacement-
controlled loading maintaining original IVD height. In the dynamic loading regime, high-
frequency-intensity loading representing degenerative “wear and tear” was compared
with a lower-frequency-intensity loading. CM of differently loaded IVDs were collected
to stimulate the primary bovine dorsal root ganglion (DRG) cultures. Calcium imaging
(Fluo-4) and calcitonin gene-related peptide (CGRP) immunofluorescent labeling were
jointly used to record the calcium flickering in CGRP(+) nociceptors.

Results: Force-controlled loading led to a higher IVD cell death compared to
displacement-controlled loading. Both static and dynamic overloading (force-
controlled and high-frequency-intensity loadings) elevated the frequency of calcium
flickering in the subsurface space of CGRP(+) nociceptors compared to their mild
loading counterparts.

Conclusion: In the organ culture system, IVD overloading mediated an altered IVD-
nociceptor communication suggesting a biological mechanism associated with

discogenic pain.

KEYWORDS
calcium imaging, dorsal root ganglion, intervertebral disc, organ culture

Severity of IVD degeneration correlates with chronic LBP prevalence.?
Understanding the communicating mechanism between VD and sen-
sory nervous system in chronic LBP may help to discover new preven-
tive and therapeutic approaches.
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Among multiple factors, spinal overloading is frequently discussed
as a potential risk factor of chronic LBP.2-> Nevertheless, the exact
role of mechanical loading on chronic LBP is not determined. Measur-
ing spinal loading in vivo is challenging. Several clinical studies aimed
to investigate the influence of IVD loading on LBP.3~> However, they
generally evaluate IVD loading using questionnaires based on “occu-

2

pational exposures,” “exercise,” and “sitting time” and so on, which
are prone to subjective bias and low accuracy.®

In this context, IVD organ culture systems have been developed
to study the influence of mechanical loadings on IVD degeneration.
In the organ culture system, the IVD loading can be controlled and
monitored.® Using the organ culture system, the effects of both static
and dynamic loadings on IVD cell death, matrix homeostasis and pro-
inflammatory gene expression have been well-established.” Neverthe-
less, current organ culture systems do not include the pain-mediating
neural compartments. Whether the loading-induced IVD degeneration
correlates with pain-associated neural activation remains unclear.

In the peripheral sensory nervous system, the nociceptors
(i.e., the damage sensing neuronal subtype in the dorsal root ganglion
(DRG)®) are the first order neurons that sense pain signals and are
essential contributors of chronic pain.” Blocking the nociceptors
peripherally can relief chronic pain in humans.'° Nerve fibers from the
nociceptors expressing calcitonin gene related peptide (CGRP) are
found to grow into deeper regions of the IVD in chronic LBP
patients.'>12 The ectopic discharges of these nociceptors (i.e., the fir-
ing of the nociceptors in the absence of noxious stimuli) are correlated
to spontaneous and ongoing pain.t®

Calcium imaging is a useful tool to characterize the ectopic discharges
of nociceptors.’* An earlier study simultaneously used patch-clamp and
calcium imaging to evaluate neuronal discharge. They found the calcium
flickering in neurons were in synergy with the ectopic action potential dis-
charges.® The calcium flickering in the subsurface space of DRG neuronal
soma (cell body) has been proved to arise from the “calcium induced cal-
cium release” mechanism which is coupled to the neuronal discharge-
induced calcium influx.*® This calcium flickering in nociceptors is also
responsible for pain-related neurotransmitter release.'®

We hypothesize that the conditioned medium of overloaded IVD
can elevate the calcium flickering of nociceptors. We evaluated the
effects of two types of overloading (static'” and dynamic®) which
were compared to their corresponding mild loading controls, respec-
tively. Conditioned media (CM) of these differently loaded IVD were
applied to stimulate the bovine primary DRG cell culture. We per-
formed CGRP immunofluorescent labeling following the calcium imag-
ing in the DRG cell culture. In this way, the CGRP(+) nociceptors
could be distinguished from multiple DRG cell types and the calcium

flickering in the CGRP(+) nociceptors could be exclusively analyzed.

