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and promotes organ degeneration in vitro
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Abstract There is a major controversy whether spinal

trauma with vertebral endplate fractures can result in post-

traumatic disc degeneration. Intervertebral discs, which are

adjacent to burst endplates, are frequently removed and an

intercorporal spondylodesis is performed. In any case, the

biological effects within the discs following endplate fac-

tures are poorly elucidated to date. The aim of our

investigations was therefore to establish a novel disc/end-

plate trauma culture model to reproducibly induce endplate

fractures and investigate concurrent disc changes in vitro.

This model is based on a full-organ disc/endplate culture

system, which has been validated by the authors before.

Intervertebral disc/endplate specimens were isolated from

Burgundy rabbits and cultured in standard media (DMEM/

F12, 10%FCS). Burst endplate fractures were induced in

half of the specimens with a custom-made fracture device

and subsequently cultured for 9 days. The biological

effects such as necrotic or apoptotic cell death and the

expression of pro-apoptotic genes and other genes involved

in organ degeneration, e.g. matrix metalloproteinases

(MMPs) were analyzed. Cell damage was assessed by

quantification of the lactate dehydrogenase (LDH) activity

in the supernatant. The expression of genes involved in the

cellular apoptotic pathway (caspase 3) and the pro-apop-

totic proteins FasL and TNF-a were monitored. The results

demonstrate that LDH levels increased significantly post

trauma compared to the control and remained elevated for

3 days. Furthermore, a constant up-regulation of the

caspase 3 gene in both disc compartments was present. The

pro-apoptotic proteins FasL and TNF-a were up regulated

predominantly in the nucleus whereas the MMP-1 and -13

transcripts (collagenases) were increased in both disc

structures. From this study we can conclude that endplate

burst fractures result in both necrotic and apoptotic cell

death in nucleus and annulus tissue. Moreover, FasL and

TNF-a expression by nucleus cells may lead to continued

apoptosis induced by Fas- and TNF-a receptor bearing

cells. In addition TNF-a over-expression has potentially

deleterious effects on disc metabolism such as over-

expression of matrix proteinases. Taken together, the short

term biological response of the disc following endplate

fracture exhibits characteristics, which may initiate the

degeneration of the organ.
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Introduction

There is an ongoing discussion on the question of whether

severe vertebral fractures lead to post-traumatic disc

degeneration or not. In the year 2000, Kerttula et al. pub-

lished radiological follow-up data on magnetic resonance

imaging (MRI) findings in young patients after vertebral

fractures. It was found that there was a significantly

increased rate of pathological signal changes after at least

1-year follow-up time (mean 3.7 years), especially when

both adjacent endplates were fractured [28]. However, the

study was critically commented by Dickson et al. and

Alanay [3, 13] because of the limited number of enrolled

patients (n = 14). The latter also cited a previous study by

Oner et al. who investigated post-traumatic disc space
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changes with conventional X-rays and MRI. Based on their

findings, the authors concluded that there was no evidence

for a correlation between spine trauma and disc degener-

ation [41]. In contrast, Zucherman et al. analyzed MRI

images from 379 patients to evaluate disc degeneration in

the higher lumbar spine. They found that isolated high

lumbar disc degeneration was not only associated with pre-

existing endplate defects, such as in Scheuermann’s dis-

ease, but also with fractures below or above the respective

intervertebral discs [23]. Similarly, Vornanen et al. have

analyzed 2-year follow-up MRIs data from patients with

spine fractures after Harrington rod stabilization. They

could demonstrate that, unlike in distant immobilized

segments, the discs adjacent to the fractures mostly

exhibited a decreased signal intensity in T2-weighted MR

images [50].

Although not painful in every case, post-traumatic disc

degeneration potentially exhibits a substantial significance

because problems such as increasing segmental kyphosis

and other secondary degenerative changes like facet joint

arthritis, spinal stenosis and degenerative scoliosis may

result [1, 53].

The hypothesis that post-traumatic disc degeneration

indeed exists is vaguely supported by a large number of

animal models, which employ other mechanical means to

induce the degenerative process. Basically there are three

different methodical approaches described: stab incision

models [4, 47], endplate perforation models [9, 22] and

overload models [33, 40].

