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SUMMARY: 25 

Here, we present a protocol describing isolation and culturing of cartilage explants from bovine 26 

knees. This method provides an easy and accessible tool to describe tissue changes in response 27 

to biological stimuli or novel therapeutics targeting the joint. 28 

 29 

ABSTRACT: 30 

Ex vivo culture systems cover a broad range of experiments dedicated to studying tissue and 31 

cellular function in a native setting. Cartilage is a unique tissue important for proper function of 32 

the synovial joint and is constituted by a dense extracellular matrix (ECM), rich in proteoglycan 33 

and type II collagen. Chondrocytes are the only cell type present within cartilage and are 34 

widespread and relatively low in number. Altered external stimuli and cellular signalling can lead 35 

to changes in ECM composition and deterioration, which are important pathological hallmarks in 36 

diseases such as osteoarthritis (OA) and rheumatoid arthritis.  37 

 38 

Ex vivo cartilage models allow 1) profiling of chondrocyte mediated alterations of cartilage tissue 39 

turnover, 2) visualizing the cartilage ECM composition, and 3) chondrocyte rearrangement 40 

directly in the tissue. Profiling these alterations in response to stimuli or treatments are of high 41 

importance in various aspects of cartilage biology, and complement in vitro experiments in 42 

isolated chondrocytes, or more complex models in live animals where experimental conditions 43 

are more difficult to control.  44 
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 45 

Cartilage explants present a translational and easily accessible method for assessing tissue 46 

remodeling in the cartilage ECM in controllable settings. Here, we describe a protocol for isolating 47 

and culturing live bovine cartilage explants. The method uses tissue from the bovine knee, which 48 

is easily accessible from the local butchery. Both explants and conditioned culture medium can 49 

be analyzed to investigate tissue turnover, ECM composition, and chondrocyte function, thus 50 

profiling ECM modulation.  51 

 52 

INTRODUCTION: 53 

Chondrocytes produce and maintain the cartilage matrix. In order to study the biology of 54 

chondrocytes and how they and the surrounding ECM react to external stimuli, it is crucial to 55 

interrogate them in their native environment1,2. Studying cartilage tissue turnover is important 56 

to augment the understanding of the underlying mechanisms in joint diseases such as OA, a 57 

disease for which there is currently no disease modifying treatment. Consequently, there is a 58 

significant need for better translation models2. 59 

 60 

Ex vivo characterization of cell and tissue effects is essential to complement other preclinical 61 

models, both in vitro, such as chondrocyte monolayer cultures, and in vivo, such as surgery-62 

induced OA models or the autoimmune collagen-induced arthritis model (CIA). Numerous studies 63 

have highlighted the differences between how cells behave in 2D monolayer cultures and 3D 64 

structures or in their native tissue3,4. Many cells in 2D layers adopt unnatural morphologies, 65 

including differences in cell polarity and tissue attachment, resulting in both visual and functional 66 

differences in cells within native tissues5. The differences are also apparent in the functionality 67 

of the cells, which may shift protein expression, leading to profoundly altered differentiation 68 

patterns, regulatory machinery, and cell functionality5–8. 69 

 70 

The cartilage ECM consists mainly of type II collagen providing a matrix framework, and aggrecan, 71 

a proteoglycan that helps retain fluid within the tissue. Other matrix molecules such as collagen 72 

type IV, VI, IX, X, XI, XII, fibronectin, cartilage oligomeric protein (COMP), biglycan, decorin, and 73 

perlecan are also present9.  74 

 75 

While the aetiology of OA remains unclear10,11, the onset of the disease is believed to be caused 76 

by imbalances in tissue turnover and repair processes12,13. The degradation of the articular 77 

cartilage is a hallmark of OA. Cartilage-resident chondrocytes or cells in the surrounding tissues 78 

increase their release of cytokines, stimulating elevated production of proteinases such as matrix 79 

metalloproteinases (MMPs) and aggrecanases, which increase degradation of cartilage ECM14. 80 

This degradation results in the release of small unique protein fragments called neo-epitopes, 81 

which can be quantified in serum, urine, or culture medium15. Upon formation and maturation 82 

of collagen, so-called profragments are also released; these can be quantified as a measure of 83 

matrix production16.  84 

 85 

The aim of this protocol is to establish an ex vivo cartilage model to compare the effect of 86 

stimulation and/or drug treatment on ECM tissue turnover. Cartilage turnover is profiled by 87 

measuring matrix-derived neo-epitope biomarkers directly in the conditioned culture medium 88 



using ELISA: AGNx1 (reflecting aggrecanase activity), C2M (reflecting matrix MMP activity), and 89 

ProC2 (reflecting type II collagen formation). The findings can be verified by histological staining 90 

of the ECM, which also visualizes the organization of chondrocytes in the individual explants. The 91 

described protocol can be used to test the effect of novel treatments on chondrocyte function 92 

and cartilage ECM turnover. A number of studies have used cartilage explants to describe 93 

biological processes or the effect of intervention on cytokine-challenged explants using 94 

quantitative histological or immunohistochemical approaches, mRNA, protein expression, or 95 

proteomics2,17,18. However, these protocols are outside the scope of the current manuscript.  96 

 97 

PROTOCOL: 98 

 99 

1. Tissue isolation 100 

 101 

1.1. Tissue sourcing 102 

 103 

1.1.1. Perform the entire tissue sourcing section outside a laminar flow hood in an aseptic 104 

environment. 105 

 106 

1.1.2. From the local slaughterhouse, obtain an entire fresh bovine tibiofemoral knee joint from 107 

calves between 1.5 and 2 years of age. 108 

 109 

1.1.3. Gently dissect the calf knee by first removing the excess flesh, uncovering the condyles, 110 

meniscus, tendons, and synovial membrane. Cut the tendons and synovial membrane, allowing 111 

the joint to dismember. Remove the meniscus to expose the femoral condyles. 112 

 113 

1.1.4. Isolate explants from the load-bearing area of the femoral condyles using a 3 mm biopsy 114 

puncher and release them from the articular surface by cutting with a scalpel parallel to and as 115 

close to the subchondral bone as possible. The hard structure of the subchondral bone should 116 

ensure that explants do not contain calcified matrix. Strive for explants with uniform height.  117 

