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Abstract

Background: Intervertebral disc (IVD) degeneration relies on a complex interrelated cascade of biological and mechanical processes
in which loss of water content plays an important role. Despite the positive effects of unloading on clinical outcome parameters and
IVD hydration, the biological and mechanical changes induced by these protocols remain poorly understood. Moreover, no bioreactor
setup allows assessment of clinically relevant IVD unloading ex vivo. Consequently, the purposes of this study were (1) to develop a
bioreactor system for clinically based active dynamic unloading of [VDs through tension, and (2) to evaluate unloading mechanobiology
of undegenerated bovine tail IVDs as proof of concept. Methods: We developed a bioreactor setup for active dynamic unloading of
bovine tail discs. After bioreactor culture, we assessed biological and biomechanical parameters, including sulfated glycosaminoglycan
(sGAG) release in the medium, water/sGAG ratio, gene expression and cell viability as well as IVD height, neutral zone, slope and area
under the curve. Results: The developed bioreactor system was precise and reliable in terms of loading, and the outcomes demonstrated
technical feasibility. The biological and biomechanical outcomes showed consistency, as the biological readouts indicate higher water
content and an anti-catabolic response of the IVDs after active dynamic unloading while the biomechanical outcomes suggest a higher
water content and improved mechanical resistance. Conclusions: This study outlines the development of a unique ex vivo culture
system for analysing biology and biomechanics of clinically relevant active dynamic unloading of IVDs and opens the way for studying
movement based regenerative protocols for degenerated [VDs.
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Introduction linear force-displacement curve. This curve reflects, via the
area under the curve (AUC), the ability of the IVD to ab-

Intervertebral disc (IVD) degeneration is linked with o4 energy or in other words, the loss of energy efficiency

low back pain (LBP) [1,2], a pervasive cause of long-term o the [VD. Furthermore, the curve delineates elastic and
disability globally [3] which imposes a substantial eco- neutral zones (EZ and NZ) characterized by stiffness (K)
nomic burden [4]. The degenerative process arises froma 44 defined by minimal resistance to deformation respec-

complex interplay of biological and mechanical factors. Bi- tively [9-14]. As degeneration progresses from mild to
ologically, IVD degeneration entails the degradation of the moderate, the range of motion, i.e., the displacement and
extracellular matrix, involving enhanced production of ma- the neutral zone tend to increase [9,10,12,13,15,16]. Tissue
trix metalloproteinases and aggrecanases, cleavage of pro-  pydration emerges as a critical factor in the degeneration

teoglycans such as aggrecan and shift in collagen synthesis  cgcade. With degeneration, a reduction in water content

favouring type I over type II collagen [5-8]. This degra-  occurs due to biological processes underlying extracellular

dation cascade has been extensively documented. Froma | ~4ix degradation [6] thereby decreasing intradiscal pres-

biomechanical perspective, [VD degeneration manifests as sure [17-19] and altering IVD’s mechanical resistance to
altered mechanical behaviour [9,10]. In healthy IVDs, me- loading [20].

chanical properties are typically illustrated through a non-
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Fig. 1. Bioreactor setup. (a) The system consists of a custom-made intervertebral disc (IVD) holder for resin embedded samples and
culture chamber that can easily fit to a variety of mechanical testing devices for dynamic loading/unloading or be statically loaded. (b)
The stability of the embedding is confirmed by the failure of the sample at the growth plate, as illustrated by a representative example.

To tackle IVD degeneration, different treatment op-
tions, like stem cell therapies or biomaterial scaffolds have
been proposed [21]; however, the regenerative potential of
movement in the context of disc degeneration has not been
explored. The proposed treatment strategies are invasive as
they require injection or implantation of molecules, cells or
materials and bear risks such as infection, immune response
or local cell death. Conversely, changes in IVD water con-
tent and consequent mechanical properties occur upon load-
ing and unloading [22,23]. Specific exercises [24], mobi-
lizations [25] or manipulations [26] have been shown to in-
crease IVD hydration in human subjects, using magnetic
resonance imaging (MRI) or stadiometry, sometimes asso-
ciated with increased proteoglycan content. Therefore, it
seems interesting to take advantage of this approach as part
of the options to manage IVD degeneration. In particular,
IVD unloading protocols, commonly referred to as traction
protocols in clinical practice, appear promising to investi-
gate as, besides showing increased IVD hydration [27-30],
they also have demonstrated efficacy in reducing disability
and pain intensity among LBP patients with degenerated
IVDs [31,32]. Nevertheless, despite the beneficial effects
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of unloading on clinical outcome parameters and IVD hy-
dration, the biological and mechanical changes induced by
these protocols remain poorly understood.

In line with the 3R principles [33], IVD organ cultures
in bioreactors are a common and widely accepted tool to in-
vestigate disc degeneration and disc regenerative treatment
options. However, so far, no bioreactor setup allows for
clinically relevant unloading. The bovine tail has been ex-
tensively used in IVD organ bioreactor studies due to its
similarity in biology and mechanics to the human lumbar
intervertebral disc [34—38], particularly considering that the
biological profile of IVDs in animals like pigs, rats and rab-
bits differs significantly from that of humans due to the per-
sistent presence of notochordal cells into adulthood [37,39].
IVD organ studies offer an interesting method to investigate
the biological and mechanical responses of the IVD to load-
ing while maintaining tissue viability, holding, therefore,
significant potential for evaluating the mechanobiology of
unloading protocols and elucidating the mechanobiological
processes underlying IVD homeostasis.

Hence, this initial study aimed to achieve two objec-
tives: (1) to develop an ex vivo culture system for precise
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Fig. 2. Bioreactor setup: loading regimes. Considering that the samples are subjected to a static compressive load between the dy-
namic loading or unloading sessions, the mechanical testing device further compresses the intervertebral discs (IVD) during the dynamic
compressive loading, whereas the testing device actively unloads the IVDs during the dynamic tensile loading, i.e., the static compres-
sive loading is partially removed, actively. The tensile loading applied by the mechanical testing device therefore results in active

dynamic unloading of the I'VDs.

