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mechanical testing of vitally stained cartilage explants using a custom microscope-mounted device. 

Importantly, this method enables testing on fully intact cartilage without compromising native 

boundary conditions. Moreover, it allows for real-time visualization of vitally stained articular 

chondrocytes and single image-based analysis of cell injury induced by application of controlled static 

and impact loading regimens.  

Using this method, we have demonstrated that the spatial extent of cell injury depends sensitively on 

load magnitude and impact intensity. This method can be easily adapted to conduct comparative 
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screen treatments aimed at reducing the sensitivity of chondrocytes to mechanical stimuli when the 
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SHORT ABSTRACT:  21 

We present a method to assess the spatial extent of cell injury/death on the articular surface of 22 

intact murine joints after application of controlled mechanical loads or impacts. This method can 23 

be used to investigate how osteoarthritis, genetic factors and/or different loading regimens 24 

affect the vulnerability of in situ chondrocytes. 25 

 26 

LONG ABSTRACT:  27 

Homeostasis of articular cartilage depends on the viability of resident cells (chondrocytes). 28 

Unfortunately, mechanical trauma can induce widespread chondrocyte death, potentially 29 

leading to irreversible breakdown of the joint and the onset of osteoarthritis. Additionally, 30 

maintenance of chondrocyte viability is important in osteochondral graft procedures for optimal 31 

surgical outcomes. We present a method to assess the spatial extent of cell injury/death on the 32 

articular surface of intact murine synovial joints after application of controlled mechanical loads 33 

or impacts. This method can be used in comparative studies to investigate the effects of different 34 

mechanical loading regimens, different environmental conditions or genetic manipulations, as 35 

well as different stages of cartilage degeneration on short- and/or long-term vulnerability of in 36 

situ articular chondrocytes. The goal of the protocol introduced in the manuscript is to assess the 37 

spatial extent of cell injury/death on the articular surface of murine synovial joints. Importantly, 38 

this method enables testing on fully intact cartilage without compromising native boundary 39 

conditions. Moreover, it allows for real-time visualization of vitally stained articular chondrocytes 40 

and single image-based analysis of cell injury induced by application of controlled static and 41 

impact loading regimens. Our representative results demonstrate that in healthy cartilage 42 

explants, the spatial extent of cell injury depends sensitively on load magnitude and impact 43 

intensity. Our method can be easily adapted to investigate the effects of different mechanical 44 
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loading regimens, different environmental conditions or different genetic manipulations on the 45 

mechanical vulnerability of in situ articular chondrocytes. 46 

 47 

INTRODUCTION:  48 

Articular cartilage (AC) is a load bearing tissue that covers and protects bones in synovial joints, 49 

providing smooth joint articulation. Tissue homeostasis is dependent on the viability of 50 

chondrocytes, the sole cell type residing in AC. However, exposure of cartilage to extreme forces 51 

due to trauma (e.g., falls, vehicle accident or sports injuries) or due to post-traumatic joint 52 

instability can induce chondrocyte death, leading to irreversible breakdown of the joint 53 

(osteoarthritis)1. Furthermore, in osteochondral grafting procedures that aim to repair local 54 

defects in damaged cartilage, graft insertion-associated mechanical trauma reduces chondrocyte 55 

viability and has detrimental effects on surgical outcomes2. 56 

 57 

Cartilage explant models are commonly used to study the susceptibility of articular chondrocytes 58 

to mechanically-induced cell death. These models typically use explants from large animals to 59 

study the effects of loading conditions, environmental conditions and other factors on cell 60 

vulnerability3-15. However, due to the large size of the native joints, these models generally 61 

require removal of a plug from the articular surface of an intact joint, thereby compromising 62 

native boundary conditions. Moreover, they generally require application of large mechanical 63 

loads to induce cell injury. Alternatively, murine cartilage explant models provide several 64 

advantages over larger animal models in studying the mechanical vulnerability of in situ 65 

chondrocytes. In particular, due to their smaller dimensions, these models facilitate testing of 66 

fully intact articular cartilage without altering native tissue integrity. In addition, loading of 67 

murine cartilage occurs over small contact areas such that chondrocyte death/injury can be 68 

induced with small loads (<1 N). Finally, the mouse genome is easily manipulated, enabling 69 

testing of how specific genes impact the susceptibility of in situ chondrocytes to mechanical 70 

injury.  71 

 72 

The overall goal of the method introduced in this manuscript is to quantify and visualize—in real-73 

time—the spatial extent of in situ cell death/injury due to applied mechanical loads on fully intact 74 

mouse cartilage-on-bone explants in vitro. This method requires careful dissection of mouse 75 

synovial joints without compromising chondrocyte viability, followed by mechanical testing of 76 

vitally stained explants using a microscope-mounted device similar to a testing platform that we 77 

recently developed to quantify murine cartilage mechanical properties16. During mechanical 78 

testing, a large portion of the (intact) articular surface of the dissected bone is visible on a single 79 

fluorescence micrograph, enabling rapid analysis of cell viability after a load is applied. A similar 80 

analysis of surface cell viability in murine cartilage explants has been performed previously, but 81 

without simultaneous application of load17. Potential applications of our method include 82 

comparative studies to investigate the vulnerability of articular chondrocytes to different 83 

controlled environmental and mechanical conditions, as well as screening of treatments aimed 84 

at reducing the sensitivity of chondrocytes to mechanical loading.  85 

 86 

PROTOCOL:  87 

All animal work was approved by the University of Rochester Committee on Animal Resources.  88 



        

 89 

1. Solutions 90 

 91 

1.1) Prepare Hank’s Balanced Salt Solution (1X HBSS) containing calcium, magnesium and no 92 

phenol red. Adjust the pH to 7.4 by adding small amounts of HCl or NaOH.  93 

 94 

1.2) Adjust the osmolarity to 303 mOsm by adding NaCl or deionized water. Use the buffer during 95 

the dissections, specimen preparation and mechanical testing. 96 

 97 

2. Dissections of the Distal Femur and Proximal Humerus with Fully Intact Articular Cartilage  98 

 99 

2.1) Euthanize the mouse according to institutional guidelines using a CO2 inhalation chamber 100 

followed by cervical dislocation. Follow aseptic technique throughout. 101 

 102 

NOTE: Mice between 8 and 81 weeks old of any strain and sex may be used.  103 

 104 

2.2) Use the following surgical tools for dissections: micro-scissors (used for making incisions), 105 

standard dissecting scissors (used for cutting the bone), scalpel with #11 scalpel blade (used for 106 

cutting soft tissue), jeweler’s forceps (used for removal of soft tissue) and standard forceps (used 107 

for peeling the soft tissue and the skin).  108 

 109 

2.3) For dissections of the distal femur follow the instructions below. 110 

 111 

2.3.1) Position the mouse in a supine position. 112 

 113 

2.3.2) Make a small (~5 mm) incision in the skin on the anterior portion of the knee. 114 

 115 

2.3.3) Extend the incision all the way around the knee and pull back the skin to expose the knee 116 

joint and leg muscles.  117 

 118 

2.3.4) Starting from the proximal end of the femur, use a scalpel blade (#11) to cut along the 119 

distal direction. Position the blade between the quadriceps muscle-tendon unit and the anterior 120 

side of the femoral shaft. Extend the cut towards and past the patella and finish by cutting 121 

through the middle of the patellar tendon, thereby removing the quadriceps muscle-tendon unit. 122 

 123 

2.3.5) Starting from the proximal end of the femur, use a scalpel blade (#11) to cut along the 124 

distal direction. Position the blade between the hamstring muscle-tendon unit and the posterior 125 

side of the femoral shaft. Once the cut approaches the knee joint, begin cutting through the soft 126 

tissue, avoiding contact between the scalpel and the articular surface on the distal condyles of 127 

the femur. Finish the cut past the knee joint. 128 

 129 

2.3.6) Pull back the quadriceps and hamstring muscles to expose the femur. Cut away any excess 130 

muscle on the lateral and medial sides of the femur.  131 

 132 



        