2 | MATERIALS AND METHODS

21 | General study design

The study design is presented in Figure 1:

1. In the static loading regime, FC (force-controlled group) represent-
ing “long-term sitting and standing” associated overloading was
compared with DC (displacement-controlled group) control
(Figure 1A,B). In the FC group, a constant compressive loading of
0.2 MPa was applied to the IVDs. In the DC control group, a
displacement-controlled loading was applied to maintain the origi-
nal IVD height (measured immediately after dissection). Both FC
and DC loadings were 20 h/day over seven consecutive days
(Figure 1B).

2. In the dynamic loading regime, DL (degenerative loading) repre-
senting “wear and tear” associated overloading was compared
with PL (physiological loading) control (Figure 1C,D). In the DL
group, a high-frequency-intensity sinusoidal dynamic loading
(0.38-0.42 MPa, 5 Hz) was applied to the IVDs. In the control PL
group, a lower-frequency-intensity loading (0.02-0.2 MPa, 0.2 Hz)
was applied. Both PL and DL loadings lasted for 3 h/day over five
consecutive days (Figure 1D).

Our hypothesis is that the overloaded IVD may stimulate the
nociceptors in DRG proximal to the IVD and increase their ectopic
discharge®® (Figure 1E) This was modeled by using the overloaded
IVD CM to stimulate primary bovine DRG cell culture. Ectopic dis-
charge associated calcium flickering in subsurface space of neurons
was recorded using calcium imaging. Among the multiple cell/neuron
types in the DRG, the nociceptors were identified using CGRP immu-

nofluorescent labeling following calcium imaging recording
(Figure 1F).
2.2 | IVD loading in the organ culture model

Bovine tails (age 4-6 months) were obtained from a local abattoir,
whereby no animal was intentionally sacrificed for our study. Six
bovine donors (six tails) were included for the static loading study.
Two to four IVDs per tail were harvested at the location 5-8 seg-
ments from the distal end of the tail. These two to four IVDs from the
same tail were assigned to DC and FC groups, respectively. Four
bovine donors (four tails) were used for dynamic loading study. Two
IVDs from each tail were assigned to PL and DL groups, respectively.
Group assignment was performed to ensure the equality of IVD sizes
between groups (diameters of IVDs ranged from 6 to 12 mm; heights
of IVDs ranged from 6 to 11 mm).

The IVDs were dissected by cutting through the cartilage growth
plate within a motion segment using a scalpel and a plier. The two
endplates of each IVD were trimmed to ensure parallelism. Blood clots
in the endplates were removed using a jet lavage system. The IVD
height was immediately measured after dissection. Then, the IVDs
were sequentially rinsed in phosphate buffered saline (PBS) containing
10% penicillin-streptomycin (PS, 15140-122, Gibco, UK) and PBS
with 1% PS. IVDs were cultured in 4.5 g/L glucose Dulbecco's Modi-
fied Eagle Medium (DMEM, 52100-021, Gibco, Paisley, UK) contain-
ing 10% fetal calf serum (FCS, 35-010-CV, Corning, CA, USA), 1% PS,
0.11 g/L sodium pyruvate (P5280; Sigma-Aldrich, JP), 20 mM HEPES
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FIGURE 1

Schematic of the study hypothesis and design. Daily activity associated IVD loadings (mild loading versus overloading) (A,C) were

modeled in the organ culture of IVD (B,D). (E) Overloaded IVD is hypothesized to communicate with nociceptors in DRG causing elevated pain/
nociceptive signals in the nociceptors. (F) In the model, overloaded IVD conditioned media were used to stimulate nociceptors. Calcium flickering
in these CGRP(+) nociceptors was investigated in vitro. DC, displacement-controlled loading; DL, degenerative dynamic loading; FC, force-

controlled loading; PL, physiological dynamic loading.

(15 630 122, Thermo Fisher, USA), 1% ITS universal culture supple-
ment (354352, Sigma-Aldrich, MO, USA) and 0.2% Primocin (ant-pm,
InvivoGen, San Diego, CA, USA). The loading was initiated in a
custom-designed bioreactor system” after overnight free-swelling cul-
ture in 6 well-plates at 37°C, 90% humidity and 5% CO,. Force and
deformity were real-time monitored using sensors in the bioreactor.
Data recording frequency was 10 Hz. An algorithm in DSPACE was
designed to control the regimes of IVD loading.