Sobajima et al. and Anderson et al. both demonstrated

the initiation of disc degeneration on the basis of pathologic

gene expression profiles using annular stab models in rab-

bits. In the first study, along with MRI changes, they found

that the genes for the matrix components collagen type II

and aggrecan, as well as the proteinase inhibitor TIMP-1

were decreased, whereas type I collagen was up-regulated

3 weeks after the incision procedure [47]. Anderson et al.

presented degenerative disc changes on the histological

level as well as an altered matrix gene transcription. In this

context they pointed out the up-regulation of the genes for

the collagenases MMP-1 and MMP-13 with the same injury

mechanism [4]. Holm et al. drilled multiple holes through

porcine endplates into the nuclei and observed subsequent

disc degeneration with a loss of water content and mor-

phological changes in the nucleus and annulus after

3 months [22]. In the third model, internal or external spinal

fixators are attached to adjacent vertebra (motion segments)

and a predefined compressive load is applied, as in the work

by Lotz et al. where mouse tail discs were statically com-

pressed with a custom-made device with an applied stress of

up to 1.3 MPa. By DNA nick-end labelling (TUNEL) they

demonstrated an increased rate of apoptotic disc cell death

with compression time and magnitude [36].

Nevertheless, the above-described in vivo animal mod-

els are substantially simplified because they mimic only

very few aspects of the realistic spine trauma which is

normally characterized by its dynamic nature and the

endplate burst due to the viscoelastic properties of the disc

during the impact involving high energies [29]. Further-

more, the induction of genuine traumatic disc degeneration

in animal models with the reproducibility of the complex

injury pattern after spine trauma with burst endplates and

mechanical damage to the disc is technically and analyti-

cally challenging and exhibits ethical problems.

Consequently, the resulting intradiscal biological events,

which may or may not lead to disc degeneration are spar-

sely investigated [21] and the correspondence to non-

traumatic disc degeneration is largely unknown.

Considering results which were obtained from disc

herniation models [2, 31], the initial post-traumatic and

degenerative changes are likely comparatively complex.

Numerous pathobiological changes and inflammatory cas-

cades, such as the induction of programmed cell death

(apoptosis), chemotactic recruitment of leukocytes and the

activation of matrix-degrading metalloproteinases (MMPs)

can be expected [4, 27, 51].

The aim of our study was to establish the first in vitro

disc trauma fracture culture model and furthermore to

determine the influence of trauma on different aspects of

disc biology. We hypothesized that disc trauma initiates

biological cascades and the expression of genes which may

lead to an ultimate degeneration of the organ. The model is

based on our recently developed and validated full-organ

disc/endplate system, which has been shown to be suitable

for long-term culture [19, 20].

Methods

Induction of endplate fracture and disc trauma

Thoracolumbar and lumbar spines were harvested under

sterile conditions within 12 h after sacrifice from four male

adult Burgundy rabbits (4–5 kg, 4–6 months old) obtained

from the Bern University animal facility. The disc/endplate

specimens were dissected as described before [19, 20].

After harvest the specimens (n = 10 per animal) were

washed with agitation overnight in DMEM/F12 media

(Labforce, Nunningen, Switzerland) with 50 lg/ml genta-

micin (Labforce) and 10% FCS and 20 mmol sodium

citrate. Endplate fractures were induced after 24 h with a

custom-made drop device (Fig. 1). In a separate pilot

experiment, the required potential energy as well as the

appropriate shape of the impact tip (flat surface) was

defined by assessing the failure load of the endplate on a

material testing machine, (200–300 N depending on the
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size of the disc specimen). The absorbed energy in this

quasi-static test was approximately 0.12 J. Based on that

we defined a potential energy of 1.2 J (factor ten) for the

dynamic drop injury. The resulting fracture lines within the

bone showed the pattern of endplate burst fractures. As a

consequence, a herniation of the nucleus pulposus through

the endplates could be observed in all cases (Fig. 2). After

the procedure, the traumatized discs, as well as the control

specimens, were transferred into six well plates containing

6 ml of standard DMEM/F12 cell culture medium, sup-

plemented with 10% FCS, 25 lg/ml l-ascorbate, 50 lg/ml

gentamicin and cultured for 9 days with daily media

changes.