2.3.7) Cut the calf muscle on the posterior side of the proximal tibia and flip the leg to visualize 133 

the posterior side of the femur.  134 

 135 

2.3.8) Expose the distal condyles of the femur and posterior surface of the proximal tibia by 136 

removing excess tissue around the knee joint.  137 

 138 

2.3.9) Cut the anterior and posterior cruciate ligaments using a scalpel, cutting away from the 139 

femoral condyles. Pull the tibia away from the femur and cut all the ligaments to separate the 140 

lower leg from the femur.  141 

 142 

2.3.10) Using standard dissecting scissors, cut through the femur at the proximal end of the bone 143 

(8 mm above the tibio-femoral joint) from the lateral side. After cutting the bone, wipe away any 144 

visible marrow on the outside of the bone to avoid possible contamination from bone marrow 145 

cells. 146 

 147 

NOTE: Cutting from lateral side reduces the risk of crack propagation along the bone.  148 

 149 

2.3.11) Remove surrounding soft tissues (i.e., ligaments and excess muscle) from the femur using 150 

jeweler’s forceps and expose the cartilage on both condyles at the distal end of the femur. Avoid 151 

contact between the cartilage and forceps. 152 

 153 

2.4) For dissections of the humerus follow the instructions below.  154 

 155 

2.4.1) Position the mouse in a supine position. 156 

 157 

2.4.2) Make an incision (~5 mm) in the skin on the posterior side of the elbow using micro-158 

scissors, extend the incision around the elbow and pull back the skin to expose the muscles of 159 

the arm and shoulder. 160 

 161 

2.4.3) Starting from the proximal end of the humerus, use a scalpel blade (#11) to cut along the 162 

distal direction. Position the blade between the triceps muscle-tendon unit and the posterior side 163 

of the humerus. Extend the cut towards the distal end of the humerus and finish by cutting 164 

through the triceps tendon.  165 

 166 

2.4.4) Then pull back the triceps towards the proximal end of the humerus until the humeral head 167 

is exposed.  168 

 169 

2.4.5) Cut the connective tissue around the humeral head using a scalpel blade (#11) without 170 

touching the articular surface and remove the limb (arm and shoulder) from the body. 171 

Periodically hydrate the articular surface of the humeral head with HBSS. 172 

 173 

2.4.6) Disconnect the humerus from the arm by first breaking off the proximal end of the ulna on 174 

the posterior side of the arm using forceps and then cutting the connective tissue around the 175 

distal end of the humerus. Remove any excess tissue on the humerus. 176 



        

 177 

2.4.7) Cut off the deltoid tuberosity on the posterior side of the humerus using standard 178 

dissecting scissors. 179 

 180 

2.5) Place the dissected specimen(s) into a 1.5 mL microcentrifuge tube containing HBSS buffer.  181 

 182 

3. Live (Calcein AM) / Dead (Propidium Iodide) Staining Protocol 183 

 184 

3.1) Stain using calcein AM as follows.  185 

 186 

3.1.1) Make a stock solution of calcein AM by adding 12.5 µL of dimethyl sulfoxide (DMSO) into 187 

a vial of 50 µg of calcein AM, resulting in a stock concentration of 4 mg/mL (4.02 mM).  188 

 189 

3.1.2) Dilute the stock calcein solution 1:400 in HBSS to reach a concentration of 10 µg/mL (10.05 190 

µM) of calcium AM (for example, add 1.25 µL of stock solution to 500 µL of HBSS). 191 

 192 

3.1.3) Centrifuge the diluted staining solution for 5 s at 2000 x g to ensure that all of the dye, 193 

which may occasionally stick to the walls of the tube, mixes with the buffer. Do not remove the 194 

supernatant. Vortex the solution to ensure proper mixing. 195 

 196 

3.1.4) Put the dissected specimen into a 1.5 mL microcentrifuge tube containing 500 µL of the 197 

diluted staining solution. Incubate the specimen at 37 °C for 30 min in a thermomixer while 198 

agitating at 800 rpm. Make sure the tubes are covered in aluminum foil to protect from exposure 199 

to light.  200 

 201 

3.1.5) Transfer the specimen into calcein AM-free HBSS buffer. At this point, the specimen is 202 

ready for mechanical testing.  203 

 204 

3.2) Prepare propidium iodide (PI) staining solution as follows. 205 

 206 

3.2.1) Prepare the PI staining solution by diluting the purchased stock solution (1 mg/mL, 1.5 mM) 207 

1:25 in HBSS to reach 40 µg/mL (60 µM) of PI. For example, add 40 µL of stock solution to 1000 208 

µL of HBSS.  209 

 210 

3.2.2) Keep the PI staining solution covered in aluminum foil to protect it from exposure to light. 211 

Use the staining solution immediate after the mechanical test to detect injured cells (see section 212 

4).  213 

 214 

NOTE: One can perform the PI staining prior to loading as well to more rigorously assess the 215 

quality of the dissections. 216 

 217 

4. Mechanical Testing Protocol 218 

 219 



        

4.1) Place the specimen (femur or humerus) onto the glass slide of a custom microscope-220 

mounted mechanical testing device such that the articular surface on the posterior femoral 221 

condyles or humeral head is sitting on the glass (Figure 1).  222 

 223 

NOTE: Fasten a 10 mm-long wooden applicator (diameter = 2 mm) to the distal side of the 224 

humerus using cyanoacrylate glue before placing it onto the device in order to stabilize the 225 

specimen on the flat surface. For a detailed description of the mechanical testing platform see 226 

Supplementary File 1: section 1.  227 

 228 

4.2) Hydrate the specimen with HBSS and place the device with the specimen onto a fluorescence 229 

microscope.  230 

 231 

4.3) Image the articular chondrocytes stained with calcein AM (excitation/emission wavelengths 232 

= 495/515 nm) before (baseline) application of the load under a fluorescence microscope with a 233 

4X dry lens (NA = 0.13). Adjust the acquisition settings to optimize the image quality.  234 

 235 

4.4) Apply mechanical loading on top of the specimen such that articular cartilage is compressed 236 

against the cover glass.  237 

 238 

4.4.1) For static loading, apply a prescribed static load (e.g., 0.5 N) on top of the specimen (femur 239 

or humerus). Hold the load for 5 min and then remove it. 240 

 241 

4.4.2) For impact, apply a prescribed impact energy (e.g., 1 mJ) onto the specimen by dropping a 242 

cylindrical impactor of known weight (e.g., 0.1 N) from a prescribed height (e.g., 1 cm). Release 243 

the load 5 s after the impact.  244 

 245 

NOTE: The weight of the impactor (mg) and the prescribed height (h) can be converted into 246 

impact energy (E) using the following equation: E = mgh.  247 

 248 

4.5) Incubate the specimen in PI staining solution for 5 min at room temperature. 249 

 250 

4.6) Image the articular chondrocytes stained with calcein AM and PI (excitation/emission 251 

wavelengths = 535/617 nm) under a fluorescence microscope (Figure 2).  252 

 253 

5. Data Analysis 254 

 255 

5.1) Quantify the area of injured/dead cells due to the applied mechanical loading regimen. 256 

 257 

5.1.1) Open the micrographs of the articular surface acquired before and after application of 258 

mechanical load in ImageJ18.  259 

 260 

5.1.2) Combine the images into a stack. 261 

 262 

5.1.3) Set the scale of the images based on the image resolution.  263 



        