In the static loading regime, a compressive pressure of 0.2 MPa
was applied to the IVDs 20 h/day for 7 days in the FC group. In the
DC control group, IVDs were maintained in the bioreactor keeping
the original IVD height (measured immediately after dissection) also

20 h/day. The IVDs were maintained in free swelling condition for 4 h

when performing the medium change, IVD measurement and bioreac-
tor setup.

In the dynamic loading regime, high-frequency-intensity loading
(sinusoidal loading ranging from 0.38 to 0.42 MPa at 5 Hz for 3 h/
day) was applied to the IVDs for 5 days (degenerative dynamic load-
ing, DL) based on a formerly described protocol.’” As the control, a
sinusoidal loading between 0.02 and 0.2 MPa at 0.2 Hz was applied
for 3 h/day for 5 days (physiological dynamic loading, PL). During
these 3 h of loading, IVDs were kept in the loading chamber with
4 mL medium taken from a 30 mL medium pool. After loading, the
IVDs and the 4 mL medium were transferred to a larger culture cham-
ber containing this 30 mL medium and maintained in free-swelling

condition.
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2.3 | IVD conditioned medium collection

The CM were collected at day 5 for both static and dynamic loading
studies to stimulate nociceptors because former proteomic study
showed that more than 100 cytokines are upregulated in the over-
loaded IVD CM compared to mildly loaded IVD CM between day
4 and 6.1 One IVD per donor was used to generate CM in each
group. CM coming from different donors were not pooled and repre-
sented the biological replicates. The CM of static/dynamic loaded
IVDs were stored at —80°C before use.

For the static loadings (DC vs. FC), the IVDs were maintained in
the loading chambers for 20 h. The loading chamber only allowed to
contain 4 mL medium. Thus, daily medium change was performed to
ensure VD survival. Since only 4 mL CM per IVD was collected at day
5, 3 out of the 6 IVD donors were used to stimulate nociceptors. CM
from the other 3 IVD donors were used in a pilot study.

For dynamic loadings (PL vs. DL), the IVDs were mostly kept out-
side the loading chamber in a larger amount of medium (in 30 mL
medium for 21 h/day), there was no need to change the medium
every day as in the static loading counterpart. A change of this 30 mL
medium for each IVD was performed after 3 days. Also, a larger
amount of CM was collected from each IVD and there were enough
CM for all the four IVD donors.

The IVD conditioning of the media lasted shorter for static load-
ing (24 h due to medium change every day) compared to dynamic
loading (48 h from medium change at day 3 to CM collected at day 5).
Also, the volumes of the static loaded IVD CM (4 mL) were smaller
than dynamic loaded IVD CM (30 mL). Static and dynamic loading
studies may have different concentrations of IVD secreted factors
and are thus not comparable in terms of the CM's influence on noci-
ceptors. Instead, our aim was to compare DC versus FC (static loading)
and to compare PL versus DL (dynamic loading), while static and

dynamic loadings were two separate and independent studies.

24 | Lactate dehydrogenase staining for IVD cell
viability analysis

After loading, one IVD per group was snap frozen in cryo-compound
(Tissue-Tek, O.C.T.™, Sismex, Horgen, CH) after removing cartilaginous
endplate from one side of the IVD. Cryosections of 10 um thickness
were obtained using a microtome (HM 500 OMV, DE). Lactate dehy-
drogenase (LDH) staining is a popular method to evaluate musculoskel-
etal tissue viability. The purple staining under transmitted light depends
on the activity of LDH in living cells which can be preserved when tis-
sue is snap frozen. Dead cells loss the enzyme activity 36 h after cell
death and is therefore not stained into the purple color, while their
nuclei can be detected by ethidium homodimer-1 staining.2°

LDH staining method was performed based on a formerly

described protocol.!

