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SUMMARY:  30 
This protocol presents a novel experimental model of proinflammatory, degenerative bovine 31 
organ culture to simulate early-stage intervertebral disc degeneration. 32 
 33 
ABSTRACT:  34 
Symptomatic intervertebral disc (IVD) degeneration (IDD) is a major socioeconomic burden and 35 
is characterized by inflammation and tissue degradation. Due to the lack of causative therapies, 36 
there is an urgent need for innovative experimental organ culture models to study the 37 
mechanisms involved in the progression of the disease, find therapeutic targets, and reduce the 38 
need for animal models. We here present a novel, three-dimensional organ culture model 39 
protocol mimicking the proinflammatory and catabolic microenvironment, which is present 40 
during IDD.  41 
 42 
Initially, bovine caudal IVDs were dissected, cleaned, and cultured in the tissue culture medium. 43 
Dynamic physiologic or pathologic loading was applied in a custom-made bioreactor for 2 hours 44 
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per day. IVDs were assigned to a control group (high glucose medium, physiological loading, 45 
phosphate-buffered saline injection) and a pathological group (low glucose medium, pathological 46 
loading, tumor necrosis factor-alpha injection) for four days. Gene expression analysis from 47 
collected nucleus pulposus cells of the IVDs and enzyme-linked immunosorbent assay of the 48 
conditioned organ culture media was performed.  49 
 50 
Our data revealed a higher expression of inflammatory markers and reduced disc heights after 51 
loading in the pathological group compared to the control group. This protocol is reliable to 52 
simulate IVD inflammation and degeneration and can be further expanded to broaden its 53 
application scope. 54 
 55 
INTRODUCTION:  56 
Low back pain (LBP) can affect individuals of all ages and is a leading cause for disability 57 
worldwide1–3. The total cost associated with LBP exceeds $100 billion per year4,5. Symptomatic 58 
intervertebral disc (IVD) degeneration (IDD), a condition characterized by inflammation and 59 
tissue degradation, is a major cause of LBP6,7. Specifically, IDD is characterized by a gradually 60 
evolving breakdown of the IVD's extracellular matrix (ECM), induced and triggered by multiple 61 
factors that lead to an accelerated pathology, neurological disorders, and eventually disability. 62 
Furthermore, IDD is associated with the release of proinflammatory cytokines, altered spine 63 
biomechanics, angiogenesis, and nerve ingrowth, which increases pain sensation, altogether 64 
causing chronic LBP (active discopathy)6,8. To date, treatment options include discectomy and 65 
subsequent fusion of the adjacent vertebrae, implantation of an IVD prosthesis, or non-surgical 66 
approaches, such as non-steroidal anti-inflammatory drugs, opioids, and muscle relaxants for 67 
patients with IDD9. Both current standard therapeutic options, surgical and non-surgical, are only 68 
partly effective and fail to address the underlying biological problem9,10. Early-stage degenerative 69 
disc disease is characterized by an initial inflammatory tissue response, especially an increase in 70 
tumor necrosis factor-alpha (TNF-alpha) expression11. These early disc changes primarily occur at 71 
the cellular level without disrupting the disc architecture and could previously be mimicked by 72 
nutritional deficiency under pro-inflammatory conditions12. Therefore, precise simulation of the 73 
in vivo situation to investigate these degeneration mechanisms and find suitable therapeutic 74 
targets is crucial. Additionally, to these simulations of molecular properties, the mechanical 75 
loading environment of the discs plays a key role in pathological and physiological changes of 76 
IVD. Consequently, combining these approaches would bring us one step forward to mimic the 77 
complex microenvironment of IVDs in vivo. There are currently no studies considering the aspect 78 
of dynamic loading along with the pro-inflammatory and nutritional setting to the best of our 79 
knowledge.  80 
 81 
Although large animal models allow the investigation of potential relevant in vivo interactions, 82 
they are costly and work intensive. Moreover, as the use of animal models in research has long 83 
been a matter of controversy, the reduction of the number of animals needed to answer 84 
important research questions is of great interest. Finally, there is currently no ideal animal model 85 
to mimic IDD in IVD research13,14. Therefore, it is necessary to establish a cost-effective and 86 
reliable replacement, such as an organ culture model to simulate IDD and associated 87 
inflammatory and degenerative processes. Recently, the application of the present protocol on 88 



   

 