Table 1. Characteristics of the animals whose tails were collected and use of the tails in culture.

Mass (kg)  Age (months)  Sex Species Use Tail name Samples collected
190 4 Male PID settings /
110 13 Female . . Culture 1 Tail 1
Crossed Swiss Brown (Dairy cattle) .
142 5 Male Culture 2 Tail 2
193 6 Male Culture 2 Tail 3

PID settings: Proportional Integral Derivative settings of the controller of the mechanical testing device.

and clinically based active dynamic unloading of bovine tail
IVDs under controlled culture conditions and (2) to validate
the system by evaluating the impact of unloading of unde-
generated IVDs on biological and on mechanical readouts.
We hypothesized that, compared to dynamic loading, ac-
tive dynamic unloading would promote IVD hydration and
improve mechanical behaviour, potentially influencing bi-
ological markers associated with IVD homeostasis. This
work will pave the way to understanding the biology and
biomechanics of unloading. Furthermore, this study will
propose approaching basic science, i.e., [IVD mechanobiol-
ogy, behind therapeutic movements.

Materials and Methods

Bioreactor Setup

Bioreactor Description

We developed a dedicated system capable of statically
and dynamically loading large animal tail discs in tension
and compression, i.e., unloading and loading, in a con-
trolled biological environment. In contrast to previous stud-
ies [40,41] where IVD bioreactors only allowed compres-
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sion loading, the newly developed system also actively ap-
plies controlled tension or active unloading. The system
consists of a custom-made IVD holder and culture cham-
ber that can easily fit to a variety of mechanical testing
devices, transforming the bioreactor setup into a portable
system. The samples are embedded in biocompatible resin
sensitive to ultraviolet (UV) light. This ensures equal dis-
tribution of the stresses on the embedded vertebral body
as well as a standardized sample shape and consequently
a good fit in the holder. 10 mm of the vertebral body was
kept at each side of the IVD, scraped off to fully expose
the bone and a hole was drilled on both sides of the sample
ensuring nutrition of the disc during loading. The diame-
ter of the holes varied between 7.8 and 14.1 mm depending
on the disc size. For the subsequent embedding, we cured
the resin for 10’ to 12’ at each side during which we pro-
tected the IVDs with wettened gauze. For reasons of read-
ability and practicality, the equipment used in this study
is detailed in Supplementary Table S2, section S.M.1.2
and the references of the consumables are listed in Supple-
mentary Table S2, section S.M.1.2. We only used generic
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consumables. The IVD holder comprises lower and up-
per polyetheretherketone (PEEK) bolts and nuts in which
the resin embedding is fixed. The stems of the holder are
screwed one side to the bottom of the chamber and on the
other side to the mechanical loading device. The chamber is
made from polymethyl methacrylate (PMMA) and includes
a bottom plate, a body piece, and a lid which seals the mem-
brane, closing the chamber. The chamber-holder assembly
provides inlet and outlet sites for the medium circulation
system that maintains the medium (50 mL) in the chamber
at a stable temperature of 37 °C. If needed, a gas circula-
tion module could be integrated into the system to improve
the O5 and CO- control; however, the pH measurements of
the medium (see details in the Supplementary Material,
section S.M.1.2) did not bring up this requirement. The lid
of the chamber was designed to allow combination with a
purpose-designed static loading tool. This tool consists of a
frame with a rod that can be fixed in a specific position to the
upper part of the IVD holder to ensure static loading. The
static loading tool mimics the constraining forces applied
by the soft tissues of the spine on the IVDs where, even in
resting position, the [IVDs remain slightly compressed [42],
thereby enhancing the biofidelity of the loading protocol.
Besides, compared to the typical overnight free swelling,
this intermittent static loading between dynamic loading or
unloading sessions prevented deleterious over-swelling of
the IVD triggered by excessive unloading and water uptake
[43,44]. The bioreactor system is illustrated in Fig. 1.

The system was first tested for embedding robustness
and loading accuracy. Failure tests were performed by ap-
plying continuous tension at a rate of 1 mm/s until failure
of the sample. Fatigue tests lasted 2 to 6 times the total
dynamic loading time in compression and/or tension with
frequency and magnitude comparable to the final experi-
mental protocol. To evaluate the accuracy of the loading,
we recorded the force data during the dynamic loading and
unloading sessions (640 data points/cycle or 128 Hz) and
compared them to the force command, calculating the root
mean square error (RMSE). We then expressed the RMSE
in percentage of the target forces.

Loading Regimes

In this study, active dynamic unloading was compared
to dynamic loading. In both groups, intermittent static load-
ing was applied between dynamic loading or unloading ses-
sions. Active dynamic unloading was based on the follow-
ing equation (Eqn. 1), where we present an approach trans-
lating the forces applied during clinical traction protocols
to loading protocols of bovine bioreactor IVD organ model
studies. Active dynamic unloading of a magnitude of 30
% of body weight, usually reported in clinical traction pro-
tocols, corresponds to a tension pressure of 0.024 MPa in
bioreactor bovine IVD organ model studies. The dynamic
loading of the control group was based on previous stud-
ies [41,45] where the physiological, control loading oscil-
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lates between 0.02 MPa to 0.2 MPa compressive pressure.
Based on the pressure measured in the human spine during
the night (0.24 MPa [42]), the Eqn. 1 was used to determine
the compressive pressure to apply as static loading between
the dynamic loading sessions, resulting in a compressive
pressure of 0.048 MPa for bovine IVDs in culture.