Briefly, the sections were firstly stained in a 40%
polypep solution (P5115, Sigma, Buchs, CH) containing 54 mM lactic
acid (69 771, Fluka, Buchs, CH) and 1.75 mg/mL B-nicotinamide ade-

nine dinucleotide hydrate (43410, Fluka, Buchs, CH). Then, the sections

were stained with 1 pg/mL ethidium homodimer-1 (46043, Sigma, DE).
Imaging was performed using an upright optical microscope (Olympus
BX63, Nikkei, JP). Under 20x magnification, LDH staining was imaged
using the bright field channel, and ethidium homodimer-1 was imaged
under the 528 nm excitation and 617 nm emission. Four to 8 images
were taken at nucleus pulposus (NP), inner annulus fibrosus (iAF) and
outer annulus fibrosus (0AF) regions. Living cells were stained by LDH,
and dead cell nuclei were identified by ethidium homodimer-1 staining
without surrounding purple LDH staining. IVD cell viability was defined
as the proportion of living cells among all cells. Despite viability, degen-
eration associated gene expression in static loaded IVD was evaluated
using quantitative-real-time-PCR. The methods and results were
included in Supporting information.

2.5 | Adult bovine DRG cell culture

Adult bovine DRG cell culture was based on a formerly reported pro-
tocol.?? Briefly, adult bovine DRGs (10-12-month-old) were obtained
from cadaveric cervical spines (C 1-7) at a local abattoir. To dissociate
cells from DRG tissue, DRGs were sliced and enzymatically digested
in 4 mg/mL collagenase P (Roche, Mannheim, DE) on an orbital shaker
for 3 h. Trituration of the loosened DRGs was performed using a
P1000 pipette tip until the digested tissue pieces could easily pass
through the pipette tip. The cell suspension was passed through a
100 um cell strainer (Falcon, Corning, USA) to eliminate undigested
tissue. The cell suspension was diluted in an equal amount of DMEM/
F12 medium (50%, v/v, DMEM from Gibco, 52100-021, UK and F-12
Ham from Sigma, N6760, UK) supplemented with 10% FCS. Cells
were separated from tissue debris by a “density gradient centrifuga-
tion” using 5 mL of 15% BSA in a 50 mL Falcon tube (the speed of
centrifugation was 1800 rpm for 7 min). Cell pellet was resuspended
in DMEM/F12 medium with 10% FCS. Cells were seeded at the den-
sity of 5000 neurons/cm? in 18-Well slide chambers (81816-1BlI, Ibidi,
DE). The culture medium was DMEM/F12 supplemented with 10%
FCS, 1% penicillin/streptomycin, 0.44 g/L sodium pyruvate, 0.4 mM
Ascorbic acid (84271, Sigma, MO, USA), 20 mM HEPES and 1% ITS.
After 2 days of culture, the medium was changed to IVD CM. The CM
stimulation of primary DRG cells lasted for 3 days. We chose 3 days
for CM stimulation because of a glial over-proliferation in a longer
DRG culture.?® DRG cells from two bovine donors were included for
both static and dynamic loading studies.

2.6 | Calcium imaging and immunofluorescence

The calcium imaging method was based on a formerly reported proto-
col* Briefly, DRG cells were loaded with 5uM Fluo-4-AM
(ThermoFisher, F14201, USA), and calcium imaging was performed in
Krebs-Ringer's solution (NaCl 119 mM, KCl 2.5 mM, NaH,PO4
1.0 mM, CaCl, 2.5 mM, MgCl, 1.3 mM, HEPES 20 mM and p-glucose
11.0 mM). Time-lapse images were acquired using a LSM800 confocal

microscope (Zeiss, DE) at 10x magnification, 85 um pinhole, 488 nm
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excitation and 509 nm emission. The image acquisition rate was 1 Hz
and the recording time was 110 s. The first 100 s were taken without
any stimulus to study the spontaneous calcium flickering. To distin-
guish living neurons from dead ones, at the 100th second, 5 uL of
500 mM potassium chloride (KCl, final concentration at 50 mM) was
added to the DRG cells. Only cells exhibiting immediate potassium-
induced depolarization were considered as living neurons.