the establishment of a proinflammatory and degenerative organ culture model to simulate early-89 
stage intervertebral disc disease allowed us to investigate the effect of anti-inflammatory drugs 90 
in the IDD organ culture15.  91 
 92 
Here, we describe how to obtain bovine intervertebral discs and induce the state of early-stage 93 
IDD via a catabolic and proinflammatory microenvironment caused by direct intradiscal injection 94 
of tumor necrosis factor-alpha (TNF-α) and degenerative loading in a bioreactor under low 95 
nutritive medium conditions. Figure 1 illustrates the experimental model and shows the 96 
bioreactor used to simulate degenerative and physiological loading conditions. 97 
 98 
[Place Figure 1 here] 99 
 100 
PROTOCOL:  101 
 102 
Experiments were performed using bovine tails obtained from local abattoirs. The biological 103 
materials used in the current study are taken from the food chain and require no ethical approval 104 
in Swiss and European law. 105 
 106 
1. Dissection of the bovine intervertebral disc 107 
 108 
1.1. Rinse the whole tail thoroughly with tap water to remove dirt and hair on the surface. 109 
 110 
NOTE: With intact, distal ends, a maximum of 9 IVDs (coccygeal 1-9) per tail can be used for the 111 
experiments depending on the desired size of the IVDs. Considering the desired diameter 112 
between 15-20 mm, we used 12 bovine tails with 5 IVDs per tail for the experiments. 113 
 114 
1.2. Immerse the whole tail in a box containing 1% betadine solution for 10 min. Briefly dry the 115 
tail with sterile gauze and place it on a sterile drape. 116 
 117 
NOTE: During dissection of the disc, humidify the tails with Ringer’s solution wetted gauze to 118 
prevent dehydration. Store the tails (or left-over segments) wrapped in wet gauze until the whole 119 
dissection procedure is completed. 120 
 121 
1.3. Use a scalpel (No. 20) to remove the soft tissue as completely as possible from the caudal 122 
spine to facilitate the identification of the IVDs. Remove the spinous and transverse processes of 123 
the vertebrae with bone removal pliers. 124 
 125 
NOTE: Select IVDs with the desired diameter. IVDs with a diameter range of 15-20 mm were used 126 
in the current study. 127 
 128 
1.4. Cut transversely with bone pliers through the middle of each vertebral body to obtain 129 
individual motion segments. Put motion segments in a Petri dish with gauze wetted with Ringer’s 130 
solution.  131 
 132 



   

 

1.5. Locate the IVD and vertebra by palpation and by moving the motion segments gently. Make 133 
two parallel cuts with the band saw in the growth plate of the IVDs, one on each side of the IVD. 134 
Identify the location of the growth plate by touching and finding the convex site of the bony 135 
endplate part (hard) adjacent to the disc (soft) with a safety distance of approximately 0.5-1 mm 136 
from the IVD towards the vertebra. Ensure that the blade of the band saw is cooled with Ringer’s 137 
solution while cutting the vertebrae. 138 
 139 
1.6. Transfer IVDs in a clean Petri dish with clean gauze wetted with Ringer’s solution.  140 
 141 
NOTE: The gauze should be moistened and not too wet to prevent swelling of the IVDs, 142 
 143 
1.7. Use the scalpel blade to scrape off the vertebral body (red/pink bone), growth plate (white 144 
cartilage), leave the endplate intact (yellow-pink). Make the two surfaces flat and parallel for the 145 
loading procedure. Transfer scraped IVD’s to a fresh Petri dish with gauze wetted with Ringer’s 146 
solution. 147 
 148 
NOTE: Wear a chainmail glove to protect the hand while holding the IVD and scraping. 149 
 150 
1.8. Measure the disc height and diameter with a caliper. Clean the blood clots in the vertebrae 151 
bone with Ringer’s solution using a jet lavage system.  152 
 153 
1.9. Transfer the IVDs to 50 mL plastic tubes, one IVD per tube. Add 25 mL of Phosphate-Buffered 154 
Saline (PBS) + 10% Penicillin/Streptomycin (P/S) per IVD and leave it shaking for 15 min on an 155 
orbital shaker at room temperature. 156 
 157 
1.10. Aspirate the supernatant and add 10 mL of PBS + 1% P/S per IVD for 2 min to rinse the IVDs. 158 
 159 
2. IVD culture and loading  160 

 161 
2.1. Transfer discs to IVD chambers and add IVD culture medium (Dulbecco’s Modified Eagle 162 
Medium (DMEM, 4.5 g/L high glucose DMEM for the physiological group and 2 g/L low glucose 163 
DMEM for the pathological group) + 1% P/S + 2% fetal calf serum + 1% ITS (contains 5 µg/mL 164 
insulin, 6 µg/mL transferrin, and 5 ng/mL selenious acid) + 50 µg/mL ascorbate-2-phosphate + 165 
1% non-essential amino acid + 50 µg/mL antimicrobial reagent for primary cells) and place in an 166 
incubator at 37 °C, 85% humidity and 5% CO2. 167 
 168 
2.2. Culture the discs for 4 days within a bioreactor system according to experimental groups16. 169 
In the pathologic group, maintain degenerative loading conditions at 0.32-0.5 MPa, 5 Hz for 2 170 
h/day. In the physiological control group, use a loading protocol of 0.02-0.2 MPa, 0.2 Hz for 2 171 
h/day.  172 
 173 
NOTE: Position the IVDs in chambers containing 5 mL of IVD medium during the loading 174 
procedures. The volume depends on the size of the bioreactor's loading chambers. Between the 175 
loading procedures, place the IVDs in six-well plates with 7 mL of IVD culture medium for free-176 



   