 118 

1.1.5. Immediately store and mix the explants in DMEM/F12- GlutaMAX + 1% P/S culture medium 119 

in a 50 mL tube or Petri dish. Do not mix explants from different cow knees but keep separate for 120 

each study. 121 

 122 

1.2. Tissue culturing 123 

 124 

1.2.1. Transfer the explants to a sterile 96-well plate in a laminar flow hood. 125 

 126 

1.2.2. Wash the explants 3 times in culture medium or PBS and culture them in 200 μL of culture 127 

medium per well until the start of the experiment. Use a washout period of 1 day to synchronize 128 

biopsy cellular activity and passive biomarker release. 129 

 130 

1.2.3. Culture the explants up to 10 weeks in a 37 °C incubator with 5% CO2. Place all replicates 131 

within each group diagonally in the culture plate to minimize the variation induced by 132 



evaporation. To further avoid evaporation of the supernatant, add PBS to the outer wells of the 133 

culture plate. 134 

 135 

2. Bovine cartilage explant treatment and assessment of metabolic activity 136 

 137 

2.1. Culture medium change and treatment 138 

 139 

2.1.1. Change the culture medium every 2-3 days in a laminar flow hood. 140 

 141 

2.1.2. If applying any treatments, prepare these prior to changing the medium. Prepare the 142 

treatments to the wanted concentration in the explant wells by dilution in the culture medium. 143 

 144 

2.1.3. Gently remove the supernatant from each well and transfer it to a new 96 well plate. Store 145 

the supernatant with sealing tape at −20 °C for biomarker analysis of tissue turnover and protein 146 

expression. 147 

 148 

2.1.4. Immediately add 200 µL of fresh culture medium or treatment per well. Do not let the 149 

explants dry out during the medium change and ensure that all the explants are completely 150 

submerged in the new medium. 151 

 152 

2.2. Resazurin staining 153 

 154 

2.2.1. Measure metabolic activity once weekly as an indirect measurement of cell viability. The 155 

resazurin test is an easy way to assess if the metabolic activity of the explants deteriorates for an 156 

individual explant due to cell death or cellular changes. Explants in culture medium alone have a 157 

relatively stable resazurin reading throughout the experiment period.  158 

 159 

2.2.2. Make a solution of culture medium with 10% resazurin. 160 

 161 

2.2.3. Harvest the supernatant as described in step 2.1.3. 162 

 163 

2.2.4. Immerse the explants in 10% resazurin solution for 3 h at 37 °C or until the supernatants 164 

turn purple. Include 4 wells without explants as background controls. 165 

 166 

2.2.5. Transfer the conditioned and background control resazurin solution to a black microtiter 167 

plate and measure fluorescence at 540 nm excitation/590 nm emission. 168 

 169 

2.2.6. Wash thoroughly 3 times in culture medium or PBS and submerge the explants in wash 170 

medium for 5-10 min to allow the resazurin to completely diffuse out. Add new culture medium 171 

or treatments if used. 172 

 173 

3. Termination, fixation, and sample storage 174 

 175 

3.1. Termination of culturing period 176 



 177 

3.1.1. Measure the metabolic activity as described in step 2.2. Add 200 µL of PBS per well. 178 

 179 

3.2. Fixation and storage 180 

 181 

3.2.1. Remove the PBS, add 200 µL of formaldehyde per well, and leave for 2 h at room 182 

temperature. 183 

 184 

3.2.2. Dispose of the formaldehyde and add 200 µL of PBS per well. Cover the plate with sealing 185 

tape, and store at 4 °C for histochemical analysis. We recommend performing histochemical 186 

analysis within 3 months. 187 

 188 

4. Tissue turnover biomarkers (ELISA) 189 

 190 

4.1. Indirect competitive ELISAs 191 

 192 

4.1.1. Coat a streptavidin-plate with the specific biotinylated assay target-peptide diluted 1:100 193 

in assay buffer (100 µL per well) for 30 min at 20 °C.  194 

 195 

4.1.2. Wash 5 times with standard washing buffer and add sample-supernatant (20 µL per well) 196 

together with primary monoclonal antibody against the assay target-peptide diluted 1:93.3 for 197 

ProC2 and 1:100 in assay buffer for AGNx1 (100 µL per well)  and incubate for 2 h at 20 °C with 198 

shaking for ProC2 and 3 h at 20 °C for AGNx1. 199 

 200 

NOTE: The sample volume is directly taken from the stored supernatant plates. If the measured 201 

concentration is out of the assay measuring range, dilute the supernatant in a v-bottomed 202 

dilution plate in PBS or assay buffer. 203 

 204 

4.1.3. Wash 5 times with standard washing buffer and incubate with peroxidase-labeled 205 

secondary antibody diluted 1:100 in assay buffer (100 µL per well) for 1 h at 20 °C.  206 

 207 

4.1.4. Wash 5 times with standard washing buffer and incubate with shaking for 15 min in the 208 

dark at 20 °C with tetramethylbenzidine (TMB) as a peroxidase substrate (100 µL per well).  209 

 210 

4.1.5. End the reaction with standard stop solution, 0.1 M H2SO4 (100 µL per well).  211 

 212 

4.1.6. Read the colorimetric reaction at 450 nm absorbance using a reference absorbance at 650 213 

nm on a standard laboratory plate reader.  214 

 215 

4.2. Direct Competitive ELISAs for measurement of the cartilage tissue turnover in the 216 

supernatant  217 

 218 

NOTE: This quantifies C2M. 219 

 220 



4.2.1. Coat a streptavidin-plate with specific biotinylated assay target-peptide diluted 1:100 in 221 

assay buffer (100 µL per well) for 30 min at 20 °C.  222 

 223 

4.2.2. Wash 5 times with washing buffer and add sample-supernatant together with 100 µL of 224 

peroxidase-labeled monoclonal antibody against the assay target-peptide diluted 1:100 in assay 225 