CGRP(+) nociceptors could be distinguished from other neuron
populations in the calcium imaging analysis by a following Immunofluo-
rescent labeling. The cells were immediately fixed in 4% formalin
(Formafix, cat. n. 1803032, CH) after calcium imaging. For the immuno-
fluorescence, the primary antibodies included rabbit anti-CGRP primary
antibody (1:1000, 24 112, Immunostar, Sodiag Avegno, WI, USA) and
mouse anti-neurofilament 200 (NF200) primary antibody (1:100,
OMA1-06117, Thermo scientific, NL). The primary antibody incubation
was at 4°C overnight. After washes, the cells were incubated with sec-
ondary antibody at room temperature for 1 h. The secondary anti-
bodies included goat anti-mouse AlexaFluor 488 conjugated antibody
(1:500, A-11029, Thermo Fisher, OR, USA) and donkey anti-rabbit
AlexaFluor 680 conjugated antibody (1:500, A32802, Thermo Fisher).
Nuclei were stained using Hoechst (1 uM, Sigma, cat. n. 14530, USA).
Stained cells were imaged at an excitation wavelength of 470, 655, and
357 nm for NF200, CGRP and Hoechst staining, respectively, using
EVOS™ FL Auto 2 Imaging System (Thermo Fisher Scientific). The neu-
ronal soma was manually segmented using “Freehand Selection Tool”
in ImageJ Fiji (version 1.52p, NIH, USA). The “Feret's diameter” (the
longest distance between any two points along the selection boundary)
of the neuronal somas were calculated.

The calcium imaging and the following immunofluorescent imaging
were performed at the same location. This was achieved by taking notes
of the calcium imaging location, that is, the distances between the cal-
cium imaging field border and the culture well border. Living neurons
identified in calcium imaging video were recognized in the immunofluo-
rescent image using “Sync Windows” plugin in ImageJ Fiji. This allowed
calcium signal analysis specifically in CGRP(+) nociceptors (Figure 2A-C).

Former study proved that calcium signals from the subsurface space
of the cell bodies are coupled with discharge-related calcium influx.®
Therefore, in our analysis, a squared region of Interest (ROI, pixel size
10 x 10) was manually defined at the subsurface space of nociceptor
soma using the square selecting tool in ImageJ Fiji (version 1.52p, NIH,
USA) (Figure 2D,E). The fluorescence change over time was quantified
using “ROI manager” and “multi-measure function” within ImageJ Fiji.

A calcium peak was defined as a snap fluorescence increase fol-
lowed by a fluorescence decay. To distinguish biologically relevant sig-
nals from background noise, we defined a threshold of calcium peak
height based on the analysis of dead neuron fluorescent oscillations.
Dead neurons were identified as neurons without a KCl-induced
depolarization. The fluorescent oscillations of dead neurons were
referred to as noise. By recording fluorescent oscillations of 21 dead
neurons, we obtained a distribution of noise peak heights. Then, the
threshold to subtract noise was defined as the upper border of 99%
confident intervals of maximum noise peak heights among different

cells (bootstrapping method). In living neurons, only calcium peaks
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higher than the threshold were regarded as biological relevant calcium
signal for analysis (Figure 2F,G). Based on the bootstrapping estima-
tion, the false positive probability of calcium signal detection was thus
smaller than 1%. The calcium imaging data was analyzed using an
algorithm designed in “R” (versions 3.6.2, Lucent Technologies, USA),
using a previously reported methodology.??

2.7 | Statistical analysis

Statistical analysis was performed in “R.” Briefly, a “Shapiro-Wilk normality
test” was used to assess whether the data was normally distributed; a
“Levene's test” was performed to evaluate the homogeneity of variances
across groups. If the data was normally distributed and the variance across
groups was homogeneous (“Shapiro-Wilk> and “Levene's test” both
p > 0.1), “independent samples t-test” (between two groups) or “ANOVA
+ Tukey” (among more than two groups) was used to evaluate the statisti-
cal significance of differences between/among groups. This statistical
method was used to analyze data of IVD cell viability and neuron subtype
proportion.

IVDs from the same animal were assigned to overloaded and con-
trol groups. One IVD in the overloaded group was matched with
another IVD in the control group if they were from the same animal.
The groups were compared within the matched pairs to reduce the
confounding effect of donor variation. Namely, the “paired t-test”
was used to statistically analyze data of peak frequency and peak
height of calcium flickering.

The specific statistical method and “p values” for each experiment
were summarized in Table S2. In the figures presenting the data, each
data point represents the average value of an IVD donor, and “n”
value refers to the number of IVD donors.