F
P=—&F=PxA
A X

% of body weight applied in human (N) (a)

force to be applied (N) =

x surface of organ culture loaded disc (m?) (d)

x organ culture translation factor (c)

N
where a = 30 % x 72.8 kg x 9.81@ or214 N,

b = 1774 mm? or 1774 x 10~% m? [36,42,46,47] and ¢ = 5
(D

Eqn. 1: Translation of clinical traction protocols into
loading protocols of bioreactor bovine IVD organ model
studies. We applied 30 % of body weight as loading magni-
tude given that forces applied during clinical traction pro-
tocols are reported to be mainly in the range of 3040 %
[48-51]. Besides, we considered the average body mass
of the Swiss population of 72.8 kg [52]. The factor 5 was
calculated based on the ratio of the average physiological,
control loading in bovine tail IVD organ culture (0.1 MPa
of compression [41,45]) and the pressure measured in a hu-
man IVD during walking (0.5 MPa of compression [42]).

For technical reasons related to the mechanical test-
ing device, we could not start the dynamical loadings at the
limit between tension and compression, i.e., unloading and
loading, being 0 N, but from 2 N of compression, which ap-
proximately corresponds to 0.01 MPa compression for all
samples. Consequently, the IVDs in the dynamic loading
groups were loaded in compression from —0.01 MPa to —
0.2 MPa for 2 h/day, dynamically (0.2 Hz), and the IVDs in
the active dynamic unloading group were loaded in tension
from —0.01 MPa to 0.024 MPa for 2 h/day, dynamically (0.2
Hz). Both groups were loaded statically in compression (—
0.048 MPa) in between the dynamic loading or unloading
sessions for 22 h/day using our static loading tool. Consid-
ering the presence of the static loading of 0.048 MPa com-
pressive pressure (with —0.048 MPa set equal to 0 MPa in
the mechanical loading device), the above-mentioned load-
ing command led to an actual loading of —0.058 MPa to
—0.248 MPa in the loading group and an actual unloading
of —0.058 MPa to —0.024 MPa in the unloading group. Fig.
2 shows the different loading regimes (loading command
and actual loading of the discs) and illustrates how tensile
loading applied by the mechanical testing device results in
disc unloading as the static compressive loading is partially
removed. The dynamic loading or unloading (2 h/day at
0.2 Hz) resulted in 1440 cycles/day and 4320 loading or
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Table 2. Gene information.

Symbol Name Primers/Probes type sequence or assay ID (bovine)
Ribosomal protein
RPLPO lateral stalk Bt03218086_m1 ThermoFisher
subunit PO
Primer forward (5'-3") 5'-TGC AGT AAC TTC GTG CCT AGC A-3'
Collagen type I .
COLIAI Ioha 1 chai Primer reverse (5'-3") 5'-CGC GTG GTC CTC TAT CTC CA-3'
alpha 1 chain
P Probe (5FAM/3'TAMRA)  5'-CAT GCC AAT CCT TAC AAG AGG CAA CTG C-3'
Primer forward (5'-3") 5'-AAG AAA CAC ATC TGG TTT GGA GAA A-3’
Collagen type II .
COL241 toha 1 chai Primer reverse (5'-3') 5'-TGG GAG CCA GGT TGT CAT C-3'
alpha 1 chain
P Probe (5FAM/3'TAMRA)  5'-CAA CGG TGG CTT CCA CTT CAG CTA TGG-3'
Primer forward (5'-3") 5'-CCA ACG AAA CCT ATG ACG TGT ACT-3'
ACAN Aggrecan Primer reverse (5'-3") 5'-GCA CTC GTT GGC TGC CTC-3'
Probe (5FAM/3'TAMRA)  5'-ATG TTG CAT AGA AGA CCT CGC CCT CCA T-3'
Primer forward (5'-3") 5'-GGC TGC AAG GGA CAA GGA A-3'
MMP3 Matrix metalloproteinase 3~ Primer reverse (5'-3") 5'-CAA ACT GTT TCG TAT CCT TTG CAA-3’
Probe (5FAM/3'TAMRA)  5'-CAC CAT GGA GCT TGT TCA GCA ATA TCT AGA AAA C-3’
ADAM metallopeptidase Primer forward (5'-3") 5'-GAT GGT CAC GGT AAC TGT TTG CT-3’
ADAMTSS5  with thrombospondin Primer reverse (5'-3') 5'-GCC GGG ACA CAC CGA GTA C-3'
type 1 motif 5 Probe (5FAM/3'TAMRA)  5'-AGG CCA GAC CTA CGA TGC CAG CC-3'
iNOS Nitric oxide synthase 2 Bt03249586_ml ThermoFisher
Transient receptor
TRPV4 potential cation channel Bt04311978_m1 ThermoFisher
subfamily V member 4
Transient receptor
TRPC6 potential cation channel Bt04301412_m1 ThermoFisher

subfamily C member 6

unloading cycles/sample over the three loading days. This
slow frequency corresponds to a typical human respiratory
rate [53].

Study Description

Sample Description and Preparation

We used young bovine tail IVDs. No animals were
sacrificed for the study as tails were obtained from waste
of the local slaughterhouse. We collected the tails and pro-
cessed them within a few hours after slaughter to maintain
the IVD viability. The characteristics of the animals whose
tails were collected are outlined in Table 1.

We washed and disinfected the tails and then dis-
sected them removing the soft tissues and the bony pro-
cesses as previously performed [45]. Next, we harvested
the IVD segments; while we cut the reference samples
“Day0” through the bony endplates as previously described,
we prepared the segments to be cultured according to the
newly developed procedure by keeping a part of the verte-
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bral body. After embedding the samples to be dynamically
loaded or unloaded, we rinsed all [VDs with a jet lavage
system and washed them with penicillin-streptomycin (P/S)
[45]. Finally, we transferred all [VDs, under sterile condi-
tions, in free swelling in 50 mL medium (composition of the
medium detailed in the Supplementary Material, section
S.M.1.2) and placed the IVD containers in the incubator at
37°C, 5 % COz2 and 90 % relative humidity overnight (Fig.
3). We did not apply any degenerative trigger on the [IVDs
for this initial study.