buffer (20 µL per well). Incubate for 20 h at 2–8 °C with shaking. 226 

 227 

NOTE: The sample volume is directly taken from the stored supernatant plates. If the measured 228 

concentration is out of the assay measuring range, dilute the supernatant in a v-bottomed 229 

dilution plate in PBS or assay buffer. 230 

 231 

4.2.3. Wash 5 times with standard washing buffer and incubate with shaking for 15 min in the 232 

dark at 20 °C with TMB as a peroxidase substrate (100 µL per well).  233 

 234 

4.2.4. End the reaction with standard stop solution, 0.1 M H2SO4 (100 µL per well). 235 

 236 

4.2.5. Read the colorimetric reaction at 450 nm absorbance with a reference absorbance at 650 237 

nm on a standard laboratory plate reader.  238 

 239 

4.3. AGNx1 240 

 241 

4.3.1. Quantify aggrecan degradation by measuring the release of the AGNx1 neo-epitope. This 242 

indirect competitive ELISA assay targets the aggrecan C-terminal peptide (NITEGE373) generated 243 

by ADAMTS-4 and 5 cleavage. The monoclonal antibody recognizes all fragments with an exposed 244 

NITEGE epitope. The experimental details of the assay have been published elsewhere19. 245 

 246 

4.4. ProC2 247 

 248 

4.4.1. Quantify type II collagen formation by measuring the release of the profragment of type II 249 

collagen. This indirect competitive ELISA assay targets the epitope of the PIIBNP propeptide 250 

(QDVRQPG) generated by N-propeptidases during trimming of newly synthesized type II collagen. 251 

The experimental details of the assay have been published elsewhere16. 252 

 253 

4.5. C2M 254 

 255 

4.5.1. Quantify type II collagen degradation by measuring the release of the C2M neo-epitope 256 

fragment. This direct competitive ELISA recognizes the MMP-cleaved C-terminal peptide 257 

(KPPGRDGAAG1053). This assay differs from AGNx1 and ProC2 as it is the primary antibody that is 258 

peroxidase-labeled and thus, used as detector. The experimental details of the assay have been 259 

published elsewhere20. 260 

 261 

5. Histological analysis 262 

 263 

5.1. Infiltration, embedding, and cutting 264 



 265 

5.1.1. Place the fixated explants (see step 3.2) into individually labeled cassettes. Include both a 266 

label within the cassette and label cassettes to ensure identification. 267 

 268 

5.1.2. Transfer the cassettes containing explants to a tissue processor machine. Then infiltrate 269 

the explants with paraffin in a series of dehydration and paraffin infiltration steps. 270 

 271 

5.1.2.1. Dehydrate with 96% ethanol for 90 min with no temperature adjustment. Repeat this 272 

step 3 times.  273 
 274 

5.1.2.2. Clear the ethanol with toluene for 90 min with no temperature adjustment. Repeat this 275 

step 2 times.  276 
 277 

5.1.2.3. Clear the ethanol with toluene for 90 min at 60 °C. 278 
 279 

5.1.2.4. Infiltrate with paraffin wax for 30 min at 60 °C.  280 
 281 

5.1.2.5. Infiltrate with paraffin wax for 60 min at 60 °C.  282 
 283 

5.1.2.6. Infiltrate with paraffin wax for 90 min at 60 °C.  284 
 285 

5.1.2.7. For each step, add the solutions into the sample chamber with slow pump-out and pump-286 

in flows under 33–34 kPa. Run the infiltration process in a pressure/vacuum cycle with a 287 

maximum vacuum of −65 to −70 kPa.  288 

 289 

5.1.3. Following infiltration, place the cassettes on a heating block to allow careful removal of 290 

the explants from the cassette. Gently embed the infiltrated explants into individual paraffin 291 

blocks. With heated forceps, place the explants with the superficial articular cartilage and 292 

subchondral bone sides perpendicular to the cutting surface, ensuring visualization of the 293 

different cartilage layers within each specimen section. 294 

 295 

5.1.4.  Cut 5 µm sections of cooled paraffin-blocks with embedded explants on a microtome. 296 

Transfer the cut sections to a cold-water bath. If necessary, sections can be separated using either 297 

a scalpel or a cover glass. 298 

 299 

5.1.5.  Using an uncoated glass slide carefully, transfer the sections to a warm water bath (50 °C), 300 

where the sections unfold. Lift each section onto a labeled cover slide and place on a hot plate 301 

for 30 min. 302 

 303 

5.1.6.  Place the slides in a basket and incubate at 60 °C for 1 h and then keep them overnight at 304 

37 °C. Hereafter, store slides in closed containers at 4 °C until staining. 305 

 306 

5.2. Safranin O/Fast Green staining and visualization 307 

 308 



5.2.1. Place the slides to be stained in a basket and incubate the slides at 60 °C for 1 h. 309 

 310 

5.2.2. Prepare and filter all reagents with a 0.45 mm filter.  311 

 312 

5.2.3. In preparation for staining, pour the filtered reagents in beakers to a volume that allows 313 

the solutions to completely cover the slides when submerging the basket. The beakers used 314 

required a volume of 250 mL to cover the slides.  315 

 316 

5.2.4. Deparaffinize the melted slides by submerging the basket in toluene for 10 min twice, 99% 317 

ethanol for 2 min twice, 96% ethanol for 2 min twice, and 70% ethanol for 2 min twice. Then, 318 

hydrate the slides in water for 2 min. 319 

 320 

5.2.5. Stain the deparaffinized and hydrated slides by submerging the basket in Weigert’s Iron 321 

Hematoxylin solution (pH 1.5) for 10 min, dip in 1% HCl once, and rinse with running tap water 322 

for approximately 5 min or until excess color has washed away. 323 

 324 

5.2.6. Next, stain in 0.05% Fast Green solution (pH: 5.75) for 5 min, dip in 1% CH3COOH once, and 325 

stain in 0.1% Safranin O (pH: 6.5) for 20 min. 326 

 327 

5.2.7. Dehydrate and clear the slides by dipping twice in 70% ethanol, 96% ethanol for 2 min 328 

twice, 99% ethanol for 2 min twice, and toluene 2 min twice. 329 

 330 

5.2.8. Mount the uncoated glass slides with resinous medium covering the histology slides. 331 

 332 

REPRESENTATIVE RESULTS: 333 

Bovine full-depth explants were isolated, cultured, and treated for 3 weeks (Figure 1). The culture 334 

medium was changed with the addition of treatment 3 times per week. Once weekly, metabolic 335 

activity was measured by the resazurin assay. Biomarkers of ECM turnover were measured in the 336 

supernatant harvested from the culture plate 3 times per week. Explants were divided into 4 337 

groups for treatment: 1) Oncostatin M and TNFα (O+T); 2) O+T + GM6001 (GM6001); 3) Insulin 338 

like Growth Factor-1 (IGF-1); and 4) a control without treatment (w/o). 339 

 340 

Metabolic activity.  341 

For all four groups, the metabolic activity was relatively stable throughout the 3 weeks (Figure 342 

