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Introduction

An estimated 40 million Americans have some form of 
arthritis or other rheumatic condition. Osteoarthritis (OA), 
a degenerative joint disease, is the most common form of 
arthritis, affecting 12.1% of U.S. adults or 20.7 million 
people.1,2 Posttraumatic OA, characterized by erosion of 
articular cartilage, osteophyte formation, increase in sub-
chondral bone mass, and subchondral bone cysts,3 accounts 
for 12% of all cases of OA.2,4 The cartilage deterioration 
results from direct mechanical damage to cartilage tissue or 
indirect injury through joint instability or joint incongruity, 
all of which produce abnormal or supraphysiologic mechan-
ical forces in the tissue.5,6 We are interested in understand-
ing the contribution of direct mechanical cartilage injury to 
the initiation of posttraumatic OA.

The application of defined loads in vivo that induce 
osteoarthritic changes have been difficult and infrequent 
with notable exceptions.7-13 The greatest challenge has been 
to quantify the impact in magnitude, speed, and area and 

characterize the pathogenesis following the injury to the 
osteoarthritic condition. The tightly controlled nature of 
in vitro models offers analytical advantages over in vivo 
models by allowing the measurement and manipulation of 
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Abstract

Objective: Traumatic impacts on the articular joint surface in vitro are known to lead to degeneration of the cartilage. The 
main objective of this study was to develop a spring-loaded impact device that can be used to deliver traumatic impacts of 
consistent magnitude and rate and to find whether impacts cause catabolic activities in articular cartilage consistent with 
other previously reported impact models and correlated with the development of osteoarthritic lesions. In developing the 
spring-loaded impactor, the operating hypothesis is that a single supraphysiologic impact to articular cartilage in vitro can 
affect cartilage integrity, cell viability, sulfated glycosaminoglycan and inflammatory mediator release in a dose-dependent 
manner. Design: Impacts of increasing force are delivered to adult bovine articular cartilage explants in confined compression. 
Impact parameters are correlated with tissue damage, cell viability, matrix and inflammatory mediator release, and gene 
expression 24 hours postimpact. Results: Nitric oxide release is first detected after 7.7 MPa impacts, whereas cell death, 
glycosaminoglycan release, and prostaglandin E2 release are first detected at 17 MPa. Catabolic markers increase linearly 
to maximal levels after ≥36 MPa impacts. Conclusions: A single supraphysiologic impact negatively affects cartilage integrity, 
cell viability, and GAG release in a dose-dependent manner. Our findings showed that 7 to 17 MPa impacts can induce cell 
death and catabolism without compromising the articular surface, whereas a 17 MPa impact is sufficient to induce increases 
in most common catabolic markers of osteoarthritic degeneration.
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many impact parameters. There are several models of post-
traumatic OA that deliver injurious loads to articular carti-
lage in vitro, including drop towers, pendulums, motors, 
and springs.14-19 These are all valid means of modeling post-
traumatic OA provided the parameters of the impact are 
representative of those in traumatic impacts that are defined 
not merely by the magnitude of load but more importantly 
the rate of force application. Rise times of 1 to 2 ms and 
loading rates or stress rates greater than 100 kN/s and 1,000 
MPa/s, respectively,20 describe impact parameters above 
those experienced by cartilage or bone in vivo during nor-
mal activities. Besides variability in the definitions of trau-
matic impact, these studies are difficult to compare with 
one another because they employed cartilage from different 
species, juvenile or adult, isolated from different joints, 
under different conditions, and often assaying a small, non-
overlapping set of outcomes. Despite these variables, taken 
together these studies have been instructive in characteriz-
ing and defining the effect of impacts on cartilage 
degeneration.21,22