Discs from each tail were divided in four groups. The
embedded discs were spread over the active dynamic un-
loading group (n=3) and the control dynamic loading group
(n = 3). The discs cut through the bony endplates consti-
tuted the “Day0” group (n = 3), for later use as reference
samples for the gene expression. The unembedded discs
prepared according to the new procedure, keeping a drilled
part of the vertebral body, formed the free swelling group
(n = 2), for later use as reference samples for viability. We
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Fig. 3. Study description. (a) On Day0, the samples were prepared. The tails were washed, disinfected, dissected and the disc segments
were cut, leaving a part of the vertebral body at each side of the discs. The vertebral bodies were then scrapped, drilled and embedded in
biocompatible resin. The disc segments were then left in free swelling conditions. (b) From Day?2 to Day4, the disc segments were either
dynamically loaded or dynamically unloaded for 2 h/day. In between, the samples from both groups were kept under a static compressive
load. The disc height was measured before and after each dynamic loading session. (¢) On Dayl, the Day0 discs and medium samples
were collected, while on Day5, the cultured disc and medium samples were collected. Half of the samples were further processed for
water content, matrix content as well as gene expression analyses, while the other half was snap frozen and used for histological viability
and morphological analyses.

divided the samples of each tail over the different groups en- in the chambers with fresh medium and started the loading.
suring equal distribution of IVD sizes over the groups (see The samples were loaded or unloaded for 3 days (Fig. 2).
Supplementary Table S1, section S.M.1.1). The free swelling samples were kept in free swelling condi-
tions for the entire culture duration, with fresh medium on

Disc Culture and Sample Collection Day2. On Day5 (endpoint), we collected the medium and
the IVDs. The embedded vertebral bone and bony endplate

On Day1, we collected the reference samples “Day0”. were removed. Then half of each IVD was divided into the

On Day?2, we mounted the samples to be loaded or unloaded
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Fig. 4. Biological and mechanical evaluation parameters of the study. The parameters include matrix and water content, gene expres-
sion, and histological analyses, i.e., viability and tissue morphology, on the biological side (a) and disc height and force-displacement
curves analyses, with the slope and area under the curve evaluation, on the mechanical side (b).
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Fig. 5. Calculation of the slope (stiffness (K in N/mm)) in the different zones of the force-displacement curves. Typical non-linear
force-displacement curve (a) and straight curve without neutral zone (b). Typical non-linear force-displacement curves or, in other words,
curves with a neutral zone were split into three zones: the neutral zone (NZ) in the middle of the curve, the elastic zone 1 (EZ1; left
from the neutral zone from the minimum force to the start of the neutral zone) and the elastic zone 2 (EZ2; right from the neutral zone,
from the end of the neutral zone to the maximum force). The force and displacement corresponding to the borders of the neutral zone
were recorded. Furthermore, the slope in the different zones was calculated from linear trendlines. The linear trendline was fitted to the
entire data range in the neutral zone (a). In the elastic zones at both sides of the neutral zone (a) and in the straight curves without neutral
zone (b), the linear trendlines were fitted to the data points included in 50 % of the force range, starting respectively at the minimum and
maximum force for EZ1 and EZ2 (a) or at the minimum force for the linear curves (b). Only the upper parts of the curves are represented
in Fig. 5.

three IVD regions (nucleus pulposus (NP), inner and outer
annuli fibrosi (AFi and AFo)) and further processed for wa-
ter content, matrix content as well as gene expression anal-
yses. In contrast, the other half was snap frozen and used
for histological viability and morphological analyses.

Biological and Mechanical Evaluation Parameters

Biological Evaluation

Matrix Content and Water Content. As part of the matrix
content and water content analyses, we evaluated the wa-
ter/sulfated glycosaminoglycan (sGAG) ratio (mg/mg) with
a lower water content/sGAG content suggestive of a higher
degeneration state, as a higher fraction of degraded proteo-
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glycans would bind less water than undegraded proteogly-
cans [17,54]. To this end, we freeze dried the NP, AFi and
AFo samples for at least 18 h. We weighed the samples be-
fore and after freeze drying and calculated the amount of
water in the samples (mg) as the difference between wet
tissue mass (mg) and dry tissue mass (mg). We then di-
gested the dry samples in proteinase K solution at 55 °C
up to 5 days with daily short vortexing until no change in
sample digestion was visible anymore. We quantified the
sGAG in the IVD tissue via the 1.9 dimethyl-methylene
blue (DMMB) assay at pH 1.5 (A525-A595) considering
the presence of polyanions like hyaluronic acid, RNA and
DNA in the IVD [55-57] (direct spectrophotometric micro
assay with DMMB [58] and chondroitin 4-sulfate sodium
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salt for the standard curve). Furthermore, we quantified the
SGAG released in the IVD culture medium (DMMB assay
at pH 3 and A530).

Gene Expression. For gene expression analysis, we iso-
lated the RNA by digesting, pulverizing and homogeniz-
ing the samples prior to using RNeasy spin column simi-
larly as in previous work [59,60], did the reverse transcrip-
tion with the SuperScript VILO ¢cDNA Synthesis Kit and
performed the quantitative real-time polymerase chain re-
action (qPCR) using TagMan Gene Expression Master Mix
for RPLP0O, COL1A1,COL2A1, ACAN, MMP3, ADAMTSS,
iNOS, TRPV4 and TRPC6. The oligonucleotide primers
and probes had a final concentration of 900 nM and 250
nM, respectively. The primers and probes sequences are
reported in Table 2. We carried out a relative quantification
(2~24C method) with RPLPO as reference gene and used
the gene expression of the reference sample “Day0” from
the same tail for normalization.