 264 

5.1.4) Use the Polygon tool to define the area where the cells became calcein-negative (loss of 265 

green fluorescence) and PI-positive (gain of red fluorescence). These cells are considered to be 266 

injured or dead. 267 

 268 

5.1.5) Determine the area of injured/dead cells using the Measurement tool. 269 

 270 

REPRESENTATIVE RESULTS:  271 

Six different applied loading protocols (static loading: 0.1 N, 0.5 N and 1 N for 5 min; and impact 272 

loading: 1 mJ, 2 mJ and 4 mJ) reproducibly induced quantifiable localized areas of cell injury in 273 

femoral and humeral cartilage obtained from 8-10-week-old BALB/c mice (Figure 2). Importantly, 274 

the spatial extent of chondrocyte injury on the articular surface was measured quickly and easily 275 

in ImageJ. Representative results demonstrate that the mechanical vulnerability of articular 276 

chondrocytes was affected by load magnitude and impact intensity. In particular, higher load 277 

magnitudes and higher impact intensities significantly exacerbated the spatial extent of cell injury 278 

in both femurs and humeri (Figure 3).  279 

 280 

FIGURE LEGENDS: 281 

 282 

Figure 1: Schematic representation of the custom mechanical testing device. (a) Assembled 283 

device with the cylindrical impactor used to apply prescribed mechanical loads and/or impact 284 

energies to a specimen. The device is shown without a specimen. (b) Schematic representation 285 

of the experiment. Controlled static (e.g., 0.1 N) and/or impact (e.g., 1 mJ) loading can be applied 286 

on top of the dissected specimen such that articular cartilage is compressed against the cover 287 

glass.  288 

 289 

Figure 2: Representative micrograph of the articular surface after injurious mechanical loading. 290 

Representative micrograph of the articular surface on (a) the distal femoral condyles and (b) the 291 

humeral head after injurious mechanical loading (impact [1 mJ] and static loading [1 N], 292 

respectively). Green cells are vitally stained chondrocytes with intact cell membranes while red 293 

nuclei indicate injured cells with permeabilized cell membranes. (c) Zoomed-in view of the area 294 

of injured/dead cells (yellow contours) on the articular surface of the humeral head.  295 

 296 

Figure 3: Area of injured/dead cells. Area of injured/dead cells on the articular surface of the 297 

distal femoral condyles (a, b) and the humeral head (c, d) after (a, c) static (0.1 N, 0.5 N and 1 N; 298 

n = 6 per group) and (b, d) impact (1 mJ, 2 mJ and 4 mJ; n = 6 per group) loading. All cartilage-on-299 

bone specimens were obtained from female BALB/c 8-10 weeks old mice. Data are mean + 300 

standard deviation; brackets denote statistical significance at α=0.05 determined by analysis of 301 

variance (ANOVA) test with Tukey post hoc comparisons.  302 

 303 

DISCUSSION: 304 

The methods described above were successfully employed to visualize viable and injured/dead 305 

in situ articular chondrocytes from mouse joints after prescribed mechanical loads or impacts. In 306 

particular, we were able to analyze the mechanical vulnerability of chondrocytes within fully 307 



        

intact articular cartilage from two different synovial joints: the knee joint (distal femurs) and 308 

shoulder (humeri). Our representative results show that the spatial extent of cell injury on the 309 

articular surface depends sensitively on load magnitude and impact intensity (Figure 3). 310 

Importantly, the use of this method facilitates investigations of the cellular response to 311 

mechanical loading under physiologically relevant conditions. That is, it enables testing of 312 

articular cartilage on an intact joint under physiological and supraphysiological loads (see 313 

Supplementary File 1: section 2).  314 

 315 

Given the steep learning curve in performing dissections of murine synovial joints and challenges 316 

in preserving viable in situ chondrocytes at baseline, some protocol modification and 317 

troubleshooting may be required. The greatest risk of damaging articular chondrocytes during 318 

dissection occurs during steps 2.3.5 through 2.3.10 and 2.4.5 through 2.4.7. To minimize cell 319 

injury/death during dissections, the researcher should avoid any contact between surgical tools 320 

(e.g., the scalpel when cutting the tissue or the jeweler’s forceps when removing the soft tissue) 321 

and the articular surface of the specimen. However, touching the articular surface with a glove 322 

induces little cell injury/death. In order to improve baseline cell viability, it may also be necessary 323 

to reduce the amount of soft tissue removed from the joint. Additionally, using finer tools will 324 

generally reduce dissection-induced cell death. Ultimately, to rigorously confirm the absence of 325 

dissection-associated damage of articular chondrocytes at baseline, it is advisable to stain the 326 

specimens with both permeability dyes (calcein AM and PI, prior to loading) especially while the 327 

researcher is becoming familiar with the dissection procedure (see Supplemental File 1: section 328 

3).  329 

 330 

Given the small size of the mouse joint and the genetic manipulability of the mouse genome, 331 

murine models provide multiple advantages over large animal models to study vulnerability of 332 

articular chondrocytes to mechanical loading. However, to the authors’ knowledge, no studies 333 

have previously been conducted to quantify injury/death of in situ articular chondrocytes due to 334 

mechanical loading of intact murine cartilage. Investigators typically use explants removed from 335 

joints of large animal models to investigate the extent of cell death due to mechanical injury3-12. 336 

In contrast, mouse models facilitate 1) visualization of nearly the entire articular surface on a 337 

given bone; and 2) analyses of post-loading or post-impact chondrocyte viability in intact joints 338 

without compromising native boundary conditions. Furthermore, while compressed, mouse 339 

specimens generate substantially smaller contact areas compared to large animal models; 340 

therefore, stresses are dramatically higher than in large animal models for a given load 341 

magnitude. Hence, cell injury can be induced by smaller loads. Additionally, murine models 342 

facilitate research on cartilage degeneration and, in particular, osteoarthritis, as this disease can 343 

be easily induced in mice through genetic19-22, dietary23,24 or surgical manipulations25-28. 344 

Moreover, spontaneous osteoarthritis occurs in several mouse strains including BALB/c and 345 

C57BL/629,30.  346 

 347 

In our representative data, we used viability (live/dead) stains to quantify cell injury/death 5 min 348 

after the removal of mechanical loading. We acknowledge that these experiments may not 349 

discriminate injured cells (cells with temporarily ruptured membranes) from dead cells (cells with 350 

permanently ruptures membranes). That is, cells that are calcein negative and PI positive— 351 



        

indicating that the membrane was previously permeabilized—may repair their membranes over 352 

time scales ranging from seconds to several minutes31. In fact, in a separate set of experiments, 353 

we have determined that the fraction of “injured” cells that survive mechanical trauma is small 354 

(~5%) but significant (see Supplementary File 1: section 4). Therefore, live/dead staining is a 355 

direct measure of membrane integrity that is not always indicative of cell viability. In particular, 356 

PI-positive and calcein-negative cells are most appropriately defined as “injured”, where injury is 357 

defined as a (potentially temporary) loss of plasma membrane integrity due to mechanical 358 

trauma. We also acknowledge that our representative data likely reflects only immediate 359 

(necrotic) cell death. Imaging specimens at later time points (e.g., 48 h after removal of load) 360 

should enable quantification of both necrotic and apoptotic cell death. 361 

 362 

Several limitations must be considered when using these methods. In our trial experiments for 363 

this manuscript, we used 8-10-weeks-old female BALB/c mice to demonstrate the capabilities of 364 

the testing platform (Figure 3). However, due to noticeable alterations in cell density in femurs 365 

of older mice, the assessment of load-induced cell injury becomes more challenging (though 366 

feasible) in older femurs (success rate = 40%). In contrast, no noticeable alterations in cell density 367 

on humeri were observed in 61-81-week-old C57BL/6 mice (see Supplementary File 1: section 368 

5), thereby making the testing platform useful for ages 8-81 weeks. Another limitation is that the 369 

method was used to analyze the spatial extent of cell injury only on the articular surface of 370 

femoral condyles and humeral head. However, the method could further be extended to analyze 371 

depth-dependent spatial extent of cell injury through use of laser scanning confocal microscopy. 372 