Specimens were randomly assigned to the different

assays (QPCR, caspase 3/7 activity assay, TUNEL, his-

tology) with the respective control specimen taken from the

same animal in each case. The culture media was collected

daily and frozen at –80�C until further processing.

Assessment of cell viability

At days 1 and 6 of culture, specimens (n = 8) were

digested with 0.1% pronase (1 h)(Calbiochem VWR

International, Dietikon, Switzerland) and 0.025% collage-

nase (20 h)(Roche, Basel, Switzerland). The isolated disc

cells were incubated for 20 min in microtiter plates

(100 ll, 20.000 cells/well, 4 wells/disc) to allow sedi-

mentation. Fifty-microliters of ethidium homodimer-1

(EthD-1, 2 lM)/calcein AM (1.6 lM) solution (Live/

Dead1 viability kit, Invitrogen, Basel, Switzerland) were

added. Cytosolic esterases in active living cells convert the

calcein AM into a green fluorescent dye and the double-

stranded DNA in dead cells is intercalated by the ethidium

homodimer which fluoresces red [42]. Methanol-treated

cells were used as controls. Cell fluorescence was docu-

mented on an inverse microscope (Leica, DM IL; filters:

I3 S 450–490 nm and N2.1 S 515–560 nm). Digital photos

were taken with both filters (25·, five vision fields per

well) and image analysis software (Quantity One1, Bio-

Rad, Hercules, CA, USA) was used for relative quantifi-

cation of live (green) and dead cells (red).

Quantification of lactate dehydrogenase activity

Lactate dehydrogenase activity (LDH) activity, as an

indicator for cytotoxicity, was measured in cell-free culture

Fig. 1 Vertebral endplate

fracture device. Endplate

fractures, and hence disc

trauma, were induced with a

dropped weight fracture device

under sterile conditions. The

specimens (red arrow) were

placed on a centered metal

surface (a) and the slider (b)

equipped with a plain tip was

dropped from a defined height.

The transferred potential energy

was calculated to be approx.

1.2 J (see ‘‘Methods’’)

Fig. 2 Fracture morphology. The induced endplate fractures demon-

strated a typical burst pattern (Fx, left figure) with multiple fracture

lines. This consistently resulted in a decompression of the nucleus

pulposus. Histology demonstrated an osseous disc herniation (DH) of

the gel-like nucleus pulposus (NP) through the vertebral endplate (EP,

right figure)
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supernatant with an enzymatic coupled redox reaction,

which reduces tetrazolium salt to the coloured product

formazan [12, 32]. The procedure was carried out accord-

ing to the manufacturer’s protocol for the Cytotoxicity

Detection Kit (LDH) (Roche, Basel, Switzerland). To

evaluate the influence of the specimen harvest procedure

on LDH levels, one additional experimental group was

defined for LDH measurements. In addition to the normal

specimens with an immediate fracture induction 1 day after

specimen harvest, one further group of specimens was

evaluated with a delayed fracture induction following

10 days recovery time in culture. Supernatants were col-

lected daily and frozen (–80�C). For analysis, supernatants

from the trauma and control group were incubated with

100 ll premixed test solution (100 ll/well, n = 6 discs/

group). The colour reaction was allowed to develop for

15 min at room temperature. Light absorbance was mea-

sured at 450 nm (Spectra Max 190, Molecular Devices,

Sunnyvale, CA, USA). Standard media was used as blank

controls. The measured optical density values were nor-

malized to the control from day 1 and presented in percent.

Quantitative real time PCR

RNA isolation from annulus and nucleus tissue was per-

formed immediately on the day of collection. The disc

material was snap-frozen with liquid nitrogen and pulver-

ized with a mortar and pestle on RNase free surfaces. Half

of the pulverized annulus tissue was stored at –80�C for

later detection of apoptosis (see below). The samples for

PCR (approx. 45 mg, n = 18) were covered with 1 ml of

TRIzol reagent (Invitrogen) followed by further homoge-

nization with a Polytron mixer (Kinematica, Newark, NJ,

USA). RNA was processed following the manufacturer’s

instructions including additional steps for elimination of

proteoglycans with centrifugation for removal of the

insoluble extracellular matrix and modified precipitation of

RNA using 0.5 ml isopropanol.