 

swelling recovery. 177 
 178 
2.3. For analyzing the changes in disc height during the experimental period, measure the disc 179 
height with a caliper after IVD dissection (baseline) and then daily after the free swelling period 180 
and after dynamic loading for the experimental duration. 181 
 182 
3. Intradiscal tumor necrosis factor-alpha (TNF-α) injection 183 
 184 
3.1. Directly after the first dynamic loading cycle on day 1, place the IVDs in a Petri dish in a 185 
vertical position and stabilize the IVDs with a tweezer.  186 
 187 
3.2. Inject recombinant TNF-α (100 ng in 70 µL of PBS per IVD) with a 30-gauge insulin needle 188 
into the nucleus pulposus tissue of the pathological group17. Inject slowly at a speed of 189 
approximately 70 µL in 1 min.  190 
 191 
3.3. After injecting, pull the syringe halfway back within the IVD and pull the syringe plunger to 192 
create a vacuum that prevents the injected solution from leaking back, before removing the 193 
needle and syringe completely from the IVD. 194 
 195 
NOTE: Perform a pilot experiment by injecting PBS containing trypan blue dye to evaluate the 196 
distribution of the injected solution after loading and overnight culture. 197 
 198 
4. Gene expression 199 
 200 
4.1. Harvest the IVDs on day 4. Collect the nucleus pulposus (NP) tissue (gelly part in the middle 201 
of IVD) with a biopsy punch. Collect the outer annulus fibrosus (AF) with a scalpel blade (No.20).  202 
 203 
NOTE: For the baseline reference at day 0, collect reference tissues immediately after dissection 204 
for RNA extraction.  205 
 206 
4.2. Use the amount of NP or AF tissue needed for gene expression analysis, depending on the 207 
experimental design.  208 
 209 
NOTE: For the present experiments, approximately 150 mg tissue was used. The ratio of RNA 210 
isolation solution to tissue mass should be at least 2 mL per 100-150 mg tissue for efficient 211 
extraction. 212 
 213 
4.3. Digest the NP or AF tissue with the digestion solution (0.2% pronase in DMEM, filter 214 
sterilized) and incubate for 1 h at 37 °C with magnetic stirring18. 215 
 216 
4.4. Flash-freeze the tissue samples using liquid nitrogen and pulverize to a fine powder. Divide 217 
the pulverized tissue powder equally into two 2 mL tubes each containing 1 mL of guanidine 218 
thiocyanate and phenol in a monophase solution (RNA isolation solution).  219 
 220 



   

 

4.5. Perform the homogenization in 2 mL tubes containing the RNA isolation solution and the 221 
pulverized tissue powder. Homogenize the tissue powder 5x with an 8 mm stainless steel ball and 222 
a tissue-lyzer at 30 Hz for 3 min. Centrifuge at 12,000 x g, 4 °C for 10 min and transfer the 223 
supernatant to a fresh tube. The supernatants can be stored at -80 °C for at least one month. 224 
 225 
4.6. Add 0.1 mL of 1-bromo-3-chloropropane (BCP) per 1 mL of RNA isolation solution and shake 226 
vigorously for 15 s. Store the resulting mixture at room temperature on an orbital shaker for 15 227 
min and centrifuge at 12,000 x g for 15 min at 4 °C.  228 

 229 
NOTE: The RNA remains exclusively in the upper aqueous phase. 230 
 231 
4.7. Transfer the aqueous phase into a fresh tube and precipitate RNA with 0.25 mL of 232 
isopropanol and 0.25 mL of high salt precipitation solution per 1 mL of RNA isolation solution 233 
used for initial homogenization. Store the samples at room temperature for 15 min on an orbital 234 
shaker and centrifuge at 12,000 x g for 8 min at 4 °C. 235 
 236 
NOTE: Alternatively, use the column-based RNA extraction method which generally leads to 237 
higher RNA purity but lower RNA yield. 238 
 239 
4.8. Remove the supernatant and wash the RNA pellet with 1 mL of 75% ethanol per 1 mL of RNA 240 
isolation solution used for initial homogenization. Centrifuge at 7,500 x g for 5 min at 4 °C. 241 
 242 
4.9. Remove the ethanol wash and briefly air-dry RNA pellet for 3-5 min. Dissolve the RNA in 20 243 
µL of diethylpyrocarbonate (DEPC) treated water by passing the solution a few times through a 244 
pipette tip and incubating for 10-15 min at 55-60 °C. 245 
 246 
4.10. Measure the absorbance at 230 nm, 260 nm, and 280 nm (A230, A260 and A280 247 
respectively). A260 of 1.0 corresponds to 40 µg/mL RNA. An A260/A280 ratio of 1.6-1.9 is 248 
expected, whereas contamination results in a A260/A280 ratio of <1.6. 249 
 250 
4.11. Prepare a reverse transcriptase (RT) reaction mix for a 20 µL reaction volume. The mix 251 
contains 10x solution (2.0 µL, contains RT enzyme mix and ribonuclease inhibitor, and helper 252 
protein), 5x solution (4.0 µL, contains primers, dNTPs and MgCl2), RNase free water (14.0 µL- RNA 253 
sample volume), and RNA sample (0.4 µg of total RNA). 254 
 255 
4.12. Briefly centrifuge the RT tubes to mix all the components at the bottom of the tube. 256 
 257 
4.13. Place the samples in the thermocycler instrument. Select the appropriate program for the 258 
RT. Run the RT for 10 min at 25 °C, followed by the reverse transcription step for 120 min at 42 259 
°C and inactivation of the reverse transcriptase for 5 min at 85 °C, cooling it down to 4 °C at the 260 
end. 261 
 262 
4.14. Dilute the resulting cDNA with Tris(hydroxymethyl)aminomethane (Tris)-263 
ethylenediaminetetraacetic acid (EDTA) (TE) buffer (10 mM Tris with 1 mM EDTA) to a final 264 



   