Note that the latter method would require usage of more expensive equipment, longer image 373 

acquisition time, and more involved and time-consuming analysis. Finally, although the contact 374 

location between the articular cartilage and the cover glass was physiologically relevant for 375 

mice32,33, this location was not varied. However, our testing platform allows for variation of the 376 

contact location if the femur or humerus is gripped with a rotating armature.  377 

 378 

In conclusion, we have developed an in vitro murine injury model that enables application of 379 

controlled mechanical loads and/or impacts onto the articular surface of intact articular cartilage. 380 

This model enables visualization of fluorescently labeled articular chondrocytes in real-time and 381 

rapid single image-based analysis of cell injury/death. Importantly, the effects of different 382 

mechanical loading regimens, different environmental conditions or different genetic 383 

manipulations on short- and/or long-term chondrocyte viability can be tested using this 384 

methodology. Thus, our platform provides a tool to interrogate basic science questions and 385 

screen therapeutic targets related to the mechanical vulnerability of chondrocytes.  386 

 387 
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Name of Reagent/ Equipment Company Catalog Number

Calcein, AM 
Invitrogen by Thermo Fisher 

Scientific
C3100MP

Propidium Iodide
Invitrogen by Thermo Fisher 

Scientific
P3566

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 276855
HBSS (calcium, magnesium, no 

phenol red) 

Gibco by Thermo Fisher 

Scientific
14025-092

Feather surgical blade (#11) VWR 102097-822
Vapor pressure osmometer, 

VAPRO
ELITechGroup Model 5520

pH meter Beckman Model Phi 32 

Eppendorf thermomixer Eppendorf AG Model 5350
Motorized inverted research 

microscope
Olypmus Model IX-81

Wooden applicator
Puritan Medical Products 

Company, LLC
807

1.5 Glass coverslips Warner Instruments, LLC 64-1696
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Comments/Description

20x50mg , Eugene, OR, USA

1 mg/mL solution in water, 10mL, Eugene, OR, USA

1L DMSO, anhydrous, ≥99.9%, St. Louis, MO, USA

1X, 500mL, Grand Island, NY, USA

Hatfield, PA, USA

Puteaux, France

Brea, CA, USA

Hamburg, Germany

Center Valley, PA, USA

6"x100, Guilford, ME, USA

#1.5, 0.17mm thick, 40mm diameter, Hamden, CT, USA



Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author Agreement.pdf

http://www.editorialmanager.com/jove/download.aspx?id=896357&guid=f3874394-df47-49ea-9e93-082ddd974f92&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=896357&guid=f3874394-df47-49ea-9e93-082ddd974f92&scheme=1








Responses to Reviewer Comments 

We appreciate the insightful suggestions from the reviewers. In the following, we 

provide detailed responses to every comment. The manuscript was revised accordingly, 

and the changes were tracked to facilitate review.   

 

Reviewer #1 

Manuscript Summary: The authors have written an interesting manuscript. They 

describe a novel method of assess chondrocyte viability in a native mouse knee. The 

model described has a detailed protocol to ensure readers could duplicate the 

dissection required for the model.  

We thank the reviewer for these compliments. 

The model appears to have restriction toward younger mice, and this may be a 

limitation. The authors provide only one method of assessing chondrocyte viability 

without other technique to confirm the observed data. Finally, the authors choose to 

load the posterior femoral condyles without a clear explanation why this anatomic 

location has been chosen. 

 

Major Concerns 

 
1) The authors provide no other means of assessing chondrocyte viability other than 
Live / Dead staining and confocal microscopy assessment. Why not use other methods 
of assess viability to validate the model? Why should the reader accept this limited 
validation of the model? 
 

We thank the reviewer for this important comment and apologize for not addressing this 
issue in the original manuscript. In fact, we considered several different alternatives to 
live/dead staining to assess cell viability and validate our model. However, we 
determined that none of these methods is able to capture the key outcome parameter of 
interest in our testing platform: the spatial extent of in situ cell injury/death on the 
surface of articular cartilage due to mechanical loading.  

For example, in one class of alternative cell viability assessment techniques, histological 
evaluation of in situ chondrocytes is required. With some of these methods, the total 
number of nuclei (as assessed through analysis of H&E- or DAPI-stained sections) are 
counted as a surrogate measure of cell loss. However, while this approach is useful for 
quantifying long-term cell loss in the context of tissue degeneration, it cannot 
differentiate between viable and non-viable cells in the immediate aftermath of an injury 
(before the nuclei are cleared from the tissue). Another histological cell viability 
assessment technique – the TUNEL assay – is not appropriate for validation of our 
methodology, as it is only able to identify cells that die through apoptosis (whereas we 
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anticipate that necrosis dominates immediate mechanically induced cell death). Finally, 
it is important to note that even if a suitable histological cell viability assessment 
technique were identified, capturing the spatial extent of cell injury on the articular 
surface (the key outcome parameter of interest in our testing platform) would require 
time-consuming serial sectioning of paraffin-embedded specimens1. 

In another class of alternative cell viability assessment techniques, cell suspensions are 
required2-5. However, since murine articular cartilage is very small in size (e.g., articular 

surface width on femoral condyle < 1.5 mm, thickness < 50 m), isolating cells from this 
tissue – especially in a specific region of interest (i.e., surrounding the site of injury) – is 
highly challenging. Moreover, isolating chondrocytes requires shaving cartilage from a 
joint, and the act of shaving itself could lead to additional cell injury/death that could 
confound results. Finally, most cell suspension-based methods (except those that work 
through the same principle as propidium iodide, one of the stains used in our study) only 
detect live cells, and thus require comparison to a control group for quantification of cell 
death. However, since these techniques generally have large coefficients of variation 
(e.g., 9.72% for the MTT assay6, corresponding to approximately 1000 cells for a 
suspension of 10,000 cells), they cannot detect the small numbers of injured/dead cells 
induced by some loading regimens that can be easily quantified by live/dead staining. 
For instance, according to our findings, statically applied loading magnitudes of 0.1 N, 
0.5 N and 1 N induce injury/death of just 3, 107 and 197 articular chondrocytes, 
respectively.       

To avoid the limitations of cell suspensions, we did attempt to perform an alternative 
viability assay designed for cell suspensions but applied to the cartilage-on-bone 
explants used in our testing platform. In particular, we attempted to develop a tissue-
based Alamar Blue assay. Alamar Blue is a resazurin reduction assay in which 
enzymatic activity of a cell is measured as a proxy for viable cells. In particular, viable 
cells reduce non-fluorescent resazurin to fluorescent resorufin. We followed a staining 
protocol used for the assessment of isolated mammalian cell cytotoxicity7. Briefly, after 
application of injurious loading, the dissected specimens were incubated in 10% of 
Alamar Blue at 37 oC for 4 h and 17 h later followed by 2 h wash in HBSS (pH 7.4, 303 
mOsm). The specimens were imaged under fluorescent illumination at 560 nm 
excitation and 590 nm emission wavelengths. We hoped to observe bright fluorescence 
in viable cells, since metabolically active cells increase fluorescence by reduction of 
resazurin to resorufin. Unfortunately, since resorufin is membrane permeable and can 
escape to the extracellular matrix, it was nearly impossible to distinguish metabolically 
active cells from the surrounding ECM and surrounding non-viable cells. In other words, 
the entire specimen exhibited strong fluorescence, inhibiting our ability to detect live 
cells.  

Although we were unable to provide an alternative validation for our live/dead staining-
based quantification of cell injury/death, we have performed additional experiments to 
more rigorously investigate and quantify the limitations of live/dead staining. 
Presumably, the primary weakness of permeability stains like PI and calcein AM lies in 
the potential detection of false PI-positive and false calcein-negative cells due to their 
mechanism of action. For example, consider calcein AM, a molecule that is membrane 
permeant and non-fluorescent until it is cleaved by intracellular esterases and becomes 



membrane impermeant and fluorescent. The fluorescent form of this molecule (calcein) 
remains within the cell while the membrane is intact; hence, calcein-positive cells are 
considered to be viable. However, if the membrane is only temporarily permeabilized 
(i.e., damaged prior to repair/resealing), a viable cell could appear calcein-negative. 
Similarly, consider PI is a membrane-impermeant molecule that is only able to diffuse 
into the cell and bind DNA if the membrane is not intact. A PI-positive cell is considered 
to have a ruptured membrane and be dead. However, if the membrane is only 
temporarily permeabilized (i.e., damaged prior to repair/resealing), a viable cell could 
appear PI-positive.  