3 | RESULTS

3.1 | IVD loading deformity monitoring
The real-time IVD deformities (strain) in response to loading (stress) were
recorded (10 Hz) in the bioreactors. In the static loading regime, the FC
loaded deformity was 10.6% on day 1 and was decreased to 7% on day
5. From day 5 to day 7, IVD deformity under FC loading remained at the
minimum level of 7% (Figure 3A). The deformity of IVD in the FC group
is composed with a fast elastic phase and a slow creep phase
(Figure 3B). This 2-phase deformity of IVD has been described in a for-
mer study.2’ In the displacement-controlled group (DC), the IVD height
was maintained as measured on day O (Figure 3A). The loading pressure
required to maintain IVD height in DC group was recorded to be
0.02 MPa. Although the experimental setup in DC group was “displace-
ment control,” the pressure applied was consistently at 0.02 MPa on
each day. Thus, DC group can be interpreted as a “mild force control”
with a smaller pressure (0.02 MPa for DC compared to 0.2 MPa for FC).
In the dynamic loading regime, the high-frequency-intensity loading

(DL group) resulted in a higher overall deformity each day (Figure 4A), but
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FIGURE 2 Methods for calcium imaging data analysis. (A,B) Only living neurons depolarize after adding potassium chloride (KCl 50 mM)
(living neurons are indicated by yellow arrows). Dead neurons are without KCl-induced depolarization. (C) Nociceptors were labeled by CGRP
immunofluorescent staining. (D,E) Regions of interest (ROIs, indicated by yellow squares) were selected at the peripheral regions of neuronal cell
bodies. A calcium flickering in the subsurface space can be observed. (F,G) Fluorescence oscillations in dead neurons (left) were used to set a

threshold (blue dash lines) to subtract noise.

a lower inter-peak deformity compared to the lower frequency-intensity
loading (PL group) (Figure 4B). This lower inter-peak deformity in DL
group can be explained by the viscoelastic property of IVD. The IVD
undergoes creep and the deformity takes a certain amount of time.?> The
daily dynamic loadings caused the same amount of IVD deformity from
day 1 to day 5 (always 20% for PL and 30% for DL) (Figure 4A).

3.2 | Viability of inner annulus fibrosus cells was
decreased by force-controlled loading relative to
displacement-controlled loading

Besides unrestorable IVD height loss, FC loading also influenced IVD
cell viability. FC loading decreased the cell viability by 12.1% and

4.2% in inner AF (iAF) and NP regions of IVD, respectively, relative to
DC loading (Figure 5A-D,G). No significant difference of IVD cell via-
bility could be detected
(Figure 5H-N). Outer AF (0AF) cell viability was not influenced by any

comparing PL with DL loadings

of the loading regimes (Figure 5E-G, L-N).

IVD degeneration is also characterized by altered gene
expression and metabolic change of extracellular matrix. We found
that 7 days of FC loading upregulated the expression of
interleukin-6 (IL-6) and matrix metalloproteinase 13 (MMP13) in
iAF and NP region of IVD relative to DC loading (Figure S2 in
supporting information 2). Besides, the influences of different
static and dynamic loadings on IVD gene expression at protein
levels and IVD histology have been systematically characterized in

other studies.2¢~28
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FIGURE 3 Deformity of IVD under static loading regime. (A) IVD
deformity under 20 h of static loading. (B) IVD deformity of the first
500 min under static loading. DC, displacement-controlled static
loading; FC, force-controlled static loading. Strata displays the level of
standard errors, n = 3 donors.

3.3 | Characterization of CGRP(4-) nociceptors

CGRP is a well-known marker to label nociceptors in different spe-
cies.?? In this study, immunofluorescence of CGRP showed 3 DRG
neuronal subpopulations: CGRP(+)NF200(—), CGRP(+)NF200(+) and
CGRP(—)NF200(—) (Figure 6AB). In the bovine DRG culture, the
CGRP(+)NF200(—) nociceptors displayed smaller soma size compared
to the CGRP(+)NF200(+) neurons and CGRP(—)NF200(+) neurons
(Figure 6B). Nevertheless, since there is significant overlap among
their distribution, CGRP(+)NF200(—) neurons cannot be distinguished
from other neuronal populations solely by their size. Following the
IVD conditioned medium stimulation, proportions of different neuro-
nal subpopulations were not significantly changed suggesting no iden-

tifiable phenotype switch (Figure 6C-H).