2A). There was a tendency for IGF-1 to increase the metabolic activity slightly above the w/o 343 

group and for the O+T groups to decrease it. The resazurin assay was used to easily assess the 344 

activity of the chondrocytes in each explant and to indirectly assess cell viability without 345 

extracting explants from the experiment. If an explant shows a substantial drop in metabolic 346 

activity during the experiment, the explant can be excluded from further analysis.  347 

 348 

Catabolic treatment.  349 

O+T was applied 3 times weekly to the culture wells to investigate O+T-mediated cartilage 350 

degradation (Figure 3, Figure 4). MMP-mediated type II collagen degradation and aggrecanase-351 

mediated aggrecan degradation were assessed by C2M and AGNx1 ELISAs. O+T increased type II 352 



collagen degradation from days 7-21 (Figure 3A) and aggrecan degradation from days 3-14 353 

(Figure 4A) compared to the w/o group. When adding GM6001 (a broad-spectrum MMP-354 

inhibitor) in combination with O+T treatment, the O+T-mediated C2M release was blocked 355 

(Figure 3A,B). A decreased AGNx1 release was observed when adding GM6001 on days 3-7, but 356 

the AGNx1 release peaks on day 10 at similar levels to the O+T group (Figure 4A), indicating the 357 

GM6001 only decreases aggrecan degradation to a limited extent. This pattern in AGNx1 and 358 

C2M release is the general picture observed in the bovine cartilage model stimulated with O+T. 359 

First, AGNx1 is released from approximately day 3 and peaks at days 10-14, representing an early 360 

degradation of aggrecan. Next, after 2 weeks of culturing with O+T, type II collagen degradation 361 

is observed as measured by the C2M biomarker.  362 

 363 

Anabolic treatment.  364 

To investigate how anabolic stimulation modulates the cartilage ECM turnover, Insulin like 365 

Growth Factor-1 (IGF-1) was applied 3 times weekly to bovine full-depth explants. The effect of 366 

IGF-1 on the cartilage explants was mainly observed on measurements of type II collagen 367 

formation, assessed by ProC2, as expected for anabolic stimuli (Figure 5). Day 0 in this model 368 

always shows high ProC2 measurements, perhaps as a reaction to the extraction of samples. 369 

These high levels decrease substantially and level out from days 7-21. When treating with IGF-1, 370 

the ProC2 levels decrease less than those observed in the w/o group, indicating that IGF-1 371 

stimulates type II collagen formation from day 7 (Figure 5B). The ProC2 graphs also show the 372 

biological variation of cows. Explants from two cows were used in these experiments with 6 373 

explants per cow per group. The first cow had thicker cartilage and generated larger explants, 374 

resulting in higher ProC2 levels at baseline, whereas the second cow was smaller with thinner 375 

cartilage, resulting in lower ProC2 levels at baseline. For the w/o, IGF-1, and O+T groups, the 376 

ProC2 levels depicted represent the mean of the explants from both cows, but GM6001 was 377 

measured only in the second cow with thinner explants. Thus, the GM6001 group started with 378 

lower ProC2 levels at day 0, which is evident in the ProC2 area under the curve (AUC) (Figure 5C). 379 

Normalization of the ProC2 values to the day 0 levels takes the biological variance into account, 380 

thus showing the effectiveness of the treatment (Figure 5B,D). 381 

  382 

Safranin O and Fast Green histological stainings were performed to visualize the proteoglycan 383 

content and cartilage structure of the explant throughout the experiment (Figure 6). On days 0, 384 

7, 14, and 21, explants from the w/o, IGF-1, and O+T group were fixated for histological staining 385 

(Figure 6). The w/o and IGF-1 group appeared to have similar Safranin O staining intensity to the 386 

day 0 explant throughout the experiment, which correlates with biomarker results showing that 387 

neither of the two groups increased AGNx1 release (Figure 4). Treatment with O+T resulted in 388 

substantial proteoglycan content loss on day 7 and complete loss on day 21. Furthermore, the 389 

Fast Green staining intensity decreases from days 14-21, indicating a collagen loss in alignment 390 

with the C2M results. 391 

 392 

FIGURE LEGENDS: 393 

Figure 1. Schematic overview of bovine cartilage method. On day −1, bovine femoral condyles 394 

were isolated from the hind tibiofemoral joint. Full-depth cartilage explants were released from 395 

the condyles with a scalpel and biopsy puncher. The extracted explants were washed and 396 



transferred to a sterile 96 well culture plate. On day 0, 3, 5, 7, 10, 12, 14, 17, 19, and 21, the 397 

supernatant was harvested from the culture plate, transferred to a storage plate, and kept at −20 398 

°C, as illustrated in Medium Change Step 1. The stored supernatant was later thawed for 399 

measurement of the tissue turnover biomarkers by specific ELISA assays. In Medium Change Step 400 