To investigate whether these limitations could be affecting our findings, we have 
conducted a pilot study (n=5) in which we longitudinally analyzed injury of in situ 
chondrocytes on femoral condyles immediately and 3 h after mechanical tests (0.5 N 
statically applied over 5 min) with calcein AM re-staining applied 2.5 h after the injury. 
The time scale of membrane repair is approximately 5 min8; thus, we presume that 2.5-
3 h provides sufficient time to quantify the number of false PI-positive and false calcein-
negative cells (i.e., the number of cells whose membrane was permeabilized only 
temporarily prior to repair/resealing). We found that the area of injured cells recovered 
by only 5.25% (approximately 22 cells per specimen) over the course of 180 min 
following the mechanical trauma (Figure R1). It is worth noting that cells in which the 
plasma membrane appeared to be repaired became both PI and calcein positive, a 
finding that is consistent with the mechanism of action of both permeability dyes.   

Despite the absence of an alternative validation of our live/dead staining-based 
quantification of cell injury/death, these additional experiments (which are now 
described in the Supplementary Material section of the manuscript) suggest that in our 
system, live/dead staining (i.e., the use of permeability dyes) provides a reasonably 
accurate indication of cell viability, overestimating true viability by just 5%. Nevertheless, 
we have decided to alter the title and text to reflect that live/dead staining is a direct 
measure of membrane integrity that is not always indicative of cell viability. In particular, 
we define PI-positive and calcein-negative cells as “injured”, where injury (and not 
necessarily cell death) is defined as a (potentially temporary) loss of plasma membrane 
integrity due to mechanical trauma.  

The title now reads as “Real-time Visualization and Analysis of Chondrocyte Injury Due 
to Mechanical Loading in Fully Intact Murine Cartilage Explants”. 



 

Figure R1 (Figure S2 in Supplemental Materials) (a) Representative micrographs of 
in situ articular chondrocytes on a medial femoral condyle obtained at 0 min (left) and at 
180 min (right) after the application of mechanical loading (0.5 N static loading for 5 
min). Green calcein fluorescence and the absence of red fluorescence indicate articular 
chondrocytes with intact plasma membranes; red PI fluorescence and the absence of 
green fluorescence indicate cells with compromised cell membrane integrity. The 
area/number of cells that gain calcein fluorescence within the 180 min time interval 
following mechanical trauma indicates the area/number of cells that exhibited 
membrane repair. Note that overall PI intensity has decreased over the 180 min time 
period, presumably due to photobleaching. (b) Area of injured cells (n=5) measured 
immediately (blue circles) and 180 min (green squares) after mechanical loading. 
Although the reduction in area of injured cells was significant, only approximately 5.25% 

of cells exhibited membrane repair. * denotes significance at =0.05.  
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2) The authors describe a design of the impactor and confocal microscopy stage, but 
how they work together is unclear. The baseplate where loading occurs is a glass slide 
for microscopy - does the glass ever break with physiologically relevant loads? 
 
We apologize for omitting these important details in our description of the mechanical 
testing platform. The impactor stage is built onto the stage plate of an inverted 
microscope (which may be either a standard epifluorescence microscope or a confocal 
laser scanning microscope). The glass slide (where the specimen is placed) sits on top 
of a stainless-steel plate screwed into the bottom of the base of the device. The center 
of the plate has a small pinhole (positioned below the location on the glass where 
specimen is placed) that serves as a viewing window for the inverted epifluorescence 
microscope. The pinhole/viewing window is sufficiently small that the glass resists 
bending and does not break under the loading conditions applied in this study (for both 
physiological and supraphysiological loading conditions).  
 
We have added a paragraph describing these details to the supplementary material. 
 
 

Minor Concerns: 

3) The loads chosen - the authors report applied impact loads. Have the authors 

calculated the likely articular loads that occur with the model. Again, are these 

physiologically relevant? 

We apologize for not clarifying the physiological relevance of the loads chosen for this 

study. For our studies using cartilage-on-femur explants, the load distribution on the 

medial and lateral condyles was measured previously9. In this study, we found that both 

the medial and lateral femoral condyles experience approximately 40% of the total 

applied load (with the contact point between the glass and femoral diaphysis taking up 

the remainder of the load). To our knowledge, the physiological loads on the cartilage of 

each compartment of the mouse knee have not been rigorously assessed. It has been 

shown that an axial load of approximated 9 N applied to the mouse tibia leads to bone 

strains similar to those induced during locomotion10. However, the axial load on the tibia 

is not equivalent to the load experienced by knee articular cartilage in vivo due to the 

complex geometry of the knee and the possible contributions of active muscles and 

passive surrounding tissues (e.g., the menisci). Nevertheless, we can determine the 

physiological relevance of each loading condition in our study by considering the strains 

induced in the tissue using our platform and comparing with physiological strains in the 

human knee reported in the literature (assuming physiological strains in articular 

cartilage are roughly conserved across species). For total applied loads of 0.1 N, we 

have previously measured peak compressive strains of 20.7% and 34% on the medial 

and lateral femoral condyles (data not shown). These strains are comparable to the 

reported strains of 39% observed in articular cartilage on the tibial plateau in human 

subjects after 30 min of standing11. Similarly, in unpublished studies, we have found that 

for a total applied load of 0.1 N on the murine humeral head, the peak strain is 31.6% 



(data not shown). Previous studies have reported peak strains of 22% 9 min after push-

up exercises12. During this waiting and imaging time (9 min), cartilage may have 

recovered its thickness, potentially resulting in an underestimate of peak strain during or 

immediately after exercise. Taken together, these finding suggest that the strains 

induced by 0.1N loading in our study lie within the upper limit of physiologically relevant 

strains. We consider higher magnitudes of static loading (0.5N and 1N) to be 

supraphysiological, since the peak strains surpass physiological levels and induce 

significant cell injury. 

Unfortunately, confocal microscopy is not fast enough to capture tissue strains during 

impact experiments. However, we have performed additional studies to determine peak 

forces during these tests. Using a custom strain gauge apparatus, the peak impact 

forces were found to be higher than the statically applied forces. For example, a 1 mJ 

impact intensity induced a peak load of 8.3 N (data not shown). It is difficult to assess 

whether these forces lie within physiological limits in the absence of rigorous analyses 

of mouse joint mechanics during ambulation. We speculate that the impact-induced 

forces in this study are supraphysiological, given that substantial cell injury is induced in 

all experimental groups. However, it is important to note that impacts across a wide 

range of intensities (e.g., low intensity impact during ambulation and high intensity 

impacts during vehicle accidents) are clinically relevant.  

The physiological relevance of the chosen loading conditions is now discussed in the 

Supplementary Material. 

 

 

4) The authors discuss a limitation of the model is that mice used are very young. Older 

mice have "limited viability" with the harvest techniques. Why not load the joint axially or 

flip specimen 180 degrees to load anteriorly? Either of these techniques might be 

considered more realistic for day to day loading of a mouse knee. Will this solve this 

age problem? Many reports now suggest older joint behave very differently than young 

joints. This issue may be a limit in using the model more broadly. 

We thank the reviewer for this useful feedback and helpful suggestion. It would be 
interesting to load the specimens from different angles; furthermore, doing so is feasible 
with our testing platform. This is now noted in the manuscript. However, in our 
representative data set, we decided to focus on a single location (the posterior femur) of 
high physiological relevance. Unlike the human, the mouse, as a quadruped, rarely 
stands on its hind limbs (such that its joint is loaded axially). During weight bearing, the 
mouse knee is usually flexed, resulting in contact between the tibia and posterior femur 
(Figure R2).   
 