34 | Force-controlled static loading on IVD
increased calcium flickering frequency in CGRP(+)
nociceptors

Following IVD CM stimulation, calcium imaging combined with immu-

nofluorescence was performed to evaluate the activation of CGRP(+)
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FIGURE 4 Deformity of IVD under dynamic loading regime.

(A) IVD deformity under 3 h of dynamic loading. (B) To show the
inter-peak deformity under dynamic loading, 90 s of real-time
deformity are sampled in the middle of dynamic loading (at 1.5 h). DL,
degenerative dynamic loading; PL, physiological dynamic loading.
Strata displays the level of standard errors, n = 3 donors. “B” is based
on one representative donor.

nociceptors. The CM from the FC loaded IVDs induced significantly
higher frequency of subsurface calcium flickering in CGRP(+) nocicep-
tors compared to the DC control IVDs (Figure 7A-C). The subsurface
calcium flickering frequency was seven calcium peaks per 100 s in FC
group and 3 peaks per 100 s in DC group (Figure 7C). Data in all the
IVD donors was showing the same trend (Figure 7C). The subsurface
calcium flickering peak height was not found to be different between

groups (Figure 7D).

3.5 | High-frequency-intensity dynamic loading of
IVD increased calcium flickering frequency in CGRP
(4+) nociceptors

In terms of dynamic loading regimes, CM from high-
frequency-intensity loaded IVD (DL group) elevated the frequency of
subsurface calcium flickering in the CGRP(+) nociceptors compared to
the lower-frequency-intensive loaded IVD counterpart (PL group)
(Figure 7E-G). The subsurface calcium flickering frequency was seven
peaks per 100 s in DL group and four peaks per 100 s in PL group.

The same trend was observed in all the IVD donors (Figure 7G). The
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FIGURE 5
viability. Representative microscopic images from static loaded (A-F) and dynamic loaded (H-M) IVDs in different regions. The red channel was

adjusted for better visualization. (G,N) Quantification of the viability of static loaded IVD and dynamic loaded IVD, respectively. For G and N, data
is shown as median *+ 95% confident intervals. *p < 0.05.
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subsurface calcium flickering peak height was not found to be signifi-

cantly different between PL and DL groups (Figure 7H).

4 |

DISCUSSION

The main goal of our study is to investigate how IVD overloading

influences the IVD-nociceptor communication. We found that the
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LDH and ethidium homodimer-1 staining of cryosections to study the influence of static and dynamic loadings on IVD cell

frequency of calcium flickering in CGRP(+) nociceptors was enhanced

by intensive IVD

loading. This effect was observed

in both

IVD-narrowing static loading and high-frequency-intensity dynamic

loadings compared to

displacement-controlled

and lower-

frequency-intensity loadings, respectively. Much evidence showed

that the neuronal calcium flickering couples with neuronal dis-

charge.}*2%31 Calcium flickering recorded using calcium imaging is

commonly used to characterize ectopic discharge in neurons.*? The
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calcium influx and the “calcium induced calcium release” from endo-
plasmic reticulum are both directly triggered by and in synergy with
the neuronal excitation.*® Therefore, our results may imply a role of
IVD mechanical loading on ectopic discharge of nociceptors.

This IVD-nociceptor communication is demonstrated in our study
by the IVD organ and primary DRG culture system. Nevertheless, we
are aware that the complexity of chronic pain exceeds the sole excita-

tion of nociceptors. The role of the central nervous system has not

been included in the model. Moreover, chronic LBP is associated with

numerous other mechanisms including immunology responses,
genetic predisposition, behavioral and environmental factors, emo-
tional state, beliefs and expectation and social system.>® Additionally,
clinical discogenic pain development usually takes years, but in our
study, the IVD CM were collected to stimulate nociceptors only after
5 days of IVD loading. Our organ culture system cannot recapitulate

the full picture of chronic discogenic pain but may help in
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understanding the regional and temporal IVD-nociceptor communicat-
ing mechanism which at least partly contributes to the development
of chronic LBP.