2, after removing the supernatant, new culture medium containing the different treatments or 401 

no treatment for control explants was applied. On day 0, 7, 14, and 21, the explants were 402 

incubated with 10% resazurin solution for 3 h after harvesting the supernatant. The 10% resazurin 403 

supernatant was transferred to a black 96-well plate where the colorimetric reaction was 404 

measured. The culture wells were washed 3 times before new culture medium with or without 405 

treatment was added to the explants as shown in Medium Change Step 2. On Day 21, after 406 

harvest of supernatant and resazurin measurement, the explants were fixated by incubation with 407 

formaldehyde for 2 h. 408 

 409 

Figure 2. Metabolic activity measured by resazurin. Bovine full-depth cartilage explants were 410 

isolated and cultured for 3 weeks. Culture medium was changed with the addition of new 411 

treatment 3 times per week (n = 12 explants from 2 cows). Treatment consisted of IGF-1 [100 412 

ng/mL], OSM + TNFα (O+T) [10/20 ng/mL], and O+T [10/20 ng/mL] + GM6001 (GM6001) [10 µM]. 413 

A control group without treatment (w/o) was included. For the w/o, IGF-1, and O+T group, the 414 

mean and standard error of the mean (SEM) of 12 replicates from 2 cows (6 replicates per cow) 415 

are shown. For the GM6001 group, the mean and SEM of 6 replicates from 1 cow are shown. (A) 416 

Metabolic activity measured by resazurin. (B) Area under the curve (AUC) for days 0-21 for 417 

metabolic activity graphs shown in (A). ****p > 0.0001. 418 

 419 

Figure 3. Type II collagen degradation measured by C2M. Bovine full-depth cartilage explants 420 

were isolated and cultured for 3 weeks. Culture medium was changed with the addition of new 421 

treatment 3 times per week. Treatment consisted of IGF-1 [100 ng/mL], OSM + TNFα (O+T) [10/20 422 

ng/mL], and O+T [10/20 ng/mL] + GM6001 (GM6001) [10 µM]. A control group without treatment 423 

(w/o) was included. For the w/o, IGF-1, and O+T groups, the mean and SEM of 12 replicates from 424 

2 cows (6 replicates per cow) are shown. For the GM6001 group, the mean and SEM of 6 425 

replicates from 1 cow are shown. (A) C2M measurements. Statistical significance level of w/o was 426 

calculated by repeated measures (RM) two-way ANOVA with Sidak’s multiple comparison test. 427 

(B) AUC for days 0-21 for C2M graphs shown in (A). Statistical significance was calculated by the 428 

Kruskal-Wallis test with Dunn’s multiple comparison test. ****p > 0.0001. 429 

 430 

Figure 4. Aggrecan degradation measured by AGNx1. Bovine full-depth cartilage explants were 431 

isolated and cultured for 3 weeks. Culture medium was changed with addition of new treatment 432 

3 times per week. Treatment consisted of IGF-1 [100 ng/mL], OSM + TNFα (O+T) [10/20 ng/mL], 433 

and O+T [10/20 ng/mL] + GM6001 (GM6001) [10 µM]. A control group without treatment (w/o) 434 

was included. For the w/o, IGF-1, and O+T group, the mean and SEM of 12 replicates from 2 cows 435 

(6 replicates per cow) are shown. For the GM6001 group, the mean and SEM of 6 replicates from 436 

1 cow are shown. (A) AGNx1 measurements. Statistical significance level of w/o was calculated 437 

by RM two-way ANOVA with Sidak’s multiple comparison test. (B) AUC for days 0-21 for AGNx1 438 

graphs shown in (A). Statistical significance was calculated by the Kruskal-Wallis test with Dunn’s 439 

multiple comparison test. **p > 0.01, ***p > 0.001, ****p > 0.0001. 440 



 441 

Figure 5. Type II collagen formation measured by ProC2. Bovine full-depth cartilage explants 442 

were isolated and cultured for 3 weeks. Culture medium was changed with the addition of new 443 

treatment 3 times per week. Treatment consisted of IGF-1 [100 ng/mL], OSM + TNFα (O+T) [10/20 444 

ng/mL], and O+T [10/20 ng/mL] + GM6001 (GM6001) [10 µM]. A control group without treatment 445 

(w/o) was included. For the w/o, IGF-1, and O+T group, the mean and SEM of 12 replicates from 446 

2 cows (6 replicates per cow) are shown. For the GM6001 group, the mean and SEM of 6 447 

replicates from 1 cow re shown. (A) ProC2 measurements from days 0-21. (B) ProC2 values 448 

normalized to day 0 measurements for each individual explant. The ProC2 results often benefit 449 

from day 0 normalization to uncover the treatment effect that may be disguised by the high 450 

biomarker levels on day 0. In A and B, the statistical significance level was calculated by RM two-451 

way ANOVA with Sidak’s multiple comparison test. (C) AUC for days 0-21 for ProC2 graphs shown 452 

in (A). (D) AUC for days 0-21 for day 0 normalized ProC2 graphs shown in (B). In C and D, the 453 

statistical significance was calculated by the Kruskal-Wallis test with Dunn’s multiple comparison 454 

test. **p > 0.01, ***p > 0.001, ****p > 0.0001. 455 

 456 

Figure 6. Histological visualization of proteoglycan content by Safranin O/Fast Green staining. 457 

Bovine full-depth cartilage explants were isolated and cultured for 3 weeks. Culture medium was 458 

changed with the addition of new treatment 3 times per week. Treatment consisted of IGF-1 [100 459 

ng/mL] and OSM + TNFα (O+T) [10/20 ng/mL]. A control group without treatment (w/o) was 460 

included. On day 0, 7, 14, and 21, explants were fixated, infiltrated with paraffin, embedded in 461 

paraffin, sliced, placed onto cover slides, and stained with hematoxylin, Safranin O, and Fast 462 

Green. For each treatment group and each timepoint, a representative explant is shown. The 463 

scalebar shown in the baseline sample (day 0) represents 200 µm. 464 

 465 

DISCUSSION: 466 

The protocol presented here for the profiling of cartilage tissue turnover in bovine cartilage 467 

explants can be used for characterizing treatment effects of many types of drugs, including 468 

inhibitors of inflammatory intracellular pathways, inhibitors of proteolytic enzymes, or anabolic 469 

growth factors. 470 

 471 

Two different setups were described in this protocol: an anabolic setup where explants were 472 

stimulated with insulin-like growth factor 1 (IGF-1), and a catabolic setup comprising stimulation 473 

with TNF-alpha and Oncostatin M, in which tissue turnover can be inhibited using a broad-474 

spectrum MMP inhibitor. The main output in this method is the quantification of neo-epitope 475 

biomarkers directly in the conditioned medium, which is harvested throughout the culture 476 

period. Several biomarkers can be measured in the supernatant, allowing for simultaneous 477 

profiling of different catabolic and anabolic processes in the same sample. Histological staining 478 

with Safranin O/Fast Green was used to validate the findings from the biomarker analysis. 479 