Histology. Viability and Tissue Morphology. For histo-
logical analysis, we cut sections of 10 um, parallel to the
first vertical cut of the IVD, using a cryostat. The cell vi-
ability was assessed on sections stained with lactate dehy-
drogenase and ethidium homodimer (LDH/Eth) [61]. We
imaged the sections with the Olympus BX63 upright mi-
croscope taking a multiple image alignment (MIA) of ap-
proximately 1 cm through the entire section at 20x magni-
fication. The exposure time of the bright field LDH stain-
ing was 560 ps with a minimum gain of 0.5. An exposition
time of 300 ms (Ex/Em 527/617 nm) and gain of 1 were
used for the fluorescent Eth staining. The exposure time of
the Eth staining was selected to maximize red cells visibil-
ity while avoiding overexposure as detected by the imag-
ing software. Considering blue cells and blue/red cells as
alive, and red cells as dead [61], the viability (%) was cal-
culated for each IVD region via an automated custom-made
ImagelJ workflow validated by manual counting (see details
and validation results in the Supplementary Material, sec-
tion S.M.2.1 and S.R.1.1). For the tissue morphology anal-
ysis, we fixed the sections with methanol and stained them
with Weigert’s Haematoxylin, Safranin O and Fast Green.
We took MIAs (bright field transmitted light of 1 ms, with
gain of 0.5 and 20x magnification) and evaluated the images
qualitatively. The biological and mechanical evaluation pa-
rameters of the study are represented in Fig. 4.

Mechanical Evaluation

Disc Height. Repeated IVD and segment height measures
were taken cross-sectionally with callipers following dis-
section. Likewise, segment height was measured after the
free swelling period before mounting the IVDs in their
chambers. Thereafter, we measured, with callipers, the seg-
ment height variation in the chambers before and after ev-
ery dynamic loading or unloading session, as well as af-
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ter the last static loading session before sample collection
(endpoint), assessing the height variation of the stem of the
upper part of the disc holder (Fig. 3).

Force-Displacement Curves. Force-displacement curves
at the beginning (cycle 15) and at the end (cycle 1439) of
each dynamical loading or unloading session were selected
out of the loading or unloading data for further analysis, ac-
counting for an initial 10 to 15 cycles needed for the system
to achieve stable loading. The force-displacement curves
were fitted to a double sigmoid or a straight line, depending
on the shape of the curves. Each part of the curve, i.e., the
lower and upper parts delimited by the maximum and mini-
mum forces reached in that cycle, was first tentatively fitted
to a double sigmoid, using the equation proposed by Smit
et al. [11] and the “minimize” function from the optimiza-
tion package of SciPy [62]. The borders of the neutral zone
(NZ) were then defined as the maximum and minimum of
the 2nd derivative of the fitted double sigmoid [11]. If one
or both borders of the neutral zone were missing, the data
were fitted to a straight line. In both cases, the goodness of
the fit was evaluated based on the coefficient of determina-
tion (r?).

Slope. We recorded the force and displacement values of
the borders of the neutral zone to assess the NZ evolution
over days. Furthermore, we calculated the slope from lin-
ear trendlines, indicating the stiffness (K in N/mm), in the
different zones of the curves (Fig. 5). These different pa-
rameters were reported as the mean of the parameters in the
upper and lower parts of the curve.

Area Under the Curve. The area under the curve (AUC
in N/mm), characterizing the hysteresis was quantified as
the difference between the integrals of the upper and lower
parts of the curve (for illustration, see the Results section:
Fig. 11).

Statistical Analysis

Considering the limited sample size and the interven-
tion effect size, we used descriptive statistics and evaluated
the consistency of trends observed in the different samples
[63].

Results

Setup: Embedding Robustness, Loading Accuracy, and
Reproducibility

During failure tests, most of the fresh samples failed
between 200-300 N tension, separating the disc from the
embedded vertebral body at the growth plate, which con-
firms the stability of the embedding. We did not observe
any failure during the dynamic fatigue tests.

All samples were successfully loaded over 1440 cy-
cles during all 2 h loading or unloading sessions. Table 3
lists the average RMSE (N) of the three samples for the dy-
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Table 3. Root mean square error (RMSE) of the loading and unloading data.

) ) Peak Valley
Loading regimes Absolute (N)  Percentage of the targeted loading (%) Absolute (N)  Percentage of the targeted loading (%)
Loading 0.09 (b) 4.27 (target loading —2 N) (¢) 0.12N 0.32 (a)
Unloading 0.05 1.02 (a) 0.06 N (b) 2.91 (target loading —2N) (c)
Viability per IVD region
2 % A A A N A - Day0 (n=3)
80 S - _ Dynamic
S _ | loading (n=3)
> 60- = Active dynamic
= o g * unloading (n=3)
2 40+ {
© - i -
S m Free swelling (n=2)
204 ° Tail 1
Tail 2
0 | ; , Tail 3
NP AFi AFo

IVD regions

Fig. 6. The viability was 80 % or higher in most samples. Percentage cell viability (%), with median, in the different IVD regions (nu-
cleus pulposus (NP), inner and outer annuli fibrosi (AFi and AFo)), calculated for each intervertebral disc (IVD) region via an automated
custom-made ImageJ workflow on lactate dehydrogenase and ethidium homodimer (LDH/Eth) sections.

a sGAG in medium
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Fig. 7. Decreased sGAG release in the medium of the unloading group and increased water/sGAG ratio in the outer annulus
fibrosus (AFo) of the unloading group. (a) The concentration of sulfated glycosaminoglycan (SGAG) released in the medium at the
end of the culture was systematically lower in the active dynamic unloading compared to the dynamic loading group. (b) In the AFo, the
water/sGAG (mg/mg) ratio was minimum 30 % higher in the active dynamic unloading compared to the dynamic loading group. Each
individual sample, as well as the median per group, is represented per IVD region (nucleus pulposus (NP), inner and outer annuli fibrosi

(AFi and AFo)).
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Fig. 10. The dynamic loading decreased the intervertebral disc (IVD) height while the active dynamic unloading increased it.
The static loading, represented by the last three vertical lines, had the opposite effect to dynamic loading or unloading. (a) Relative IVD
height change (mm/mm) over time, per group (mean and standard deviation (SD)). (b) Absolute IVD height change (mm) per sample.
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Table 4. Parameters of the force-displacement curves of the samples of the active dynamic unloading group at cycle 1439 of

Loading 3.
Sample Displacement range neutral zone  Slope neutral zone  Slope elastic zone 1 Slope elastic zone 2
(mm) (N/mm) (below NZ) (N/'mm)  (above NZ) (N/mm)
TID1 0.45 8.0 27.2 30.0
T2D5 0.40 6.1 21.3 26.9
T3D4 0.25 11.0 29.8 315

namic loading and unloading over the three loading days,
also expressed as the percentage of the target load.