We intended to develop a manually controllable 
spring-loaded device that delivers a single, well-defined 
impact load of adjustable magnitude in either an in vivo 
or ex vivo laboratory setting to study posttraumatic OA 
disease progression. Our design included load cells in 
line within the impacting mechanism to record impact 

force and duration of each impact, in combination with 
measurement of the impact foot print, to allow us to esti-
mate displacement of the impactor. Together, this infor-
mation provides precise characterization of each impact. 
The main objectives of this study are (a) to verify that a 
spring-loaded impact device can be used to deliver trau-
matic impacts of consistent magnitude and rate and (b) to 
verify that these impacts cause catabolic changes by ana-
lyzing a more comprehensive set of stimuli from a range 
of impact magnitudes. In testing our spring-loaded 
impactor, we hypothesize that a single supraphysiologic 
impact to articular cartilage in vitro can affect cartilage 
integrity, cell viability, and sulfated glycosaminoglycan 
(GAG) and inflammatory mediator release in a dose-
dependent manner. The results will guide future studies 
using differential injuries to investigate injury mechanisms 
and treatment protocols.

Materials and Methods
Impactor Design and Use

A custom-engineered, spring-loaded impactor (Fig. 1A) 
was designed to deliver 100 to 2,000 N using interchangeable 
springs and a smooth, stainless steel hemispherical tip with 
a radius of 2.5 mm. The compression of the 5-mm spring in 

Figure 1. Set up for delivery of mechanical impact to articular cartilage. (A) Impactor schematics. Compression of the spring in the 
load mechanism (A1) is controlled by the threaded screw (A6; 1 mm compression/turn) mated with the housing of the impactor 
(not shown). Thus, the force applied to the missile on spring release is linearly related to the turns of the screw. Compression is 
accomplished by pulling the tensor knob (A7) until the release mechanism (A5) engages a notch in the piston. Activating the release 
mechanism (A5) releases the piston (A2) that collides with the interchangeable impactor missile (A3), which ultimately strikes the 
cartilage (A8). The internal load cell (A4) is placed in line between the piston (A2) and missile (A3), and fixed to the latter. There is 
sufficient travel between the piston and projectile so that the piston does not contact the missile at the time of cartilage impact. (B) Ex 
vivo impact of 5 mm cartilage plug, showing impactor (B1) with housing clamped to an aluminum armature (B2) continuous with the 
sample chamber (B3).
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the load mechanism is controlled by the threaded screw  
(1 mm compression/turn) mated with the housing of the 
impactor (Fig. 1A). Thus, the force applied to the missile 
on spring release is linearly related to the turns of the screw. 
Importantly, the design of the device allowed for sufficient 
travel between the piston and projectile so that the piston 
does not contact the missile at the time of cartilage impact. 
Although originally intended for hand-held use, a fixation 
device was added to clamp the impactor and an ex vivo 
sample chamber to create a rigid system (Fig. 1B). Impact 
forces were recorded with two 10 to 200 lb quartz force 
sensors (QFG 200, Cooper Instruments, Warrendale, VA), 
one fitted in line between the internal piston and impactor 
projectile (Fig. 1A) and another underneath the cartilage 
sample. Force profiles were sampled at 200 kHz using a 
signal conditioner model QSC 484 (Cooper Instruments), 
an analog-to-digital converter model NI-9215 (BNC-USB; 
National Instruments Corp., Austin, TX), and LabView 7.0 
software (National Instruments). Force curves were ana-
lyzed in Microsoft Excel (Redmond, WA). Impact area, 
defined as the maximum tissue surface area contacted by 
the hemispherical projectile tip during an impact motion, 
was measured using medium sensitivity Fuji Pressurex 
pressure-sensitive film (Sensor Products, Inc., East 
Hanover, NJ) placed between the impactor tip and the 
articular surface. Impact footprints were digitally scanned 
using a Microtek flatbed scanner, rendered in Adobe 
Photoshop CS2 (Adobe, San Jose, CA) and analyzed for 
geometry using NIH ImageJ 1.62.