Oncostatin M, TNF-alpha, and IGF-1 were used to describe the protocol; however, the method is 480 

not limited to specific cytokine stimulators and these can easily be exchanged for others 481 

depending on the hypothesis or test treatment.  482 

 483 



Interpretation of biomarker output is a temporal exercise due to the dynamic changes in 484 

chondrocyte function and expression profiles with anabolic or catabolic stimulation over time. In 485 

untreated explants, type II collagen formation measured by the biomarker ProC2 rapidly 486 

decreases within the first 7-10 days. Stimulation with IGF-1 or similar growth factors maintains 487 

ProC2 release in the conditioned medium at a level comparable to baseline; thus, the decline is 488 

more gradual, and the release is increased relative to untreated explants. In a catabolic setup, 489 

pro-inflammatory cytokines induce increased expression of proteases by the chondrocyte in days 490 

0-14; this consists mainly of aggrecanases. This causes an initial large increase in aggrecanase-491 

derived protein fragments, including AGNx1. At the later stages of culture, chondrocytes express 492 

more MMPs, which drives the release of MMP-generated markers, such as C2M, around day 14 493 

and onwards. Thus, in order to profile the effect of a treatment, it is important to measure 494 

biomarkers in the right time interval.  495 

 496 

As described, treatment with inflammatory cytokines such as the O+T cocktail will cause cartilage 497 

tissue degradation over time. The total pool of ECM is limited by the explant size and should be 498 

considered when analyzing the biomarker profile. Consequently, after the initial increase in 499 

biomarker release, the levels may decrease with time simply due to the reduction in the 500 

remaining amount of explant ECM. 501 

 502 

Previously, OA was primarily considered a disease of the articular cartilage. However, recent 503 

studies suggest that OA should be viewed as a disease of the entire joint, where early disease-504 

related changes in the individual joint compartments, synovium, bone, and cartilage, occur in 505 

parallel, and over time result in joint failure12,21. It is therefore important to recognize that in this 506 

model system, the cartilage is isolated from the rest of the joint (and organism), limiting the 507 

influence of tissue interaction effects and systemic factors that may regulate homeostasis of the 508 

tissue. Instead, it is a simplified single tissue culture where experimentally controlled conditions 509 

can be modulated to detect pathological or interventional changes to the tissue using 510 

biochemical techniques, biomarkers, or histological visualization. Due to the architecture of 511 

cartilage, variation in cell number, matrix composition, and amount variation is expected both 512 

between explants and between tissue sources. Because the relative magnitude of the biomarker 513 

output may be different between experiments, it is recommended to normalize data sets for 514 

better comparison. 515 

 516 

To ensure the least possible variation and best results, it is important to use cartilage from knees 517 

that are as fresh as possible, preferably between 1 and 24 h after butchering. Isolation of cartilage 518 

tissue should be done in a homogenous way with explants being roughly the same thickness. 519 

Explants should be isolated from areas of thick cartilage, avoiding the areas closest to the middle. 520 

The tissue should always be moist to avoid cell death and matrix decomposition. The length of 521 

the experiment3, the time between medium changes, timing of cytokine stimulation, and 522 

treatment intervals can be adjusted to fit the hypothesized mode of action of the individual 523 

compound or mechanism.  524 

 525 
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Name of Material/ Equipment Company Catalog Number Comments/Description

45% Iron(III) chloride solution Sigma-Aldrich 12322

Acetic acid Merck 1.00056.2500

Alamar Blue Life tech Invitrogen DAL1100

Biopsy processing cassettes – green IHCWORLD BC-0109G

Biopsy punch W/Plunger (3 mm) Scandidat MTP-33-32

Bovine cartilage (Bovine knees)

Local 

slaughterhouse 

C2M Nordic Bioscience
Fee for service

Corning 96-well plate Sigma-Aldrich CLS7007

Cover Glass Ø 13 mm VWR 631-0150P

DMEM/F12-GlutaMAX Dulbecco's 

Modified Eagle Medium/Nutrient 

Mixture F-12) without HEPES

Gibco 31331-028

Ethanol ≥96% VWR 83804.36

Ethanol absolute ≥99.5% VWR 83813.36

exAGNx1 Nordic Bioscience
Fee for service

exPRO-C2 Nordic Bioscience
Fee for service

Fast green Sigma-Aldrich F7252

Formaldehyde solution 4% Merck 1004965000

GM6001 Sigma-Aldrich M5939-5MG

Hematoxylin Sigma-Aldrich H3136

Hydrochloric acid Merck 30721-M

IGF-1 Sigma-Aldrich I3769-50UG

Oncostatin M Sigma-Aldrich O9635-10UG
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Penicillin-streptomycin (P/S) Sigma-Aldrich P4333

Pertex (mounting medium for light 

microscopy)
HistoLab 811

Phosphate Buffered Saline (PBS) Sigma-Aldrich D8537

Safranin O Sigma-Aldrich S2255

Sterile Standard Scalpels Integra Miltex 12-460-451

Sulfuric acid Sigma-Aldrich 30743

SUPERFROST PLUS Adhesion 

Microscope Slides
Thermo scientific J1800AMNT

TNF-alpha R&D Systems 210-TA-100

Toluene Merck 1.08327.2500

Vacuum Filtration "rapid"-Filtermax TPP 99955
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Editorial comments: 

1. Please include an Acknowledgements section, containing any acknowledgments and all funding sources 

for this work. 

We regret that this was not included earlier and have updated these sections accordingly. 

 

2. Please include a Disclosures section, providing information regarding the authors’ competing financial 

interests or other conflicts of interest. If authors have no competing financial interests, then a statement 

indicating no competing financial interests must be included. 