The RMSE of the maximal compressive and tensile
load was 1 % of the target load (a in Table 3), while the
RMSE of the minimal load was <0.10 N (b in Table 3),
representing less than 5 % (c in Table 3). This smaller ac-
curacy is related to the technical properties of a 250 N load
cell.

Biological Evaluation at Endpoint
Viability

The viability (Fig. 6) was generally good, with 70 %
of the samples presenting a cell viability of 80 % or higher.
However, we noticed a variability between the different
tails, depending on loading type or IVD region. The via-
bility of all cultured samples from Tail 2 dropped below 40
% in the NP. The samples of Tail 1 in the dynamic loading
group showed a viability of around 50 % in all regions. The
viability of all “Day0” samples was around 90 % except for
1 AFo sample. The viability of the cultured samples was
slightly lower. Nevertheless, UV-curing of the resin did not
affect the cell viability, given that the viability of the loaded
and free swelling samples was not different.

Matrix and Water Content

At the endpoint, sGAG concentration released in the
medium was systematically lower in the active dynamic un-
loading group compared to the dynamic loading or control
group (Fig. 7a). The water/sGAG ratio increased from the
nucleus pulposus to the annulus fibrosus. In the outer an-
nulus fibrosus, the active dynamic unloading group showed
a consistent trend of increased water/sGAG ratio (at least
30 % higher) compared to the dynamic loading group (Fig.
7b).

Representative images of the tissue morphology stain-
ing are included in the Supplementary Material, section
S.R.1.2.

Gene Expression

In the nucleus pulposus of the loaded and unloaded
samples, we observed a downregulation of the anabolic
genes compared to the reference sample “Day0” (Fig. 8).
In the active dynamic unloading group, compared to the
dynamic loading group, we noticed a consistently higher
COL2A1 expression (1.3 to 2.1 fold changes), as well as
a consistently lower MMP3 expression (2.1 to 5.6 fold
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changes). iNOS and TRPV4 were consistently lower ex-
pressed in the active dynamic unloading compared to the
dynamic loading group (1.2 to 1.9 and 1.2 to 2.3 fold
changes). TRPC6 expression was only sporadically de-
tected.

We observed a downregulation of the catabolic genes
in the outer annulus fibrosus of the loaded and unloaded
samples compared to the reference sample “Day0” (Fig. 9).
In the active dynamic unloading group, compared to the dy-
namic loading group, we noticed a systematically higher
expression of COL2A1 (3.6 to 5.2 fold changes) but lower
expression of the anabolic gene COLIA41 (1.5 to 2.0 fold
changes). The other genes showed no consistent differences
between the two loading groups.

Mechanical Evaluation
Disc Height

The IVD height change over time is represented per
group and individual sample (Fig. 10a: mean and standard
deviation (SD) per group, relative to the measurement of the
IVD after dissection and Fig. 10b: absolute values per in-
dividual sample). In both groups, we observed (Fig. 10a) a
slight increase in [VD height (<5 %) after the free swelling
period (represented by the first vertical line in Fig. 10). In
the dynamic loading group, we saw an IVD height decrease
of slightly less than 20 % of the initial height after the first
dynamic loading, represented by the pink dotted line. The
IVD height slightly increased during the static loading ses-
sions (<2 %). However, the initial [IVD height was not re-
stored during the static loading periods (represented by the
last three vertical lines in Fig. 10). In the active dynamic
unloading group, we saw the opposite trend, i.e., the IVD
height increased (<6.5 %) after the active dynamic unload-
ing but decreased during the static loading periods (<6 %).
Overall, the initial [IVD height was preserved.

Force-Displacement Curves

In the dynamic loading group, limited variation was
observed in the force-displacement curves over time and
in-between donors (see Supplementary Material, section
S.R.2.1). In general, force-displacement increased linearly
(r? >0.98 in all samples), with a small horizontal toe region
at the lowest force levels (Fig. 11). In the active dynamic
unloading group, the force-displacement curves on the first
loading day (Loading 1) differed among donors.
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Fig. 11. Force-displacement curves of one representative sample as illustration. Samples from Tail 3 of the dynamic loading group
(a) and the active dynamic unloading group (b) on the last loading day (Loading 3) at cycles 15 and 1439. Both parts of the curves,
defined by the minimum and maximum forces, are plotted in different colours. The area under the curve was represented by the grey area
in between both parts of each curve. The neutral zone, in the active dynamic unloading group (b), was delimited by the black dots for
each part of the curve. The individual curves of the samples of both groups on all three loading days are available in the Supplementary
Material, section S.R.2.1. As additional information, the maximum displacement over time of the different samples is included in the
Supplementary Material, section S.R.2.2.
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Fig. 12. Slope of the elastic zone (N/mm) over time, indicating the evolution of the stiffness. The stiffness increased during the
dynamic loading sessions and globally from Loading 1 to Loading 3 in the dynamic loading group. In the active dynamic unloading
group, the stiffness changes depended on the presence of a neutral zone in the force-displacement curves at the start of the first active
dynamic unloading session.

Ce= 12 www.ecmjournal.or
CELLO® maczzians J &


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a01

European Cells and Materials Vol.50 2025 (pages 1-19) DOI: 10.22203/eCM.v050a01

Area under curve over time

— 2.0 —_ .
S T ] ~ Dynamic
§ > loading (n=3)
Iy 1.57 " - Active dynamic
% /Q\/ unloading (n=3)
o 1.0 /A\./ Tail 1
é Ta[l 2
S 054 Tail 3
®
Z
W r r I I
P 2 ° g o 2
2 @ 2 2 2 P
(6] 2 (6] e (6] o
(6] (6] (6]
Loading1 Loading2 Loading3
Timepoints

Fig. 13. Area under the curve (AUC) (Nmm) over time, characterizing the hysteresis. In the dynamic loading group, the AUC
decreased during each dynamic loading session and globally from Loading 1 to Loading 3. In the active dynamic unloading group, the
changes in the AUC depended on whether or not the neutral zone was apparent in the force-displacement curve.