 

concentration of 0.4 µg RNA used for RT per 100 µL cDNA solution. Store the cDNA samples at -265 
20 °C. 266 
 267 
4.15. Perform real-time polymerase chain reaction (PCR) using a 10 µL reaction volume. The 268 
reaction volume contains the master mix (containing DNA polymerase, uracil-DNA glycosylase, 269 
dNTPs with dUTP, passive reference and optimized buffer components), forward primer 45 µM, 270 
reverse primer 45 µM, probe 12.5 µM (containing a reporter dye linked to the 5' end of the probe, 271 
a minor groove binder at the 3' end of the probe, and a nonfluorescent quencher at the 3' end of 272 
the probe), 2 µL cDNA and DEPC-treated water.  273 
 274 
4.16. Run an endogenous control (RPLP0) for relative quantification with the 2-ΔΔCT method19.  275 
 276 
4.17. Add samples in duplicates and run a no template control by adding TE-buffer instead of 277 
cDNA. Run PCR at standard conditions (2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C, 278 
and 1 min at 60 °C).  279 

 280 
4.18. Perform relative quantification of mRNA targets following the comparative CT method. The 281 
amount of mRNA normalized to the baseline sample is calculated as 2-ΔΔCT, whereas ΔΔCT is the 282 
difference between the ΔCT (CT target- CT endogenous control) of sample and ΔCT (CT target 283 
and CT endogenous control) of the baseline sample. 284 
  285 
5. Quantification of protein content in the IVD medium 286 
 287 
5.1. Collect the medium conditioned by the IVD samples to measure the protein content in the 288 
medium. Perform enzyme-linked immunosorbent assay (ELISA) according to the protocol of the 289 
target protein.  290 
 291 
5.2. For quantifying interleukin-8 (IL-8), dilute the capture antibody to the working concentration 292 
with PBS and immediately coat a 96-well ELISA plate with 100 µL of the diluted capture antibody. 293 
Seal and incubate the plate overnight at room temperature. 294 
 295 
5.3. Aspirate each well and wash the wells 3x with wash buffer (0.05% polysorbate 20 in PBS, pH 296 
7.2-7.4; 400 µL per well).  297 
 298 
5.4. Block the plates by adding 300 µL of the block buffer (1% bovine serum albumin (BSA), in 299 
PBS, pH 7.2-7.4, 0.2 µm filtered sterile) to each well. Incubate at room temperature for a 300 
minimum of 1 h. 301 
 302 
5.5. Repeat the wash steps as in step 5.3 and add 100 µL of samples or standards diluted in 303 
reagent diluent (0.1% BSA, 0.05% polysorbate 20 in Tris-buffered saline (20 mM Tris, 150 mM 304 
NaCl, pH 7.2-7.4, 0.2 µm filtered sterile). Standard concentrations in this protocol were 2000 305 
pg/mL, 1000 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, and 31.3 pg/mL. Seal and 306 
incubate 2 h at room temperature.  307 
 308 



   

 

5.6. Repeat the washing steps as in step 5.3. Add 100 µL of the working dilution (using reagent 309 
diluent) of streptavidin-horseradish peroxidase (HRP) to each well. Avoid placing the plate in 310 
direct light. Incubate for 20 min at room temperature. 311 
 312 
5.7. Repeat the washing steps as in step 5.3. Add 100 µL of the substrate solution (1:1 mixture of 313 
H2O2 and tetramethylbenzidine). Incubate the plate for 20 min at room temperature in the dark 314 
by covering it with aluminum foil.  315 
 316 
5.8. Add 50 µL of stop solution (2 N H2SO4) to each well and ensure good mixing by gently tapping 317 
the plate a few times before insertion into the microplate reader.  318 
 319 
5.9. Measure the optical density of each well immediately using a microplate reader at a 320 
wavelength of 450 nm with the corrected wavelength set at 570 nm.  321 
 322 
REPRESENTATIVE RESULTS:  323 
Degenerative loading in low glucose medium combined with TNF-α injection caused a significant 324 
increase of the gene expression of proinflammatory markers interleukin 6 (IL-6) and interleukin 325 
8 (IL-8) compared to the physiological control group in NP cells after 4 days of culture (Figure 2). 326 
In contrast, we did not observe significant changes for the proinflammatory genes interleukin 1β 327 
(IL-1β) and TNF-α in NP cells (data not shown). Furthermore, degenerative culture conditions did 328 
not alter the gene expression of IL-6 and IL-8 in AF cells.  329 
 330 
[Place Figure 2 here] 331 
 332 
Consistent with the gene expression findings, the IL-8 protein content in the medium showed a 333 
marked increase after 2 days and 4 days compared to the physiological condition (Figure 3). 334 
However, the measurements at day 3 (after free-swelling or loading) revealed no significant 335 
differences between the study groups, although the results indicated higher values for the 336 
degenerative group.  337 
 338 
[Place Figure 3 here] 339 
 340 
The disc height (DH) changes normalized to the DH after dissection are shown in Figure 4. 341 
Whereas DH reductions after loading revealed higher values (i.e., more height reduction) for the 342 
degenerative group compared to the physiological groups, no differences in disc height gains 343 
after the free-swelling period were seen between the study groups. This indicated that the 344 
difference in disc height changes between the pathological and physiological group was higher 345 
after the loading procedure. Furthermore, the differences were less pronounced after 1 day 346 
compared to the measurements on days 2 and 3, indicating a progressive effect of the 347 
degenerative and inflammatory conditions. 348 
 349 
[Place Figure 4 here] 350 
 351 
FIGURE AND TABLE LEGENDS:  352 