We regret that this was not included earlier and have updated these sections accordingly. 

 

3. Please remove Alamar Blue from the Figures. This is a commercial term and resaurin can be used instead. 

We thank the editor for yet again pointing this out and we have now removed the term throughout the 

manuscript and figures. 

 

Reviewers' comments: 

 

 

 

Reviewer #1:  

Manuscript Summary: 

I thank the authors for their review of my comments and revisions to the manuscript, which I believe is 

significantly improved. I still have a couple of questions/comments that were not addressed at all in the 

revised manuscript and must be addressed prior to publication. 

 

Specific Concerns 

1. Do you measure the wet weight or thickness of the tissue for normalization purposes? This should be 

mentioned. Cell number can vary dramatically from one explant to the next even within a juvenile bovine 

knee which would also increase variability in the data. 

We do in some instances measure wet weight and thickness of the tissue. However, we do not find  

correlations between these parameters and the output consistent within individual knees and we therefore 

do not uset this for normalization in routine experiments. We do acknowledge that chondrocyte numbers 

may vary between explants, but we live with the variation and choose to randomize the explants and 

increase the number of replicates. 

 

2. Why did you place replicated diagonally in the plate? There is no explanation for why this is done. Is this 

to avoid different air flows to different groups? This should be explained. 

Indeed as the reviewer points out, the reasons is to minimize effects of evaporation. This notion has been 

added to the protocol. 

Correction to protocol:   

Place replicates within each group diagonally in the culture plate to minimize the variation induced 

by evaporation. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal_2nd
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3. Are you using a standard tissue processing protocol? What are the steps to the protocol? You should 

mention the temperatures/pressures/timing since not all labs will have this specific processor. This goes 

back to the size of your tissue being needed as well. 

Indeed, thank you for this consideration. These steps are based on a standard tissue processing protocol 

and include:   

 

1) Dehydration with 96% ethanol for 90 min with no temperature adjustment.  

This step is repeated 3 times.  

2) Ethanol clearance with toluene for 90 min with no temperature adjustment.  

This step is repeated 2 times.   

3) Ethanol clearance with toluene for 90 min at 60°C. 

4) Infiltration with paraffin wax for 30 min at 60°C.  

5) Infiltration with paraffin wax for 60 min at 60°C.  

6) Infiltration with paraffin wax for 90 min at 60°C.  

For each step, the solutions are added to the sample-chamber with slow pump-out and pump-in flows under 
33-34 kPa pressure. The infiltration process is run in a pressure/vacuum cycle with a maximum vacuum of - 65 
to - 70 kPa.  
 

4. Is there subchondral bone in your samples? You mention that you use full thickness, but how do you 

determine that in dissection. Furthermore, if you have subchondral bone in your samples, did you decalcify 

samples somehow? 

We thank the reviewer for the request for clarification. We do not include subchondral bone in the current 

model. We strive to cut as close to the calcified matrix as possible in order to get the full articular cartilage 

layer, without the subchondral bone. This has been clarified in the protocol. 

Change to protocol: 

1.1.4. Isolate explants from the load-bearing area of the femoral condyles using a 3 mm biopsy 

puncher and release them from the articular surface by cutting with a scalpel parallel and as close to the 

subchondral bone as possible, and make sure that calcified cartilage is not included. The hard structure of 

the subchondral bone should ensure that explants do not contain calcified matrix. Strive for explants with 

uniform height. 

 

5. 'Measurement' is spelled wrong in Figure 1. 

We appreciate the correction and this has now been corrected 

6. There is no explanation of the acronym 'BEX' prior to use. 

We thank the reviewer for pointing this out and the term BEX have now been replaced with bovine 

cartilage model in all instances. 

 

 



Reviewer #3:  

Manuscript Summary: 

This manuscript details the protocol for the ex vivo culture of full-thickness bovine explants to study the 

cartilage matrix (ECM) turnover. The study uses anabolic and catabolic stimuli over a 3 week period as 

positive and negative controls to monitor proteoglycan release, collagen degradation and the metabolic 

activity of the ex vivo samples. 

The manuscript is written extremely well, to a high standard of English, the protocol is very clear and 

sufficiently detailed for the intended readership to follow. 

Although the study takes into consideration the potential of variation in the data due to initial explant size, 

the authors do not suggest how to prevent this or whether this could be overcome for example by weighing 

the samples before, during and after the study and then use this information to 'normalise' the data. The 

study is limited further by the use of only two biological replicates. 

 

Major Concerns: 

I have not been able to comment on most of the data provided as figures 1-5 are either illegible or blacked 

out completely. I am not sure if this is a technical problem however I would like to see these figures how 

they were intended to be represented to make definitive statements on the results obtained and 

conclusions drawn. 

We appreciate the reviewer going through the manuscript despite not having access to figures with 

adequate resolution. We kindly refer the reviewer to the link in the top right corner of each figure for the 

high resolution version of each figure. Unfortunately the PDF generation in the submission system does not 

allow for embedding high resolution figures within the PDF itself.  

 

Minor Concerns: 

Line 107-108. What is the minimum age of the bovine? Does male/female matter? 

This is a good point. We use cows between the age of 1.5 and 2 years of age and have now included the 

minimum age in the protocol. 

Corrections to protocol 

1.1.2. From the local slaughterhouse, obtain an entire fresh bovine tibio-femoral knee joint from 

calves between 1.5 andless than 2 years of ageold. 

 

Line 116. I suggest recommending readers to get as close to the bone as possible/scrape scalpel across 

bone/cartilage interface. 

This is a good point. The recommendation have been inserted in the manuscript. 

Changes to protocol: 

1.1.4. Isolate explants from the load-bearing area of the femoral condyles using a 3 mm biopsy 

puncher and release them from the articular surface by cutting with a scalpel parallel and as close to the 

subchondral bone as possible, and make sure that calcified cartilage is not included. The hard structure of 

the subchondral bone should ensure that explants do not contain calcified matrix. Strive for explants with 

uniform height. 

Line 118. Does the orientation make a difference? Superficial or hypertrophic side up is ok? 