At the start of the active dynamic unloading (Load-
ing 1, cycle 15), two of the samples presented linear curves
(T2D5 and T3D4), while the sample from Tail 1 (T1D1) had
a non-linear behaviour including a neutral zone. At the end
of'the last active dynamic unloading session (Loading 3, cy-
cle 1439), all samples showed a typical viscoelastic curve
with a neutral zone. Therefore, the slope of the three differ-
ent zones in the curves (1> >0.91) could only be compared
for this timepoint (Table 4). The slope of the elastic zone 1
(EZ1) was comparable to that of the elastic zone 2 (EZ2).
The slope of the linear curves and elastic zones presented
2 >0.73 (average r? = 0.97) for all curves in the active dy-
namic unloading group over the three loading days. The
coefficient of determination assessing the fit of the data to
the double sigmoid presented r? >0.99 for all curves over
the three days that comprised a neutral zone.

Slope

In the dynamic loading group, during one loading ses-
sion, the slope or stiffness increased, i.e., for the same load,
the displacement per cycle decreased during the loading
session (Fig. 12). This effect was partially maintained be-
tween the loading sessions, and the average slope at the end
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of the last loading day was increased compared to the av-
erage slope at the beginning of the first loading day (241.1
N/mm vs 152.0 N/mm). However, the stiffness varied con-
siderably between samples at the end of the loading sessions
(SD =36.5 N/mm vs 6.2 N/mm at the beginning of the load-
ing sessions).

In the active dynamic unloading group, the slope of
the elastic zones at the endpoint was around 8x lower (27.8
=+ 3.6 N/mm). The evolution over time of the slope of the
linear curves and elastic zones was variable and dependent
on the shape of the force-displacement curve, i.e., the slope
of the two samples initially presenting linear curves (T2D5
and T3D4) decreased at first. Once the neutral zone was
present, the slope increased during the active dynamic un-
loading but this effect was counterbalanced by the static
loading. The sample from Tail 1 (T1D1) that presented a
non-linear curve at the start of the first active dynamic un-
loading session showed a decrease of slope during the un-
loading sessions that was not maintained over the days.

Area Under the Curve

In the dynamic loading group, the area under the curve
(AUC) decreased daily during the loading (Fig. 13). This
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effect was partially maintained between the loading days;
over the three days, the AUC (average £+ SD) decreased
from 1.4 £ 0.2 Nmm at cycle 15 of Loading 1 to 0.9 +
0.1 Nmm at cycle 1439 of Loading 3. In the active dy-
namic unloading group, the change in AUC over time was
more variable and dependent on the shape of the force-
displacement curve, i.e., the AUC increased during the ac-
tive dynamic unloading sessions for linear curves but de-
creased for curves with a neutral zone.

Discussion

In our study, we developed an innovative ex vivo cul-
ture system for precise and clinically based active dynamic
unloading of bovine tail IVDs under controlled culture con-
ditions. We evaluated the impact of unloading on biological
and mechanical readouts from undegenerated IVDs to val-
idate the system. Firstly, the developed setup demonstrates
technical feasibility and shows improvement in biofidelity
compared to existing systems. Secondly, the readouts vali-
date the workflow of the system and illustrate the potential
of combining biological and mechanical readouts from IVD
bioreactor organ model studies. Additionally, they give a
promising outlook on the unloading mechanobiology of de-
generated IVDs in future organ model studies and highlight
the possibility to capture the [IVD mechanobiology of ther-
apeutic movements.

The developed culture system, comprising a special-
ized chamber for dynamic loading and unloading of embed-
ded samples in a standard mechanical testing device, was
precise, reliable and the outcomes demonstrated technical
feasibility. Firstly, excellent loading or unloading accuracy
is indicated by the RMSE results. The 1 % RMSE of the
absolute maximum force falls within the range reported in
a bioreactor validation study using a piece of rubber [64].
Moreover, failure and fatigue tests confirm the successful
utilization of resin-embedded samples within the newly de-
signed holders and chambers, which has not been reported
before. Additionally, the sample viability remains unaf-
fected by the UV-method used for embedding. Lastly, the
display of the neutral zone solely during active dynamic un-
loading underscores the distinct nature of the unloading pro-
tocol. The neutral zone characterizes the transition between
both directions of a movement and, therefore, confirms the
effective unloading of the samples.

Compared to the typical overnight free swelling, inter-
mittent static loading between dynamic loading or unload-
ing sessions enhances the biofidelity of the loading protocol
as it mimics the constraining forces applied by the soft tis-
sues of the spine on the IVDs. Similarly as in the human
spine at rest [65], this intermediate static loading compen-
sates for observed changes in IVD height induced by ac-
tive dynamic unloading (increase in IVD height) and dy-
namic loading (decrease in IVD height). This behaviour
aligns with the results of clinical stadiometer studies show-
ing spinal length increase after traction or spine unloading
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protocols but decrease after loading [66,67]. Finally, static
loading between the active dynamic unloading sessions in-
stead of free swelling is essential to avoid damage triggered
by excessive unloading and water uptake [43,44].

Aside from the biological outcomes typically reported
in disc organ culture studies, this study also provides in-
teresting mechanical readouts from the same IVDs. De-
spite the preliminary nature of our research on undegen-
erated IVDs, the results support our hypothesis. The bio-
logical outcomes indicate higher water content and an anti-
catabolic response in the IVDs of the active dynamic un-
loading group. Biomechanical outcomes suggest a higher
water content and improved mechanical resistance in the
active dynamic unloading group but a loss of water content
in the dynamic loading group, possibly associated with in-
creased stress and IVD degeneration.