Figure R2 X-ray images of a murine knee joint adopted from (a) Yamawaki et al.13, (b) 
McGary et al.14, and (c) Adebayo et al.10. While x-ray images in (a) and (b) were taken 
to assess efficacy of a therapeutic drug, the x-ray image from (c) was used for analyses 
of knee kinematics recapitulating physiological loading of the tibia. White arrow 
indicates articular surface. All the images demonstrate that when the mouse knee is 
flexed, the primary point of contact between the tibia and the femur occurs at the 
posterior femoral condyles.  
 
Regarding the applicability of our technique to older mice, through more careful 
dissections, we have recently overcome the limitation of reduced cell viability after 
dissecting aged mice (81 weeks old C57BL/6 mice). However, due to noticeable 
alterations in cell density in these mice, it is challenging though feasible (success rate = 
40%) to assess load-induced cell injury in older femurs. In contrast, we did not notice 
alterations in cell density in articular cartilage on the humeral head of aged mice. Thus, 
we have been able to successfully apply our technique to the cartilage-on-humerus 
specimens from 81 week old (equivalent to the age of 65 years in a human) mice 
(Figure R3).  
 
We adjusted the text in the limitation paragraph of the discussion to reflect these new 
observations and added these data to the Supplementary Material.  

 
Figure R3 (Figure S3 in Supplementary Materials) Representative micrographs of in 
situ chondrocytes on the humeral head articular surface of an 81 week old male 
C57BL/6 mouse (a) at baseline and (b) after statically applied mechanical loading of 0.5 
N for 5 min. Green calcein fluorescence and the absence of red fluorescence indicate 

a b c 

a b 
c 



viable articular chondrocytes; red PI fluorescence and the absence of green 
fluorescence indicate injured/dead cells. (c) Area of injured cells, induced by 0.5 N 
statically applied for 5 min, quantified for specimens obtained from 68 – 81 weeks old 
C57BL/6 mice. Each data point represents a test on a different specimen and the mean 
value is indicated by horizontal bar.  
 
 
 
Reviewer #2: 
Manuscript Summary: In this manuscript, the authors presented a new method for 
studying controlled loading-induced cell death of intact murine femoral condyle and 
head joints. This is a very interesting method. In particular, this method offers a new 
method for understanding PTOA mechanisms in various genetic mice, and thus, has 
potentially transformative impact for studying PTOA. This paper is very well written, and 
detailed method steps are clearly presented. It can be published in the current form. 
 
We thank the reviewer for these compliments.  

 

Major Concerns: 

No major concerns. 

 

Minor Concerns: 

There are some very minor points that may need clarification: 

1) Page 5, line 138: "2.2.11) Remove the menisci…" Why would the menisci be a 

concern here? Menisci are attached on the tibia bone. 

We thank the reviewer for this comment. We have removed this text from the 

manuscript, which now no longer refers to the meniscus. Instead, we emphasize 

removal of surrounding soft tissues (i.e., ligaments) from the femur to expose the 

articular surface.  

 

2) For biological studies, is there any issue with potential contamination from bone 

marrow during the dissection and calcium imaging? 

This is an interesting question. Although it is conceivable that contamination from bone 

marrow could occur, we have never observed evidence of isolated cells in our 

fluorescence images of the femoral and humeral articular surfaces. Thus, we do not 

believe that bone marrow cells have affected our representative findings. Nevertheless, 

we agree that it would be wise to take extra care to avoid this potential complication. 

Thus, the script was changed to read “after cutting the bone, wipe away any visible 

marrow on the outside of the bone to avoid possible contamination from bone marrow 

cells”.  



 

3) The representative data were obtained on 8-10 week old mice. What is the range of 

mouse age that this method is applicable to? 

We thank the reviewer for this useful comment. As described in our response to 

Reviewer 1, through more careful dissections, we have recently overcome the limitation 

of reduced cell viability after dissecting aged mice (81 weeks old C57BL/6 mice). 

However, due to noticeable alterations in cell density in these mice, it is feasible (though 

more challenging) to assess load-induced cell injury in older femurs. In contrast, we did 

not notice alterations in cell density in articular cartilage on the humeral head of aged 

mice. Thus, we have been able to successfully apply our technique to the cartilage-on-

humerus specimens from 81 week old (equivalent to the age of 65 years in a human) 

mice (Figure R3). Though we have not attempted these studies with mice older than 81 

weeks or younger than 8 weeks, it is conceivable that there is an upper (and lower) age 

limit after which our technique no longer works. Nevertheless, we can safely state that 

our testing platform is useful for ages between 8 and 81 weeks. These details have 

been added to the manuscript and to the Supplementary Material (Figure R3).  

 

Reviewer #3: 

Manuscript Summary: Overall the manuscript is well written, easy to follow and of 

interest to others in the field 

We thank the reviewer for these compliments.  

Minor Concerns: 

 

3.1.3 why centrifuge and vortex. Is vortexing not suffient? explanation here might be 

useful as it is not clear why this step should be treated in this way - other steps have 

explanations. 

We apologize for not including the explanation of why we suggest both centrifugation 

and vortexing. When placing 1.25 L of calcein AM stain into the microfuge tube 

containing 500 L of HBSS, the dye may occasionally stick on the walls of the tube. 

Centrifugation ensures that all of the calcein AM dye mixes with the buffer. After 

centrifugation, we vortex to ensure proper mixing. The manuscript has been modified to 

clarify this rationale.  

 

4.3 is there a need to do PI staining at this time to assess integity of tissue before 

mechanical testing? how do you know that the tissue is not damaged during dissection, 

or that the animal has some degree of cartilage damage? in the past I have found 

visibly normal tissue looks different once stained up and under miscroscope. 

 



We thank the reviewer for this useful comment and observation. Our strategy to analyze 

the initial integrity of the tissue is through calcein AM straining, such that if there is initial 

damage, areas with obvious “gaps” in calcein-positive cells should be visible. That is, in 

every specimen, an initial fluorescence micrograph is acquired after calcein AM 

staining. The reviewer suggests an alternative method of analyzing the integrity of the 

tissue through PI staining before mechanical testing. To compare this approach to our 

own, we performed an experiment where a cartilage-on-femur specimen obtained from 

a 10 week old Balb/c female mouse was stained with both calcein AM and PI prior to 

mechanical testing (1N applied for 5 min) (Figure R4). At baseline, we observed a 

uniform distribution (without noticeable gaps) of calcein positive cells on the femoral 

condyles (Figure R4, left) and negligible numbers of randomly distributed PI-positive 

cells. In contrast, after mechanical testing, a clear and localized area of cells that lost 

calcein fluorescence and gained PI fluorescence was observed on both femoral 

condyles (Figure R4, right). This pilot study suggests that it is not necessary to stain 

cells with PI before an experiment. However, doing so provides a more rigorous 

confirmation that dissection-associated damage did not occur, and may be advisable – 

especially when the researcher is becoming acquainted with the dissection procedure. 

Hence, we have added PI staining prior to loading as an alternative approach in the 

protocol.  

 

Figure R4 (Figure S1 in Supplementary Materials) Representative micrographs of in 

situ femoral condyle articular chondrocytes obtained at baseline (left) and after the 



application of mechanical loading (1 N for 5 min, right). Green calcein fluorescence and 

the absence of red fluorescence indicate viable articular chondrocytes; red PI 

fluorescence and absence of green fluorescence indicate injured articular chondrocytes. 

These figures suggest that cell death patterns indicated by PI and calcein staining are 

consistent. 