   

 

Figure 1: Illustration of the experimental setup. A: bovine tail; B: dissected bovine intervertebral 353 
discs; C: transfer of the disc to a well-plate with culture medium; D: loading the simulation in a 354 
bioreactor; E: intradiscal injection technique; F: IVD after injection of PBS/trypan blue dye to 355 
reveal distribution. IDD: intervertebral disc degeneration.  356 
 357 
Figure 2: Gene expression levels in the nucleus pulposus (NP) tissue and annulus fibrosus (AF) 358 
tissues. These were measured after 4 days of culture under physiological or pathological culture 359 
condition, normalized to baseline (day 0). Means ± 95% confidence interval n=8, **p<0.01. This 360 
figure has been modified from20.  361 
 362 
Figure 3: Quantification of the pro-inflammatory protein IL-8 release in the IVD culture medium 363 
after free swelling culture (FS) and dynamic loading (Load). The results are shown as the original 364 
concentrations in ng/mL in the medium without normalization. Mean ± 95% confidence interval, 365 
n=8, **p<0.01. This figure has been modified from20.  366 
 367 
Figure 4: Disc height changes normalized to the baseline values (after dissection). Mean ± 95% 368 
confidence interval. FS: free-swelling. N=10, ***p<0.001. This figure has been modified from20.  369 
 370 
DISCUSSION:  371 
We here provided a detailed protocol to simulate degenerative and inflammatory IVDD. This 372 
protocol can be applied for detailed examinations of inflammatory pathways leading to the 373 
destructive effects on the disc. Moreover, the protocol can help to determine promising 374 
therapeutic targets involved in the progression of the disease. 375 
 376 
We recently showed that human recombinant TNF-alpha could induce inflammation in both 377 
bovine and human NP cells21, which is in accordance with other studies in the field confirming 378 
that TNF-alpha can be used for inflammation simulation in IVD cells22,23. In the present study, a 379 
dose of 100 ng TNF-α per IVD was used to induce inflammation. This dose showed effective 380 
induction of inflammatory markers when applied in combination with degenerative loading and 381 
limited nutrition15,20. In a recent study using TNF-α as the sole initiation factor of IVD 382 
degeneration, a threshold of 100 ng TNF-α / cm3 disc volume has been determined as an effective 383 
dose for the induction of inflammatory and degenerative changes in the IVD21. It is suggested 384 
that the TNF-α dose used to induce inflammation should be normalized to the volume of the disc 385 
for reproducible effects. Furthermore, it should be ensured that there is a good distribution of 386 
the injection material in the IVD and that this injection will be adequately reproducible in 387 
subsequent experiments. As injection pressure may vary between individuals, there might be 388 
different distributions of the material among the same study groups in different experiments. 389 
One approach we chose to examine the equal distribution was using PBS diluted trypan blue 390 
injections. It is recommended to standardize the injection technique, for example, with injection 391 
pumps and predefined and reproducible injection rates. As shown previously, one single needle 392 
puncture with 22-gauge, 25-gauge, or 30-gauge needles into the IVD did not cause an effect that 393 
interacted with study outcomes20,21,24,25. It is recommended to consider the disc size for the 394 
volume of the substance to be injected and for the needle size used for injection. Further, it is 395 
recommended to use a single injection to avoid inducing potential degenerative effects caused 396 



   

 

by multiple annular injections21,26. 397 
 398 
Some limitations of the present model need to be addressed. The loading of the IVDs requires 399 
access to bioreactors, which are currently not widely available in many labs working on IDD. 400 
However, the need for preclinical IVD degeneration models is rising. Organ culture models bring 401 
ethical benefits of reducing the need for animal models, and the one-time investment on 402 
bioreactor costs could be affordable considering the reproducibility of the degenerative 403 
stimulation, and the reductions in the costs associated with animal experiments. Nevertheless, 404 
some in vivo interactions, such as the role of the immune system, cannot be simulated with the 405 
provided organ culture model. Moreover, the measurement of nerve signals and the evaluation 406 
of pain that would be possible in animal models can currently not be considered with the current 407 
model. Some concerns were raised whether the mechanical properties of tail IVDs could be 408 
comparable with human IVDs as the upright spine position is unique in humans28. Anatomical 409 
and molecular properties of bovine tail IVDs, such as cell density, lack of notochordal cells, 410 
biochemical composition29,30, and mechanical properties of bovine caudal IVDs, such as range of 411 
motion in flexion, extension, torsion, and bending31 are very similar to human IVDs. Notably, 412 
human IVDs gain more and more attention recently for organ culture models28. Human cadaveric 413 
IVDs in ex vivo models are considered highly efficient as they can avoid species differences which 414 
are more clinically relevant32. In contrast to bovine IVD tails obtained from the abattoirs, this 415 
would require transplantation of human IVDs 24 h post mortem and, thus, ethical approval 416 
following local organ transplantation laws28. The present method can also be easily adapted to 417 
other species.  418 
 419 
One major advantage of the technique compared to other methods of ex vivo cultures is the 420 
combination of intradiscal injection, pathological medium conditions, and detrimental loading to 421 
simulate the early stage of degenerative discs better. Walter et al.23 used TNF-alpha in the 422 
medium of dynamically loaded bovine IVDs instead of injection into the IVDs and showed 423 
increased transport of TNF-alpha from the medium into the nucleus pulposus compared to the 424 
annulus fibrosis, which is in accordance with our results. As we aimed to simulate the early stages 425 
of IDD, which occurs at the cellular level without major disruptions of the discs architecture12, we 426 
chose the TNF-alpha concentrations based on previous organ culture studies using TNF-alpha in 427 
the medium to simulate the early stages of IDD12,22,23. The use of other inflammatory stimulants 428 
and higher concentrations of TNF-alpha could be tested to simulate the desired degenerative disc 429 
state depending on the study question. Higher concentrations of TNF-alpha may better 430 
compensate the lack of systemic immune regulatory feedbacks present during disc degeneration 431 
as proposed by Ponnappan et al.12 The use of detrimental medium conditions with low-glucose 432 
was based on previous work showing that nutritionally limiting media and exposure to TNF-alpha 433 
mimics molecular change characteristics which are available in early disc degeneration state12, 27. 434 
Thus, the approach combines the evidence provided by previous studies in one ex vivo organ 435 
culture model of early degenerative disc disease. 436 
 437 
This protocol can be further improved in several ways. The duration and extent of the loading 438 
and free-swelling period can be chosen based on the desired study plan. Long-term effects of 439 
inflammatory or degenerative stimulations on disc degeneration are of high clinical interest and 440 