Experimental design. Articular cartilage discs 5 mm diam-
eter and 1.8 to 2.2 mm in thickness were subjected to one 

impact in a range of impact forces produced by increasing 
the spring compression in 1 mm increments (5-10 mm com-
pression). The samples were allowed to incubate in medium 
for 24 hours after impact before the medium was collected 
for GAG, nitrite, and PGE2 release, while the cartilage disc 
is processed in one of two ways. One group was bisected 
and analyzed for cell viability through the impact region, 
whereas the other group will be processed for gene expres-
sion analysis. The experimental scheme is summarized in 
Figure 2.

Application of Impact
Articular cartilage explants were isolated from the patello-
femoral groove of the hind-leg stifle of 2- to 3-year-old 
bovine within 24 hours of slaughter (JW Trueth and Sons, 
Baltimore, MD). In brief, 8-mm circles were scored in the 
articular surface with a steel biopsy punch. The cartilage 
disc was removed from the subchondral bone with a scalpel 
and immediately placed in basal medium (BM: Dulbecco’s 
Modified Eagle’s Medium [DMEM], 10% fetal bovine 
serum [FBS; Atlanta Biological, Lawrenceville, GA], and 
penicillin/streptomycin/fungizone). After 24 hours, a cen-
tral 5-mm core was removed from the 8-mm disc and cul-
tured in 1 ml of serum-free chondrogenic medium (CM; 
phenol-free DMEM, ITS [10 mg/L insulin, 55 mg/L trans-
ferrin, 6.7 mg/L selenium], antibiotic/antimycotic solution, 
[penicillin/streptomycin/amphotericin], 40 mg/ml proline, 
50 mg/L ascorbate, 100 mg/ml sodium pyruvate, 10 mM 
HEPES, and 10 ng/ml recombinant human transforming 
growth factor-β [TGF-β3]).23 After weighing, samples 

Figure 2. Experimental scheme and time line. Articular cartilage discs 8 mm in diameter were dissected from adult bovine patellofemoral 
groove 24 hours after slaughter, allowed to equilibrate in chondrogenic medium (CM) for 24 hours, at which time the final 5 mm 
diameter core was removed. After an additional 24 hours, the 5-mm discs were weighed and checked for a regular geometry before 
sorting and impact. After impact, samples were returned to CM and cultured for 24 hours when the cartilage discs and media were collected. 
One set of samples was immediately stained for cell viability, and the other processed for gene expression by quantitative reverse 
transcriptase polymerase chain reaction (qRT-PCR).
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between 2.2 and 1.80 mm in thickness were randomly dis-
tributed into seven different impact load magnitude groups 
from 0.0 to 40 MPa. Samples were equilibrated for 24 hours 
in CM. On the day of the experiment, the cartilage samples 
were placed in the impact chamber, 5 mm in diameter and 
2.2 mm deep, covered with a piece of polyvinyl-enclosed, 
medium sensitivity Fuji Pressurex film, and subjected to 
the desired level of impact force. Impacted samples were 
returned to wells containing fresh CM and allowed to incu-
bate for 24 hours.

Histological Analysis
After impact, five to seven samples for each impact load 
were collected and stained with India ink to mark the 
fissure for photographic recording with a Qimaging™ 
Micropublisher CCD camera (Bumbay, BC, Canada) 
mounted on a Leica dissecting microscope. After bisecting 
transversely through the impact zone, one half of each 
sample was paraformaldehyde-fixed, paraffin-embedded, 
and 8-mm sections prepared for histological analysis. 
Stains used included Safranin O (Sigma, St Louis, MO), 
Fast Green (Vector Laboratories, Burlingame, CA), hema-
toxylin (Rowley Biochemical, Danvers, MA) and eosin 
(Rowley Biochemical), Alcian Blue, pH 1.0 (Rowley 
Biochemical), and Nuclear Red (Vector Laboratories, 
Burlingame, CA).