 

 

Line 299 Is the size of the injured area in comparison to the whole tissues 

physiologically relevant, or just the fact that the whole issue is the test environment 

being exposed in small areas to physiological loads - the text does not explictly state 

this in my opinion, and would benefit from this clarification - I am not sure this is 

replicating a physiological environment, but is likely to be more relevant than existing 

protocols. 

 

We thank the reviewer for this useful feedback. As describe in our response to 

Reviewer 1, we can determine the physiological relevance of each loading condition in 

our study by considering the strains induced in the tissue using our platform and 

comparing with physiological strains in the human knee reported in the literature 

(assuming physiological strains in articular cartilage are roughly conserved across 

species). For total applied loads of 0.1 N, we have previously measured peak 

compressive strains of 20.7% and 34% on the medial and lateral femoral condyles (data 

not shown). These strains are comparable to the reported strains of 39% observed in 

articular cartilage on the tibial plateau in human subjects after 30 min of standing11. 

Similarly, in unpublished studies, we have found that for a total applied load of 0.1 N on 

the murine humeral head, the peak strain is 31.6% (data not shown). Previous studies 

have reported peak strains of 22% 9 min after push-up exercises12. During this waiting 

and imaging time (9 min), cartilage may have recovered its thickness, potentially 

resulting in an underestimate of peak strain during or immediately after exercise. Taken 

together, these finding suggest that the strains induced by 0.1N loading in our study lie 

within the upper limit of physiologically relevant strains. We consider higher magnitudes 

of static loading (0.5N and 1N) to be supraphysiological, since the peak strains surpass 

physiological levels and induce significant cell injury. 

Unfortunately, confocal microscopy is not fast enough to capture tissue strains during 

impact experiments. However, we have performed additional studies to determine peak 

forces during these tests. Using a custom strain gauge apparatus, the peak impact 

forces were found to be higher than the statically applied forces. For example, a 1 mJ 

impact intensity induced a peak load of 8.3 N (data not shown). It is difficult to assess 

whether these forces lie within physiological limits in the absence of rigorous analyses 

of mouse joint mechanics during ambulation. We speculate that the impact-induced 

forces in this study are supraphysiological, given that substantial cell injury is induced in 



all experimental groups. However, it is important to note that impacts across a wide 

range of intensities (e.g., low intensity impact during ambulation and high intensity 

impacts during vehicle accidents) are clinically relevant. 

 

 

 

References 

1 David, M. A. et al. Early, focal changes in cartilage cellularity and structure following surgically 
induced meniscal destabilization in the mouse. Journal of Orthopaedic Research. 35 (3), 537-547, 
doi:10.1002/jor.23443, (2017). 

2 Prabst, K., Engelhardt, H., Ringgeler, S. & Hubner, H. Basic Colorimetric Proliferation Assays: 
MTT, WST, and Resazurin. Cell Viability Assays: Methods and Protocols. 1601 1-17, 
doi:10.1007/978-1-4939-6960-9_1, (2017). 

3 Riss, T. L. et al. in Assay Guidance Manual   eds G. S. Sittampalam et al.)  (2004). 
4 Repetto, G., del Peso, A. & Zurita, J. L. Neutral red uptake assay for the estimation of cell 

viability/cytotoxicity. Nature Protocols. 3 (7), 1125-1131, doi:10.1038/nprot.2008.75, (2008). 
5 Smolina, N., Bruton, J., Kostareva, A. & Sejersen, T. Assaying Mitochondrial Respiration as an 

Indicator of Cellular Metabolism and Fitness. Methods in Molecular Biology. 1601 79-87, 
doi:10.1007/978-1-4939-6960-9_7, (2017). 

6 Petty, R. D., Sutherland, L. A., Hunter, E. M. & Cree, I. A. Comparison of MTT and ATP-based 
assays for the measurement of viable cell number. Journal of Bioluminescence and 
Chemiluminescence. 10 (1), 29-34, doi:10.1002/bio.1170100105, (1995). 

7 O'Brien, J., Wilson, I., Orton, T. & Pognan, F. Investigation of the Alamar Blue (resazurin) 
fluorescent dye for the assessment of mammalian cell cytotoxicity. European Journal of 
Biochemistry. 267 (17), 5421-5426 (2000). 

8 McNeil, P. L. & Kirchhausen, T. An emergency response team for membrane repair. Nature 
Reviews Molecular Cell Biology. 6 (6), 499-505, doi:10.1038/nrm1665, (2005). 

9 Kotelsky, A., Woo, C. W., Delgadillo, L. F., Richards, M. S. & Buckley, M. R. An Alternative Method 
to Characterize the Quasi-Static, Nonlinear Material Properties of Murine Articular Cartilage. 
Journal of Biomechanical Engineering. 140 (1), doi:10.1115/1.4038147, (2018). 

10 Adebayo, O. O. et al. Kinematics of meniscal- and ACL-transected mouse knees during controlled 
tibial compressive loading captured using roentgen stereophotogrammetry. Journal of 
Orthopaedic Research. 35 (2), 353-360, doi:10.1002/jor.23285, (2017). 

11 Halonen, K. S. et al. Deformation of articular cartilage during static loading of a knee joint--
experimental and finite element analysis. Journal of Biomechanics. 47 (10), 2467-2474, 
doi:10.1016/j.jbiomech.2014.04.013, (2014). 

12 Zhang, H. et al. In Vivo Assessment of Exercise-Induced Glenohumeral Cartilage Strain. 
Orthopaedic Journal of Sports Medicine. 6 (7), 2325967118784518, 
doi:10.1177/2325967118784518, (2018). 

13 Yamawaki, K. et al. The soluble form of BMPRIB is a novel therapeutic candidate for treating 
bone related disorders. Scientific Reports. 6 18849, doi:10.1038/srep18849, (2016). 

14 McGary, E. C. et al. Inhibition of platelet-derived growth factor-mediated proliferation of 
osteosarcoma cells by the novel tyrosine kinase inhibitor STI571. Clinical Cancer Research. 8 
(11), 3584-3591 (2002). 



Supplementary Material 

1. Description of mechanical testing device  

The impactor stage is built onto the stage plate of an inverted microscope, which may be either a 

standard epifluorescence microscope (used in this study) or a confocal laser scanning microscope. The 

mechanical testing device consists of a base with a glass slide (#1.5, 0.17 mm thick, 40 mm diameter) 

through which in situ articular chondrocytes can be visualized in real time. The glass slide is glued to the 

bottom of the elevated stainless-steel rim to serve as a cup for holding HBSS to hydrate the specimen. 

The specimen is placed onto the glass slide, which sits on top of a thin stainless-steel plate screwed into 

the bottom of the base (the stainless-steel rim) of the device. The center of the plate has a small pinhole 

(0.16” in diameter, positioned below the location on the glass where specimen is placed) that serves as a 

viewing window for the inverted epifluorescence microscope. The pinhole/viewing window is 

sufficiently small that the glass resists bending and does not break under the loading conditions applied 

in this study (for both physiological and supraphysiological loading conditions). The impactor guide 

block, which is vertically extended from the base, is a reamed bore through which a cylindrical weight 

can slide, thereby enabling application of controlled mechanical loads or impacts to the specimen. The 

loads can be applied either through a pulley system driven by computer-controlled linear actuator (for 

static or dynamic loading regimens) or by manually dropping a weight from different heights, resulting in 

impacts of different prescribed kinetic energies. (Figure 1 in the manuscript)   
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2. Physiological relevance of mechanical loading chosen for the study 

The load distribution on the medial and lateral condyles of cartilage-on-femur explants was measured 

previously1. In this study, we found that both the medial and lateral femoral condyles experience 

approximately 40% of the total applied load (with the contact point between the glass and femoral 

diaphysis taking up the remainder of the load). To our knowledge, the physiological loads on the 

cartilage of each compartment of the mouse knee have not been rigorously assessed. It has been shown 

that an axial load of approximated 9 N applied to the mouse tibia leads to bone strains similar to those 

induced during locomotion2. However, the axial load on the tibia is not equivalent to the load 

experienced by knee articular cartilage in vivo due to the complex geometry of the knee and the 

possible contributions of active muscles and passive surrounding tissues (e.g., the menisci). 