   

 

can be accomplished with the current protocol. We used only selected genes considered highly 441 
relevant for the early state of IDD11. Additional validation of this model could include a widened 442 
assessment of genes and proteins, such as omics approaches. Consequently, other inflammatory 443 
factors could be investigated in combination with the degenerative loading, depending on the 444 
desired degenerative state. For example, lipopolysaccharide injections have been shown to 445 
stimulate inflammation in the IVD33. A comparison of different inflammatory stimulants can be 446 
accomplished with the present protocol to find the most appropriate inflammatory stimulant for 447 
the desired study question. We have evaluated changes of selected inflammatory markers (IL-6, 448 
IL-8), anabolic markers (aggrecan, collagen), and catabolic markers (matrix metallopeptidases, a 449 
disintegrin and metalloproteinases with thrombospondin motifs) with the present protocol20. As 450 
the whole gene expression profile might change, future examinations could include next-451 
generation RNA sequencing techniques to determine novel biomarkers for disc degeneration 452 
diagnostics and therapeutic targets for early biological intervention. Furthermore, other 453 
methodologies, such as histology, immunohistochemical staining, biochemical measurements of 454 
extracellular matrix components (such as glycosaminoglycans, GAGs), and dynamic compressive 455 
tests can be performed to further analyze the biological, biochemical, and biomechanical 456 
properties of IVDs with the present model. Another possible analytical way would be to 457 
separately analyze the impact on outer AF and NP tissue by using bCol1a1, Col1a2, CD146, 458 
SM22α, and MKX as gene expression markers for the outer AF34,35. The Spine Research Interest 459 
Group at the 2014 Annual ORS Meeting in New Orleans recommended following healthy NP 460 
phenotypic markers: HIF-1alpha, GLUT-1, aggrecan/collagen II ratio >20, Shh, Brachyury, 461 
KRT18/19, CA12, and CD2436. The NP marker genes bBrachyury/T and bSecreted frizzled-related 462 
protein 2 were the most convincing separating NP from inner and outer AF tissue in the bovine 463 
IVD34. Furthermore, the sGAG content of the NP was reported to be significantly higher compared 464 
to the outer AF34. 465 
 466 
In conclusion, this novel proinflammatory and degenerative IVD organ culture model provides 467 
relevant conditions to simulate early-stage IDD in a highly relevant 3D microenvironment. 468 
Certainly, the present protocol can be further modified according to the investigator's objectives. 469 
Furthermore, our model is able to reduce the number of needed study animals and thus totally 470 
reflects the 3R principles of reduce, replace, refine. 471 
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5mL of medium 

should be used in the 

loading chambers. 

However, this 

depends on the size of 

Dear Reviewer, thank you very much. You are right. We added the information to this part to make clear that 

the volume depends on the bioreactor chamber size. 
M&M 2.2 



the loading 

chambers, which may 

vary per institution. It 

may also depend on 

IVD size and volume. 

Q10 3.2. Assuming TNF-

alpha injection is 

done only in the 

pathological group, 

this should be 

specified in the 

procedure. Also, in 

step 3.2, the verbs 

shift to past tense 

after the second 

sentence. Verb tense 

should be kept 

consistent throughout 

the procedure. 

"vacumm" should be 

changed to 

"vacuum". 

Dear Reviewer, thank you very much for your help. We revised 3.2 as advised and added the missing 

information. 
M&M 3.2 

Q11 4.1. Harvest IVDs at 

day 4. For baseline 

reference, should 

gene expression also 

be performed on 

tissue immediately 

after dissection? If 

so, this should be 

mentioned in the 

procedure. 

Otherwise, is 

baseline refence the 

physiological 

condition? 

Dear Reviewer, thank you very much for your precise attention regarding this. We added the information as 

the baseline reference for gene expression analysis was Day0 immediately after tissue dissection. 
M&M 4.1 

Q12 4.1. The procedure 

says that tissue 

should not be 

sampled from the 

transition zone 

between the NP and 

AF. Gene expression 

for certain markers 

may vary across the 

IVD, especially with 

Dear Reviewer, we agree with your point and omitted this part from the procedure. M&M 4.1 



the diffusion of TNF-

alpha across the disc 

with loading. 