Cell Death Analysis
The second half of the impacted cartilage samples was 
immersed in Live/Dead detection medium (2 µM calcein 
AM, 4 µM ethidium homodimer; Invitrogen, San Diego, 
CA) for 30 minutes at 37 °C and washed in phosphate-
buffered saline (PBS). Images of epifluorescently illuminated 
(488 nm/520 nm; 493 nm/635 nm) samples were recorded, 
imported into NIH ImageJ 1.62, and live/dead cells were 

counted manually using fixed selection parameters for 
either 488 or 520 nm channels.

Sulfated Glycosaminoglycan Analysis
Impacted tissue samples (n = 17; three experiments) were 
washed in PBS and digested in 1 ml/mg cartilage of papain 
(200 mg papain/ml in 5 mM L-cysteine, 100 mM sodium 
acetate, 100 mM Na

2
HPO

4
, 10 mM EDTA, pH 6.4.) at 55 

°C for 24 hours or until completely digested. After 5 or 
10-fold dilution, GAG was detected using the Blyscan™ 
assay (BiColor, Carrickfergus, Ireland). For GAG in the 
medium, 100 µL of medium was papain digested in 900 µL 
of buffer for 2 hours at 55 °C and assayed using Blyscan 
method.

Nitric Oxide and Prostaglandin E2 Analyses
Stored frozen medium from each sample (n = 9; two exper-
iments) in an impact group was used to measure nitric 
oxide (NO) and prostaglandin E2 (PGE2) release. For NO 
quantitation, 50 µL of medium was assayed in triplicate 
employing the Promega Griess Reaction Kit (Promega, 
Sunnyvale, CA). For PGE2 quantitation, 150 µL of medium 
was analyzed using the PGE2 ELISA kit (R&D Systems).

Quantitative RT-PCR 
Gene Expression Analysis
Cartilage plugs from each impact force group (n = 5; two 
experiments) were flash-frozen and powderized in liquid. 
Total RNA was extracted with Trizol (Invitrogen, San 
Diego, CA) and further purified using RNeasy Cleanup Kit 
clean-up kit (Germantown, MD). First-strand cDNA syn-
thesis was performed using Superscript III™ (Invitrogen), 
and real-time polymerase chain reaction (PCR) was con-
ducted with gene-specific primers (Table 1) and SYBR 

Table 1. Impact Parameters of Spring-Loaded Device

Spring 
Compression (mm)

Time to 
Peak (ms)

Peak Force 
(N)

Normalized 
Peak Impact 
Stress (MPa)

Maximum 
Displacement 
(Strain) (%)

Spring 
Potential 
Energy (J)

Loading 
Rate to Peak 
Force (103) 

(N/s)

Average 
Stress Rate 
(103) (MPa)

Average 
Strain Rate 
(103) (%/s)

0.010 0.49 ± 0.02 553.27 ± 50.5 40.84 ± 2.48 38.17 ± 3.51 0.343 1120 ± 50 82.6 ± 2.5 77.2 ± 3.5

0.009 0.47 ± 0.02 453.52 ± 82.1 36.05 ± 5.62 38.55 ± 3.54 0.278 970 ± 82 77.1 ± 5.62 82.5 ± 3.5
0.008 0.52 ± 0.02 379.57 ± 32.3 32.13 ± 1.93 33.81 ± 3.35 0.220 736 ± 32 62.3 ± 1. 65.6 ± 3.4
0.007 0.61 ± 0.04 259.11 ± 34.8 27.57 ± 3.17 27.48 ± 2.12 0.168 426 ± 35 45.4 ± 3.2 45.2 ± 2.1
0.006 0.82 ± 0.02 117.48 ± 12.0 17.23 ± 1.57 18.97 ± 1.69 0.123 144 ± 12 21.2 ± 1.6 23.3 ± 1.7
0.005 0.96 ± 0.10 24.75 ± 5.06 7.65 ± 1.06 6.81 ± 0.84 0.086 26 ± 5 8.0 ± 1.1 7.1 ± 0.8

Seventeen impact profiles analyzed per spring compression.
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Green (Invitrogen) using an iCycler thermocycler (BioRad, 
Hercules, CA) and data analyzed using the manufacturer’s 
software. mRNA expression levels were normalized to 
GAPDH.