Multiple mechanisms may underly the IVD-nociceptor communi-
cation. Molecules released by the IVD may cause a higher activation
of nociceptors. Potential molecules include pro-inflammatory cyto-
kines (e.g., IL-6,>* 1L-8%° and Prostaglandin E2 [PGE2]%), neurotro-
phins (e.g, nerve growth factor [NGF]*” and brain derived
neurotrophic factor [BDNF]®®) and extracellular matrix fragments.>?
Also, nerve fibers growing deeply in the IVD!! may be directly
exposed to the stimulus from IVD loadings. Furthermore, IVD may
influence nociceptors by depriving nutrients and accumulating metab-
olites, causing a low glucose, hypoxic and acidic environment which
can lead to nociceptor sensitization.?* In Supporting information 4,

IVD CM were not inducing a higher nociceptor calcium flickering

compared to fresh medium in a nociceptor cell line model (Figure S4).
Also, primary bovine nociceptors stimulated by IVD CM displayed
potassium induced depolarization, which indicates their viability. The
nutrient consumption by IVD organ culture did not seem to harm
nociceptors and induce their sensitization.

DRG neurons have complex subtypes. Recent single cell sequenc-
ing analysis predicts two types of neurons responsible for chronic
pain. They are the “mechano-heat C-nociceptors (PEP1)” and the
“nonpeptidergic nociceptor subtype 2 (NP2)’*° CGRP is a well-
known label of PEP1 nociceptors and has been shown to be a con-
served molecular feature comparing mouse and rhesus macaques.*®
We labeled PEP1 nociceptors using CGRP in our DRG culture not only
for their known roles in pain, but also because nerve fibers in the
pain-producing IVD are found to be CGRP(+).***!* NP2 nociceptors
have not been detected in the clinical IVD histology and were thus
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not characterized in our model. However, it may be interesting to
characterize NP2 nociceptors in future IVD-related studies. Similarly,
IVD is also composed by different cell types. Whether these different
cell types respond to overloading and communicate with nociceptor
differently needs to be characterized in the future.

The IVD organ culture system has been well-established to study
the role of mechanical loading on IVD degeneration. Using this organ
culture system, it has been proved that mechanical loading plays a
fundamental role for the regulation of IVD mechanical properties,*?
matrix homeostasis?® and pro/anti-inflammatory gene expression.?”
These findings are systematically reviewed elsewhere.®*3

In former IVD organ culture studies, both free swelling** and
static loading conditions (0.2 MPa)” have been used to maintain IVD
following dynamic loading. These free swelling or static loading condi-
tions after the dynamic loadings recapitulate the resting phase in a
lying down position. However, the knowledge of in vivo IVD loading
conditions in lying down position is limited. Our data (Supporting
information 3) showed that even mild static loading at 0.02 MPa
caused IVD degeneration compared to free swelling. We found that
7 days of 0.02 MPa static loading (20 h/day) induced higher cell death
in the NP region and an upregulated IL-6 expression in outer AF
region compared to the same duration of free-swelling culture
(Figure S3). Notice that the 0.02 MPa loading was applied to keep the
IVD height measured immediately after IVD harvesting. This height
might be different to the in vivo physiological IVD height. In vivo char-
acterization of IVD loading and deformity is needed to understand the
physiological conditions for IVD organ culture models.

In vitro and ex vivo models are frequently questioned as they can-
not totally recapitulate the in vivo situation. Indeed, an in vitro model
cannot percept pain. Yet, it is still useful in studying specific pain-
associated pathophysiology with higher access to experimental
manipulation and evaluation. In the organ culture system, the IVD
mechanical loading is easier to control and calcium flickering of neu-
rons is less demanding to observe. Also, we used organs and tissues
from large animals which are considered to be more similar to human
as compared to studies performed using rodents.*> The large animal
materials from the abattoir also open a new strategy of reducing and

replacing animal use in line with 3R principles.

5 | CONCLUSIONS AND PERSPECTIVES

In the static loading regime, force-controlled loading leads to an
increased IVD cell death compared to displacement-controlled load-
ing. Both static and dynamic IVD overloadings elevated calcium flick-
ering in the subsurface space of CGRP(+) nociceptors compared to
their mild loading counterparts, which indicates a higher ectopic dis-
charge in these nociceptors.

To understand the mechanism of discogenic pain, the influence of
loading on IVD-nociceptor communication is important in addition to
assessment of IVD degeneration. The next challenge is to understand the
molecular mechanisms of this IVD-nociceptor communication. Our pre-
sented model may help in discovery of novel molecular targets for clinical
discogenic pain treatment and reduce the reliance on animal models.
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