Depending on the 

needs of the 

researcher, the 

transition zone may 

be sampled and thus, 

this sentence should 

be omitted from the 

procedure. 

Q13 4.2 The amount of 

tissue isolated from 

the NP or AF 

depends on the needs 

of the researcher, like 

the number of gene 

expression markers to 

be analyzed. 

Therefore, rather 

than specify an 

absolute value for the 

mass of tissue that 

should be isolated 

from the IVDs, the 

procedure should 

give a ratio of tissue 

mass to TRI reagent 

volume needed for 

efficient extraction. 

Dear Reviewer, thank you very much for your constructive comment. We revised this part to clarify that this 

depends on the experimental design and provided the recommended ratio of tissue mass to TRI reagent 

volume for efficient extraction as advised. 

M&M 4.2 

Q14 4.4 What size metal 

ball should be used? 

Multiple types of 

tissue lyzers can be 

purchased. This step 

should specify the 

type of tissue lyzer 

used. 

Dear Revier, thank you very much for your help. We agree and added information regarding your comment to 

section 4.5.  
M&M 4.4 

Q15 4.7 Since the IVD is a 

GAG-rich tissue, can 

the authors comment 

on the need for 

columns (RNeasy 

Mini Kit) for 

extraction of RNA 

with high purity? It is 

Dear Reviewer, thank you very much for your attention regarding this point. The current method with 

isopropanol and high salt precipitation solution for RNA precipitation worked well for IVD tissue containing 

high GAG content. Alternatively, the Qiagen RNeasy Kit could be used, which generally leads to higher RNA 

purity but lower RNA yield. This has been added as a note in 4.7.  

M&M 4.7 



mentioned in the 

table of materials, but 

not in the procedure. 

Q16 4.10 What 

absorbance values 

are expected and 

needed for PCR 

analysis? 

Dear Reviewer, we provided information regarding the expected and needed absorbance for accurate PCR 

analysis as advised. 
M&M 4.10 

Q17 4.14. What is the 

concentration of TE 

buffer used for 

dilution? Should be 

fully defined as "Tris 

EDTA" in the 

procedure before 

shortening to TE. 

Dear Reviewer, thank you very much for your help. We added the concentrations used and defined the term 

TE before shortening. 
M&M 4.14 

Q18 Can the authors 

comment on other 

useful analyses that 

can be done on the 

bovine IVDs to 

characterize the 

model, such as 

histology or 

biochemical 

composition? 

Dear Reviewer, thank you very much for your constructive comment. We expanded the section considering 

other useful analyses and improvements that can be done with the experimental approaches you mentioned, as 

these are very useful for the analysis of degenerative IVD changes. 

Discussion 

P9L430-

P10L457 

Q19 Are different genetic 

markers 

recommended for 

analysis for NP 

versus outer AF? 

Dear Reviewer, thank you very much for this interesting question. We provided this information in the 

discussion section of the manuscript. 

 

Finally, we would like to thank you for your tremendous efforts in improving the quality of this manuscript.  

We believe that your comments will help readers to interpret better and implement the knowledge transferred  

with the present manuscript. 

 

Authors reply 

And P10L449-

457 

 



Reviewer 

Number / 

Comment 

number 

Original 

comments of the 

Reviewer 

Changes made/reply by the authors 

 

Thank you for your constructive comments. We highly appreciate the time and effort you have invested 

in our manuscript.  We have tried to address each of your recommendations as precisely as possible.  

Changes 

made  

  

Q1 Thanks to the Authors 

of this interesting 

methodological paper 

for having developed 

an organotypic 

culture model of 

intervertebral disc 

degeneration, 

potentially of great 

use to bypass in vivo 

studies, allowing both 

to satisfy ethical 

requirements, with a 

view to saving animal 

sacrifice, and a 

potential 

experimental 

versatility. 

There are only a few 

points that, in my 

opinion, could be 

discussed in more 

depth to give even 

more strength to this 

valuable work. 

Dear Reviewer, we would like to thank you for the kind judgment on our manuscript and your insightful 

comments. We believe that your efforts have significantly strengthened our manuscript and will help readers 

interpret and implement the provided experimental approach better. 

Authors reply 

Q2 -Please, better define 

what the authors 

mean with "early-

stage intervertebral 

disc disease".. 

Dear Reviewer, thank you very much for your advice. We added information on this part to make this more 

clear. 
Introduction 

P1L66-77 

 

Q3 -How the 

pathological 

conditions were 

selected? Why do the 

Authors considered 

low glucose 

maintenance a 

pathological 

condition for disc? 

For what concern the 

Dear Reviewer, thank you very much for your constructive comment. We provided a section in our discussion 

answering your valuable comments.   
P9L412-428 
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pro-inflammatory 

stimulus, why TNFα 

(and not IL-1β or 

both the stimuli) was 

chosen and how the 

concentration/duratio

n of the pro-

inflammatory 

stimulus was 

selected? Please, 

introduce a sentence 

and references about 

this choice, in 

addition to the one 

already present 

referring to your 

work (13), with 

particular mention to 

the tissue physiology. 