This is a good question; however, not one we have an answer for. The explants are not aligned in a specific 

orientation as it is practically difficult to in this setup since the cartilage easily floats around in the medium. 

Line 122. Make bold 

Corrected 

Line 130. Authors state that the explants can be cultured for up to 10 weeks. Data shown is up to 3 weeks. 

Can a reference be included where 10 weeks was carried out using this model. 

We currently have manuscript in submission including a 10 week study in human explants. We have done 

similar studies in bovine explants but these have not been published as of yet. We have included a 

reference to a conference abstract describing the 10 week human data in the discussion. 

Changes to discussion: 

” The length of the experiment3, the time between media changes, timing of cytokine stimulation, 

and treatment intervals can be adjusted to fit the hypothesized mode of action of the individual 

compound or mechanism.” 

 

 

Line 117. Is this a simple wash or does it require some shaking/equilibration to diffuse out the medium? 

We thank the reviewer for the clarifying question. This is a simple wash 

 

Line 184. For how long can the samples be stored out of any medium before processing for embedding? 

For the analysis included in this manuscript we have stored samples for up to 3 months. We have made a 

recommendation in the protocol 

Change to protocol: 

3.2.2 Dispose of the formaldehyde and add 200 µL/well PBS, cover the plate with sealing tape and 

store at 4 °C for histochemical analysis. We recommend performing histochemical analysis within 3 months. 

 

Line 217. Maybe a list of abbreviations would be helpful for terms like C2M for example. 

We thank the reviewer for the suggestion. However, C2M, in line with the other markers are not 

abbreviations but names of biomarker epitopes. That said, the name origins from type II Collagen (C2) 

degraded by MMPs (M), while Pro-C2 is the pro-fragment of type II collagen. AGNx1 is an aggrecan 

fragment generated by ADAMTS-4 and 5. The characteristics for each marker are included in description in 

the protocol. 

 

Line 224. 20 hours seems like a long time to me. Can the authors confirm this isn't a typo please. 

This is not a typo and is indeed correct. The low temperature and long incubation time limits background 

from unspecific binding of the primary antibody, which may occur with shorter incubation times at higher 

temperatures. 



 

Line 242. 'aggrecanse cleavage' by…ADAMTS4/5 

We agree with the reviewer that the statement is more precise and have corrected accordingly 

Change to protocol: 

4.3.1. Quantify aggrecan degradation by measuring the release of the AGNx1 neo-epitope. This 

indirect competitive ELISA assay targets the aggrecan C-terminal peptide (NITEGE373) generated by 

aggrecanase ADAMTS-4 and 5 cleavage. The monoclonal antibody recognizes all fragments with an exposed 

NITEGE epitope. The experimental details of the assay have been published elsewhere19. 

 

Line 255. Which MMP causes the release of this particular neo-epitope? 

This epitope is generated by multiple MMPs, including MMP9, MMP12, MMP13 

 

Line 280. What is the reason for the cold water bath before the warm water bath in line 283. 

This waterbath allows for crude unfolding of the section, cutting multiple sections apart and sorting. 

Hereafter, the slides are transferred to the warm water bath for complete unfolding and attachment to 

slides. 

 

Line 287. The use of the baskets implies the slides are being heated vertically. Is this the case? I have always 

performed this horizontally on hot plates to avoid slipping of samples. 

As the reviewer states, these slides are indeed heated on hot plates. We refer to step 5.1.5. Following this 

initial heating step, which is done horizontally, the slides are indeed transferred to a 60 degree incubator 

stored in baskets and heated vertically. We have never experienced issues with tissue sliding off at this 

point. 

 

Line 296. Please state 'in preparation for staining, pour' as this will prevent readers from immersing 

samples at this stage before being de-paraffinized. 

We thank the reviewer for the helpful suggestion and the sentence have been corrected. 

 

Line 308. Please state the pH of the Saf O. 

We agree that the pH would help the protocol, and the pH for the different staining solutions have now 

been added to the protocol. 

Changes to protocol: 

 

5.2.5. Stain the deparaffinized and hydrated slides by submerging the basket in Weigert’s Iron 

Hematoxylin solution (pH: 1.5) for 10 min, followed by 1 x dip in 1% HCl and rinse with running tap water 

for approximately 5 min or till excess color has washed away. 

 



5.2.6. Next, stain in 0.05% Fast Green solution (pH: 5.75) for 5 min, followed by 1 x dip in 1% 

CH3COOH, and stain in 0.1% Safranin O (pH: 6.5) for 20 min. 

 

Line 322. Is the 'control without treatment' not treated with PBS or a vehicle? 

Not in this setting, no. While the reviewer is correct in that vehicle in principle should be added to all wells 

to exclude vehicle derived effects, in this instance treatments are pre-diluted in media prior to addition. 

This means that PBS is diluted more than 1:1000 in this instance, and were deemed not relevant. 

  

line 370. 'complete loss' of proteoglycans. Maybe 'no detectable levels' would be more appropriate. But if 

this is measuring the amount of cleaved aggrecan, this isn't measuring proteoglycan loss but more the rate 

of loss. Otherwise you could say the IGF treated ones had 'complete loss' from day 1. 

Insert answer 

 

Line 395. Only 2 biological replicated used for all data. 

We recommend using 3 individual biological replicates as for most experiments, to ensure scientific validity. 

The focus in this instance is on the method itself, and we have not included extensive replication data since 

the results included in the manuscript are used as examples. 

 

Full stops missing on ends of legends for fig 3, 4 & 5. 

Thank you for this observant correction. Full stops have been added. 

 

The use of cow/bovine is used interchangeable. Please be consistent. 

We acknowledge the confusion. However, we use the bovine term when referring to a species origin of 

tissue and cow when referring to a specific animal, ie. number of knees from a certain amount of animals. 

We feel that this use is consistent throughout. 

 

Line 479-480. Could the before and after wet weigh of each explant be taken to help normalise data? 

It is a good suggestion, and also something that we have tried initially. However, we do not find that the 

wet weight at termination provides any helpful information on the molecular composition of the protein 

pool that feeds the  biomarker pool. 