Looking at the disc biology, the proteoglycan content
appears better maintained, as indicated by lower sGAG con-
centration in the medium and higher water content/sGAG
content ratio in the AFo. This indicates reduced proteogly-
can degradation and preservation of functional proteogly-
cans within the IVD, ultimately leading to improved IVD
hydration [17,54,68]. Moreover, there is a discernible anti-
catabolic shift in gene expression upon active dynamic un-
loading. In the NP, we observe increased expression of
COL2A1 accompanied by decreased expression levels of
MMP3,iNOS and TRPV4. These coordinated decreases in
MMP3 and iNOS expression suggest a reduction of the ex-
tracellular matrix degeneration and inflammation [6,7] and
the increased COL2A 1 expression indicates an anabolic ac-
tivity. Additionally, the observed reduction in MMP3 ex-
pression and the decreased SGAG release in the medium
align with the reported role of MMP3 in collagen type 11
and PG degradation [6,7]. Consistent with our findings,
lower expression of TRPV4 and possibly lower level of
iNOS can be related with the higher water/sGAG ratio, in-
dicative of more functional PG, as, on the opposite, re-
duced osmolarity, which can be attributed to PG degrada-
tion, increases TRPV4 expression and pro-inflammatory cy-
tokines [69,70]. Furthermore, in the AFo, active dynamic
unloading induces a shift in the expression of COLIAI and
COL2A1, favouring the higher expression of COL2A41. This
could be attributed to varying matrix stresses in the different
loading conditions. The elevated expression of COL2A41,
coupled with the higher water/sGAG content ratio, suggests
an enhanced water-binding potential in the AFo, potentially
influenced by changes in network architecture [71,72].

Changes in biomechanical parameters suggest water
content changes, particularly restored water uptake upon
unloading. This is despite the characteristics of the animals,
whose tails were collected, not being homogeneous, which
may explain the sample variability in mechanical behaviour
upon initial active dynamic unloading. Upon active dy-
namic unloading, the IVD height increases, suggesting that
the water is drawn back into the IVD [67], thereby optimiz-
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ing the NP function. The restored aqueous component in
the samples is supported by the initial decrease in slope, i.e.,
stiffness, and by the initial increase in AUC (until the [IVDs
exhibit typical viscoelastic behaviour). Subsequent active
dynamic unloading results in a more pronounced increase in
the elastic component compared to the aqueous component,
as evidenced by the increase in slope and by the decreasing
AUC with increasing efficiency of energy dissipation, sim-
ilar to dynamic loading. Upon dynamic loading, the IVD
height decreases, suggesting that the water is pushed out of
the IVD [9,10,73] and, consequently, that the annulus fi-
brosus is tensioned. The increased importance of this elas-
tic component of the IVD is supported by the increase in
stiffness and by the decrease in hysteresis, indicating in-
creasing efficiency of energy dissipation. Conversely, after
the intermediate static loading, we see the IVD height in-
creasing, the stiffness decreasing, and the AUC increasing,
all indicating partial water content recovery. Compared to
previous studies [41,45], the baseline static loading applied
between the dynamic loading or unloading sessions leads
to a more pronounced IVD height decrease in the dynamic
loading group (~—10 % vs ~20 %).

Our biological and biomechanical findings support
each other as they both suggest an optimization of IVD
function in response to active dynamic unloading. Despite
the different biological profiles, the observed trend towards
optimized biological and mechanical IVD functions follow-
ing unloading agrees with findings from previous in vivo
and ex vivo animal studies [74—79]. Besides, the observed
increase in IVD height, along with the higher water/sGAG
ratio, upon active dynamic unloading suggest an improve-
ment in IVD water content, corroborating stadiometer and
MRI findings from clinical studies on both symptomatic
and asymptomatic subjects, albeit exploring the biologi-
cal and mechanical changes induced by disc unloading are
inaccessible in studies on human subjects. These find-
ings offer promising prospects regarding future investiga-
tion of degenerated disc unloading mechanobiology. First,
the present study will be repeated on induced degenerated
discs, as degenerated discs better approach the target pop-
ulation of low back pain patients with disc degeneration.
Longer disc culture studies will also be envisaged to better
highlight extracellular matrix changes. Afterwards, transla-
tional studies, including MRI measurements, should be an-
ticipated before starting clinical studies based on the gained
insights, aiming to improve clinical spine traction protocols
and, more generally, movement-based regenerative proto-
cols for degenerative IVDs.

The primary limitation of this study is the small sam-
ple size (n = 3). With only one dynamical loading station,
we could load a maximum of 4 samples per day. However,
we focused on reporting trends consistent across all sam-
ples. Importantly, changes in both biological and biome-
chanical outcomes aligned with each other. Additionally,
the results of this study on undegenerated discs aimed to
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present a new bioreactor system and set the ground for fur-
ther studies on degenerated IVDs. The high variability in
the mechanical unloading data restricts conclusive remarks
regarding the evolution of the neutral zone. Nonetheless,
the study demonstrates strength in presenting correspond-
ing biological and biomechanical data.

Conclusions

We successfully developed a unique portable system
for dynamic loading or unloading alongside intermittent
static loading of large animal tail discs within a controlled
culture environment. This provided an improved biofidelic
model for studying biology and biomechanics of clinically
based IVD active dynamic unloading. Moreover, we eval-
uated biological and biomechanical results and could show
consistency between them. Finally, we also observed indi-
cations of IVD function optimization after active dynamic
unloading.

With this pioneering study on undegenerated IVDs,
we paved the way to exploring the mechanobiology of IVD
unloading protocols. Before starting translational or clin-
ical studies, there are a few steps to take; however, this
first bovine disc unloading culture illustrates the feasibility
and benefits of studying the biological and biomechanical
changes upon dynamic unloading protocols. Moreover, this
proof-of-concept study highlights the potential of studying
movement-induced, biological and biomechanical changes
on the degenerated discs in the context of disc regenerative
therapy.
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