Q4 -Given that the 

loading conditions 

experienced by a 

human disc are 

different from those 

experienced by a 

bovine disc, and since 

loading is a 

fundamental 

component in 

defining the 

physiological/patholo

gical model, do you 

think there can be 

substantial 

differences in the 

model response using 

human discs? Even in 

this case, references 

concerning the 

selected stimulus 

would be needed, in 

addition to the one 

already present 

referring to your 

work (13). 

Dear Reviewer, thank you very much for mentioning this important point. We discussed the question of 

whether the bovine intervertebral discs could be replaced by human intervertebral discs in our discussion 

section separately to your comment in Q3 pointing to the selection of the stimulus as advised. 

 

 

 

Discussion 

P9L400-P9L410 



Q5 -No rationale for the 

choice of selected 

genes/cytokines used 

for validation of the 

model was reported. 

Please, add some 

sentences to explain 

why an approach 

based on a panel of 

few molecules instead 

of "omics" 

approaches was used 

to validate the model. 

Dear Reviewer, thank you very much for your thorough review. We agree that a more widened analysis would 

deliver more information about the changes in IVDs associated with our provided model. However, this 

model could be expanded in different ways, depending on the researcher's aim.  For example, the degenerative 

disease state could be varied through other loading settings, concentrations of inflammatory stimulants, or 

other inflammatory stimuli. We believe that this model could function as a baseline model for other 

researchers who can expand it according to their desires. We stated this possible expansion of methods and the 

lack of the omics approach in the discussion section to make this clear. 

Discussion 

P9L430-

P10L457 

Q6 -Only in the 

discussion section, in 

paragraph reporting 

the study limitations 

(lines 355-368), there 

is a reference to 

almost all the above 

requested issues. In 

my opinion, a clear 

explanation of the 

selected experimental 

conditions and of the 

selected validation 

markers/strategy 

should be present 

since the beginning of 

the manuscript, 

especially in a 

methodological 

paper. As a 

consequence, I 

strongly suggest to 

improve the 

introduction, aims 

and methods with 

some information 

concerning all the 

experimental choices 

above mentioned, not 

only to reporting 

them as limitations in 

the Discussion. 

Dear Reviewer, thank you very much for your thorough review and your constructive comments. We added 

information about why we chose the present experimental approach with an expansion in the introduction and 

discussion section as advised. This approach can be expanded based on the researcher's need. It could function 

as a baseline methodology to study IVD degeneration. There are multiple ways for other researchers to 

expand the genes of interest, protein analyses, or combine other methodological techniques such as histology, 

with the provided methodology.  

Introduction  

P1L66-77 

Discussion 

P9L412-L428 

P9L430-

P10L457 



Q7 -no sample size was 

present throughout 

the work, only in 

figure legends. 

Please specify the "n" 

for each experimental 

evaluation (i.e. gene 

expression, protein 

quantification). 

Dear Reviewer, thank you very much for your advice. We added the missing information on the number of 

IVDs used. The exact sample sizes per group depend on the need of the researcher and the experimental 

design. Thus, we only provided them in the respective figures following other protocol manuscripts published 

in JOVE. 

M&M 

1.1 

Q8 -please, specify the 

glucose 

concentration in 

culture medium, line 

139. 

Dear Reviewer, thank you very much. We added the missing information as advised.  M&M 

2.1 

Q9 -Gene expression: 

please insert a table 

with the genes/probes 

used in gene 

expression 

experiments. 

Dear Reviewer, thank you very much for mentioning this point. We added information in the Materials Table 

of the Manuscript. 
Authors reply 

Q10 -please insert a 

reference for the 

endogenous control 

RPLP0 selected for 

gene expression 

relative 

quantification, line 

226. 

Dear Reviewer, thank you very much. We added a reference for the selection of the endogenous control 

RPLP0. 
M&M 

4.16 

Q11 -Quantification of 

protein content in the 

IVD medium: why IL-

8 alone is mentioned 

(line 241)? Which 

cytokines were 

evaluated and why 

did you selected only 

these cytokines? How 

the single protein 

content was 

normalized in each 

sample, i.e. total 

protein content? 

Dear Reviewer, thank you very much for your thorough review. We added information in the figure legend to 

make clear that absolute protein concentrations were shown. These are representative results showing the 

model's impact on an important pro-inflammatory protein, IL-8, in IVDs. We used this method to date with 

different inflammatory cytokines, but the provided results were part of a previously conducted experiment 

evaluating IL-8. We added information on the section to make this representative choice more clear. However, 

the researchers using this technique could use various other markers, depending on their study aims. The 

method of protein analysis in the medium with ELISA would stay the same. 

 

Authors reply 

and  

5.2 

and 

Figure 3 

Q12 Representative 

Results: 

-please show every 

analyzed time-points, 

Dear Reviewer, thank you very much for your constructive comment. We revised Figures 2-4 according to 

your comment, with additional information. There was one time point for the gene expression analysis, as 

gene expression analysis was conducted after 4 days of exposure,. We revised the time points shown in 

Figures 3,4 to maintain consistency. 

Authors reply  

and 

Figures 2-4 



also data not showing 

significant changes, 

line 278. Moreover, 

Figures 2, 3 and 4 

should be consistent, 

showing all the 

analyzed time-points 

for a better 

understanding of the 

readers. Please 

modify them 

accordingly. 

 

Finally, we would like to thank you for your tremendous efforts to improve our manuscript's quality. We 

believe that your comments helped us a lot in presenting readers our model in the best possible way. 
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