Statistical Analysis
One-way ANOVA analysis was used to analyze differences 
between experimental groups and statistically significance 
attributed when P < 0.05. Variance is reported in the mea-
sured and calculated values describing the impact in Table 1.

Results
Impactor Design and Impact 
Characterization

We set out to design a hand-held impactor to deliver trau-
matic impact loads similar to those that occur in sports and 
automobile accidents with the following characteristics: an 
impact time less than 2 ms and a loading rate greater than 
100 kN/s. The projectile tip size was selected to deliver 
stress rates greater than 1,000 MPa/s and/or strain rates 
greater than 500/s.20 In our spring-based system, the theo-
retical maximum energy delivered on impact, assuming 
frictionless elastic collision of the two moving masses (pis-
ton and projectile) within the device, is the potential energy 
stored in the spring, given by the equation E = ½kx2, where 
k is the spring constant, x is the change in spring length, and 
E is the energy. Medium-grade pressure-sensitive film was 
placed between the impacting tip and the cartilage surface 
to record the area of the impact and corroborate load cell 
readings. (Note: Of various films tested, the medium paper 
provided maximum signal to noise while capturing a large 
percentage [>90%] of the impacted area; data not shown). 
Pressure-sensitive film contact footprint was used to calcu-
late the maximum displacement of the cartilage by the 
impactor tip modeled as a sphere striking a flat surface. A 
hemispherical end was employed for the impactor tip after 
initial studies revealed this shape to produce the most con-
sistent impact geometry, particularly when applied to the 
curved articular surface (data not shown). We used a 
5-mm-long spring set with a total compression constant of 
6,860 N/m as it delivered the desired force magnitude using 
a 10-mm spring compression range. Table 1 shows the 
resulting impact characteristics of strikes using spring com-
pressions between 5 and 10 mm compression on cartilage 
plugs 5 mm in diameter and 1.8 to 2.2 mm in thickness in 
confined compression. Several characteristics of the impact 
profiles were noted. The peak load delivered (40.84 MPa) 
exceeded loads known to fracture cartilage, whereas the 
lowest load (7.65 MPa) was in the range of those experi-
enced physiologically. The load rate was consistently 
above 100 kN/s, a characteristic of traumatic impact 

loads,20 except in the case of the lowest spring compression 
tested (5 mm). The average time-to-peak (ttp) of the 
impacts ranged between 0.49 and 0.96 ms, resulting in 
average stress rates consistently above the 1,000 MPa/s 
benchmark. The maximum estimated displacement, calcu-
lated from the diameters of the footprint and impactor tip, 
ranged between 38.17% for the highest force impacts and 
6.81% for the lowest, serving only as an indicator that the 
cartilage was experiencing greater strain with increased 
load. In all, the strain rate was above 500%/s, a key feature 
of traumatic impacts.20 Because the calculated load is 
dependent on the impact footprint and there is anticipated 
nonlinearity in the pressure paper–detected footprint-to-
force relationship, these values served only as a guide.

An examination of the impact force/time profiles 
recorded by the internal projectile-mounted sensor revealed 
two peaks (Fig. 3). Using the 36 MPa (9 mm spring com-
pression) impact as an example (Fig. 3A), the two peaks are 
separated by 200 to 300 ms later. We interpreted the second 
peak to represent the impact on the cartilage. An examina-
tion of the subchondrally mounted sensor reveals a single 
impact of about 1.8 ms and a ttp of approximately 0.8 to 0.9 ms, 

Figure 3. Comparison of force-versus-time data recorded by the 
projectile-mounted force sensor and the subchondrally mounted 
sensor for a typical impact generated by (A) 9 mm or (B) 6 mm 
compression of a spring (k = 6,860 m2/s2) striking a 2.0 mm thick 
× 5 mm diameter plug of bovine articular cartilage in confined 
compression.
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indicating the cartilage experiences the 200 to 300 ms dou-
blet impact as a single blow. As impact loads are decreased, 
the total impact times and ttp become longer, but the essen-
tial features of the doublet recorded by the projectile-
mounted sensor and the singlet recorded by the subchondral 
sensor remain unchanged (Fig. 3B).