One microgram of total RNA was used for the synthesis

of the cDNA (iScript cDNA Synthesis Kit, BioRad). The

complementary DNA template (1 ll) was mixed 1:20 with

the Real Time reaction solution (SYBR Premix Ex Taq,

Takara, Japan) which contained 0.25 lM specific primers

as follows: house keeping gene: GAPDH: Forward:

AAGGCCATCACCATCTTCCA Reverse: GGATGCGTT

GCTGACAATCT, Chemokines: MCP-1: Forward: TC

TGTGCCTGCTGCTCATAG Reverse: GCTCATTAGCC

TCTTCACTG, IL-6: Forward: CTGGTGGTGGCTA

CCGCTTT Reverse: ATGGTCTCCAGGATGCTCCG,

IL-8: Forward: CAACCTTCCTGCTGTCTCTG Reverse:

GGTCCACTCTCAATCACTCT, Metalloproteinases:

MMP-1: Forward: ATACCTGGAAAACTACTACAATC

TG Reverse: TCTTCAGGGTTTCAGCATCT, MMP-2:

Forward: CGCCGTCTCCCGTCATCAAA Reverse: TGA

GGGTGTCCTTCAGCACG, MMP-9: Forward: CCACCT

TGGTGGTCTTCCCA Reverse: TGCAGAAGTAGCAG

CGGCAG, MMP-13: Forward: TGCCCCTCCTCAACAG

TAAC Reverse: GAGCCCGCTGCATTCTTCTT; Apop-

tosis-associated genes: caspase 3: Forward: TGCATATTC

CACAGCACCTG Reverse: GGGACTGGATGAACCAG

GA, FasL: Forward: CAATGAGGGCAAACCAGACT

Reverse: AAAAATGACTCTTGTCTGTGTACTCC, TNF-

a: Forward: CAGCCTCTTCTCTTTCCTGCT Reverse:

CCGATCACCCTGAAGTGC.

Real time PCR (IQ5, Biorad) was conducted with the

following settings: denaturation 95�C—10 s (1 cycle), 40

amplification cycles: 95�C—5 s, 64�C—40 s; followed by

melting curve analysis. During the optimization of the

reaction conditions and melting temperatures, DNA aga-

rose electrophoresis was used to validate the PCR products.

Assessment of apoptosis

Caspase 3/7 activity

To determine caspase-dependent apoptotic cell death, the

pulverized annular samples (n = 18) were homogenized

with the Polytron mixer (Kinematica) in 1 ml lysis buffer

consisting of 25 mM HEPES (pH 7.5), 5 mM MgCl2,

5 mM DTT, 1 mM PMSF, 1 lg/ml benzamidine (Sigma)

and 0.1% Triton · 100. The homogenates were centrifuged

at 16,100·g for 5 min. Protein concentration was quanti-

fied according to Bradford [5] and the concentration in all

samples adjusted to 220 lg/ml. Duplicates of 50 ll of the

supernatants were transferred into 96 well plates and the

Caspase Glo 3/7 assay was applied according to the man-

ufacturer’s protocol (Promega, Mannheim, Germany). The

generated light signal was detected after 0.5 h incubation

with a luminometer (Infinite 200, Tecan, Switzerland). The

background signal of the lysis buffer was used as a blank

and subtracted from the read values. The caspase 3/7

activities of the annular samples were presented as relative

change normalized to the controls, which were set 100

percent.

TUNEL

Terminal deoxynucleotidyl transferase (TdT) dUTP nick

end labelling is well established for the demonstration of

apoptosis. The assay detects single strand breaks within the

DNA which are caused by the activation of intracellular

DNases. The tissue fragments were fixed with 4%

p-formaldehyde and the TUNEL procedure was applied on
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6 lm kryosections on super-frost slides (Menzel, Braun-

schweig, Germany) according to the manufacturer’s

labelling protocol (DeadEnd Colorimetric TUNEL System,

Promega, Switzerland). DNase-treated (Sigma) sections

were used as positive controls. Cell death was assessed by

the quantification of labelled cells under the microscope.

Histology

The tissue was fixed in 4% buffered p-formaldehyde and

sequentially washed and dehydrated in 30% sucrose solu-

tion before being cut in 6 lm sections with a cryotome

(Microm International, Walldorf, Germany). Staining was

carried out with H&E and Alcian blue/Periodic Acid Schiff

reaction (PAS). High-resolution photos were taken with a

digital camera (Nikon 70D, Tokyo, Japan).