Nevertheless, we can determine the physiological relevance of each loading condition in our study by 

considering the strains induced in the tissue using our platform and comparing with physiological strains 

in the human knee reported in the literature (assuming physiological strains in articular cartilage are 

roughly conserved across species). For total applied loads of 0.1 N, we have previously measured peak 

compressive strains of 20.7% and 34% on the medial and lateral femoral condyles (data not shown). 

These strains are comparable to the reported strains of 39% observed in articular cartilage on the tibial 

plateau in human subjects after 30 min of standing3. Similarly, in unpublished studies, we have found 

that for a total applied load of 0.1 N on the murine humeral head, the peak strain is 31.6% (data not 

shown). Previous studies have reported peak strains of 22% 9 min after push-up exercises4. During this 

waiting and imaging time (9 min), cartilage may have recovered its thickness, potentially resulting in an 

underestimate of peak strain during or immediately after exercise. Taken together, these finding suggest 

that the strains induced by 0.1N loading in our study lie within the upper limit of physiologically relevant 

strains. We consider higher magnitudes of static loading (0.5N and 1N) to be supraphysiological, since 

the peak strains surpass physiological levels and induce significant cell injury. 

Unfortunately, confocal microscopy is not fast enough to capture tissue strains during impact 

experiments. However, additional studies have determined peak forces during these tests. Using a 

custom strain gauge apparatus, the peak impact forces were found to be higher than the statically 

applied forces. For example, a 1 mJ impact intensity induced a peak load of 8.3 N (data not shown). It is 

difficult to assess whether these forces lie within physiological limits in the absence of rigorous analyses 

of mouse joint mechanics during ambulation. We speculate that the impact-induced forces in this study 

are supraphysiological, given that substantial cell injury is induced in all experimental groups. However, 

it is important to note that impacts across a wide range of intensities (e.g., low intensity impact during 

ambulation and high intensity impacts during vehicle accidents) are clinically relevant. 

 

 

 

 

 

 



3. Alternative method of analyzing the integrity of the tissue through PI staining before 

mechanical testing 

The protocol described in the manuscript involves analysis of the initial integrity of the tissue (through 

calcein AM straining) to ensure that there is no initial damage (i.e., no areas with obvious “gaps” in 

calcein-positive cells should be visible). That is, in every specimen, an initial fluorescence micrograph is 

acquired after calcein AM staining. Alternatively, the integrity of the tissue can be analyzed through PI 

staining before mechanical testing. To compare this approach to the approach used in the manuscript, a 

cartilage-on-femur specimen obtained from a 10 week old Balb/c female mouse was stained with both 

calcein AM and PI prior to mechanical testing (1N applied for 5 min) (Figure S1). At baseline, a uniform 

distribution (without noticeable gaps) of calcein positive cells on the femoral condyles (Figure S1, left) 

and negligible numbers of randomly distributed PI-positive cells were observed. In contrast, after 

mechanical testing, a clear and localized area of cells that lost calcein fluorescence and gained PI 

fluorescence was observed on both femoral condyles (Figure S1, right). This pilot study suggests that it is 

not necessary to stain cells with PI before an experiment. However, doing so provides a more rigorous 

confirmation that dissection-associated damage did not occur, and may be advisable – especially when 

the researcher is becoming acquainted with the dissection procedure. 

Figure S1 Representative micrographs of in situ femoral condyle articular chondrocytes obtained at 

baseline (left) and after the application of mechanical loading (1 N for 5 min, right). Green calcein 

fluorescence and the absence of red fluorescence indicate viable articular chondrocytes; red PI 

fluorescence and absence of green fluorescence indicate injured articular chondrocytes. These figures 

suggest that cell death patterns indicated by PI and calcein staining are consistent. 

 



4. Limitations of live/dead staining as a measure of cell death 

The primary weakness of permeability stains like PI and calcein AM lies in the potential detection of false 
PI-positive and false calcein-negative cells due to their mechanism of action. For example, consider 
calcein AM, a molecule that is membrane permeant and non-fluorescent until it is cleaved by 
intracellular esterases and becomes membrane impermeant and fluorescent. The fluorescent form of 
this molecule (calcein) remains within the cell while the membrane is intact; hence, calcein-positive cells 
are considered to be viable. However, if the membrane is only temporarily permeabilized (i.e., damaged 
prior to repair/resealing), a viable cell could appear calcein-negative. Similarly, consider PI is a 
membrane-impermeant molecule that is only able to diffuse into the cell and bind DNA if the membrane 
is not intact. A PI-positive cell is considered to have a ruptured membrane and be dead. However, if the 
membrane is only temporarily permeabilized (i.e., damaged prior to repair/resealing), a viable cell could 
appear PI-positive.  

To confirm death of in situ articular chondrocytes due to mechanical loading, we have conducted a pilot 
study (n=5) in which we longitudinally analyzed injury of in situ chondrocytes on femoral condyles 
immediately and 3 h after mechanical tests (0.5 N statically applied over 5 min) with calcein AM re-
staining applied 2.5 h after the injury. The time scale of membrane repair is approximately 5 min5; thus, 
we presume that 2.5-3 h provides sufficient time to quantify the number of false PI-positive and false 
calcein-negative cells (i.e., the number of cells whose membrane was permeabilized only temporarily 
prior to repair/resealing). We found that the area of injured cells recovered by only 5.25% 
(approximately 22 cells per specimen) over the course of 180 min following the mechanical trauma 
(Figure S2). It is worth noting that cells in which the plasma membrane appeared to be repaired became 
both PI and calcein positive, a finding that is consistent with the mechanism of action of both 
permeability dyes.   

This experiment suggests that in our system, live/dead staining (i.e., the use of permeability dyes) 
provides a reasonably accurate indication of cell viability, overestimating true viability by just 5%.   

 Figure S2 (a) Representative micrographs of in situ articular chondrocytes on a medial femoral condyle 
obtained at 0 min (left) and at 180 min (right) after the application of mechanical loading (0.5 N static 
loading for 5 min). Green calcein fluorescence and the absence of red fluorescence indicate articular 
chondrocytes with intact plasma membranes; red PI fluorescence and the absence of green fluorescence 
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indicate cells with compromised cell membrane integrity. The area/number of cells that gain calcein 
fluorescence within the 180 min time interval following mechanical trauma indicates the area/number 
of cells that exhibited membrane repair. Note that overall PI intensity has decreased over the 180 min 
time period, presumably due to photobleaching. (b) Area of injured cells (n=5) measured immediately 
(blue circles) and 180 min (green squares) after mechanical loading. Although the reduction in area of 
injured cells was significant, only approximately 5.25% of cells exhibited membrane repair. * denotes 

significance at =0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. Use of the method in older mice 

An additional set of experiments was performed to assess whether the method could be used in older 

mice. Cartilage-on-humerus explants of female and male C57BL/6 mice between 61 and 81 weeks old 

were tested using the protocol described in the manuscript. No additional difficulties were noted in 

performing these tests. However, attempted tests using cartilage-on-femur explants from these same 

mice yielded a success rate of just 40% (data not shown). 

 

Figure S3 Representative micrographs of in situ chondrocytes on the humeral head articular surface of 

an 81 week old male C57BL/6 mouse (a) at baseline and (b) after statically applied mechanical loading of 

0.5 N for 5 min. Green calcein fluorescence and the absence of red fluorescence indicate viable articular 

chondrocytes; red PI fluorescence and the absence of green fluorescence indicate injured/dead cells. (c) 

Area of injured cells, induced by 0.5 N statically applied for 5 min, quantified for specimens obtained 

from 68 – 81 weeks old C57BL/6 mice. Each data point represents a test on a different specimen and the 

mean value is indicated by horizontal bar. 
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