Postimpact Tissue 
Morphology and Cell Death
Fissuring of the articular surface began at impact loads of 
17.2 MPa (0.12 J; 4/12 samples fissured) with all samples 
fissuring at 27.57 MPa (0.17 J; 12/12 samples fissured) as 
detected by India ink staining (data not shown). Quantitative 
analysis (Fig. 4G) revealed significant cell death following 
impact loads of 17.2 MPa (0.12 J) or greater and significant 
increases in death relative to this threshold at 27.57 MPa 
(0.17 J). Cell death occurred in the surface zones and along 
the margins of fissures (Fig. 4A-F). At impact loads above 
36.0 MPa (0.28 J), cell death in the transition zone appeared 
more prevalent.

Impact-Mediated Increases 
in GAG, PGE2, and Nitrite Release
Impact application on the articular cartilage plugs also 
resulted in significant changes to the cartilage extracellular 
matrix and biochemical responses in the chondrocytes. 
GAG analysis of culture medias showed significant detect-
able change following impacts of 17.2 MPa (0.12 J) over 
unimpacted samples (Fig. 5A). At greater loads, GAG 
release continued to trend upwards, with a significant 
increase from 17.2 MPa results at 40.84 MPa (0.34 J). A 
consistent trend in increased PGE2 production over unim-
pacted samples was also observed with increasing impact 
magnitude, with the first significant rise at 27.6 MPa (Fig. 
5B). A significant detectable rise in nitrite release into the 
medium 24 hours after impact was observed at 7.7 MPa 
(0.09 J) (Fig. 5C), a load slightly lower than that observed 
for either GAG or PGE2 release.

Impact-Mediated Changes in Gene 
Expression
Chondrocyte response to impact was further analyzed on 
the basis of gene expression profiles. Quantitative RT-PCR 
analysis of gene expression of catabolic enzymes and extra-
cellular matrix proteins was carried out on unimpacted 
cartilage, and cartilage subjected to low impact (17.23 
MPa) and high impact forces (36.0 MPa) (Fig. 6). Twenty-
four hours after impact, high-impact loads produced sig-
nificant increases in MMP3 and 9, whereas MMP13 and 
aggrecanase 2 (ADAM-TS5) expression remained 
unchanged (Fig. 6B). The expression of cartilage extracel-
lular matrix genes, collagen type II and aggrecan, were 

slightly affected and trended downward compared with 
unimpacted samples. On the other hand, 24 hours after low-
impact loads, MMP3 was unchanged, whereas MMP9 and 
13 expressions were increased (Fig. 6A). For both impact 
groups, ADAM-TS5 as well as collagen type II and aggre-
can were relatively unchanged compared with unimpacted 
controls.

Discussion
We report here the design and performance parameters of a 
spring-loaded impacting device with a spherical impact 
geometry for the purpose of studying the effect of supra-
physiological impact on articular cartilage. This impactor 
consistently delivers a range of impacts, that is, loads 
between 7 and 41 MPa with other variables such as impact 
time, area, and displacement changing accordingly. Our 
impactor shares similarities in design to previous devices.14 
Our innovation with respect to the spring-loaded device is 
the inclusion of a 100 kHz load cell incorporated in line 
with the impactor piston and missile to record in real time 
the force and duration of the impact delivered. This allows 
us to characterize each impact more precisely. We also 
record the impact footprint of each impact using pressure-
sensitive film so that load can be calculated, and an esti-
mated maximum displacement, a value proportionally 
related to strain, can be calculated when the cartilage thick-
ness is taken into account. In this study, we have locked the 
impactor in an armature continuous with the sample cham-
ber to minimize energy loss through movement of the 
impactor or sample. Measurement of biological outputs 
showed that impacts at 17.6 MPa routinely induced carti-
lage fissuring and significantly increased detectable cell 
death and GAG release, suggesting that this magnitude may 
be an injury threshold for traumatic impacts. Increases in 
NO and PGE2 release at 7.7 MPa and 27.6 MPa, respec-
tively, may reflect the differing roles these inflammatory 
mediators have in response to injury. The release of these 
inflammatory mediators and altered gene expression pro-
files may lead to the development of OA degeneration of 
the articular cartilage after traumatic articular impact 
in vivo.

The biological responses of the adult bovine chondral 
plugs to the range of impact magnitudes applied are quali-
tatively similar to those reported using drop towers,16,19,24-28 
pendulums,29 and motorized18,30-34 and spring-loaded 
devices.14 Quantitative differences between the results of 
this study and previous work may relate to one or more 
factors, including the magnitude and rate of the impact,30-34 
the use of juvenile cartilage,24,32 the inclusion of subchon-
dral bone,14,19,26,29,33-35 the use of confined versus unconfined 
compression19,25,30,36 or whole joint components,24,27,28 
and the geometry of the impacting surface.14,19,25,26,35,36 
Our study distinguishes itself in that a variety of biologi-
cal responses by isolated cartilage are simultaneously 
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assayed over a range of impacts in order to reveal a more 
comprehensive view of the early posttraumatic impact 
mechanisms.

The analysis reported here showed two impact magni-
tudes, 17 (low) and 36 MPa (high), that are both traumatic 
but lead to potentially different catabolic processes. Impacts 

Figure 4. Cell death in cartilage plugs as a result of impact. (A-F) Epifluorescence images of cartilage samples impacted at indicated 
loads. Twenty-four hours after impact, samples were bisected transversely, stained with calcein-AM (green) for living cells and ethidium 
homodimer (red) for dead cells. Bar = 0.5 mm. (G) Quantitation of dead cells as a percentage of total cell number. Digital images were 
imported into Image J and standardized thresholds applied for circularity and emission intensity before the ratio of dead to total cell 
number was calculated. Values are the mean ± SD of five samples from one experiment (*, P < 0.01).
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at 17 MPa show a statistically significant increase in all bio-
chemical markers over control unimpacted samples, 
whereas 36 MPa impacts result in a maximal per cell 
response. On the molecular level, we found that among the 
limited number of genes analyzed, lower injurious impact 

loads resulted in increases in MMP9 and MMP13, whereas 
high injurious impact loads increased MMP9 and MMP3. 
Similar changes in catabolic gene expression  have been 
reported in osteoarthritis37 and mechanically injured carti-
lage.38 Other catabolic genes such as MMP1 and ADAM-TS5, 

Figure 5. Markers of cartilage degeneration and inflammation detected in the medium of cartilage plugs 24 hours after being impacted 
at different impact loads. (A) Glycosaminoglycan (GAG) was measured using the DMMB-based Blycan assay. (B) Prostaglandin E2 (PGE2) 
was measured by ELISA. (C) Nitrite release was measured using the Griess reagent system (NED reduction). Values are the mean ± SD 
of 13 (A) or 9 (B and C) samples from three independent experiments (*, P < 0.01).
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Figure 6. Expression of selected matrix components, MMPs, 
and aggrecanases detected by qRT-PCR in cartilage plugs 24 hours 
after being impacted at either (A) 36.1 ± 5.6 MPa or (B) 17.2 ± 1.6 
MPa. Values are the mean ± SD of five samples per data point from 
two independent experiments normalized to GAPDH expression 
(*, P < 0.01).

In conclusion, these experiments represent a rigorous 
test and validation of a manually controllable spring-loaded 
device for the delivery of traumatic impacts to the articular 
cartilage surface that results in structural, biochemical, and 
molecular changes consistent with the initiation of degen-
erative changes within the tissue. In future studies, the 
application and consequences of this impact protocol in 
long-term cultures in vitro and in an animal model in vivo 
will be studied.
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