Statistics

The statistical analysis was performed either by use of the

non-parametric ANOVA by ranks test (Kruskal–Wallis) or

by the Mann–Whitney U test using Statistica 7.1 software

(StatSoft, Inc., Tulsa, OK, USA). A significance value of

p \ 0.05 was specified. For PCR experiments, a difference

of at least one PCR cycle was considered significant, based

on serial dilution standards.

Results

Indicators for post-traumatic disc cell damage

Lactate dehydrogenase activity (LDH)

Increased LDH activity in the supernatant is an indicator

for cytotoxic enzyme leakage through damaged cell

membranes. If trauma was induced 24 h after harvest, LDH

activities post trauma (t) were elevated in both groups

without any significant difference between the groups

(p = 0.79) (day 1 trauma 102.4 ± 4.9%, control 100 ±

10.3%). However, in the following course LDH activity in

the trauma group (t) remained increased at each sampling

point compared to the untreated control (c) (day 5: t,

26.5 ± 10.6%; c, 9.8 ± 2.1%; Fig. 3a). In contrast, if

10 days were allowed for recovery before the fractures

were induced the trauma group exhibited a 10.9 ± 0.18-

fold increase of LDH activity compared to the control

(day 1: t, 1,093 ± 182%; c, 100 ± 14.3%; p \ 0.05) which

subsequently declined to reach control levels after 3 days

(Fig. 3b).
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Fig. 3 Disc cell damage after trauma. Disc cell damage was assessed

in the trauma group and the untreated control group with the

quantification of lactate dehydrogenase (LDH) release in the super-

natant at the indicated culture days after trauma (= day 0). Trauma

was induced either 1 day (a) or 1 week (b) after the specimen harvest

procedure. The results demonstrate significant cell damage due to

specimen harvest in both groups, but a delayed decline of LDH

activity in the trauma group (a). If 1 week was allowed for recovery

of the specimens after the harvest procedure, a major increase could

be recorded for the fracture group after trauma, whereas the control

group did not show any cytotoxic LDH release (b). Additionally, disc

cells were stained for cell viability with Live/Dead1 stain (Molecular

Probes). Here the ratio of dead cells (black bars) was increased

compared to the control group (white bars). * p \ 0.05 versus control
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Live/dead stain

Cell count after viability staining with calcein and ethidium

at day 1 post trauma demonstrated an increased ratio of

dead cells in the trauma (t) group compared to the

untreated control (c) (t: 30.5 ± 2.2%, c: 24.9 ± 1.6%,

p \ 0.05). After 6 days in culture the differences in cell

viability were still evident (t: 24.3 ± 1.0%, c: 18.3 ± 1.1%,

p \ 0.05; Fig. 3c).

Apoptotic cell death and involved signalling

DNA nick end labelling (TUNEL)

For in situ identification of apoptotic cells, e.g. DNA strand

breaks, the TUNEL (terminal deoxynucleotidyl transferase

nick end labelling) was used on histological sections. Semi-

quantitative analysis demonstrated that disc specimens in the

trauma group exhibited an increased number of apoptotic

cells in the inner nucleus and more pronounced in the her-

niation part of the nucleus. The nuclei from the control group

did not exhibit a significant number of TUNEL positive cells.

There was no difference between trauma and control in the

number of apoptotic cells in the annulus (Fig. 4).

Caspase 3/7 enzyme activity

Enzyme activity measurements within disc cell lysates

from both groups demonstrated a significant increase of

caspase 3/7 activity to 145 ± 24% in the trauma group

compared to the untreated controls (normalized to 100%)

24 h after trauma, which remained elevated at all sampling

points (Fig. 4).

Caspase 3 gene expression

To verify the above findings on the gene expression level,

quantitative PCR was performed with specific primers for

the central down-stream caspase 3 gene. The measurements

demonstrated an increased gene transcription level in the

trauma group compared to the control for the annulus (A)

and the nucleus (N) compartments 24 h post trauma (A:

2.6 ± 0.9-fold, N: 3.8 ± 0.6-fold). In the nucleus, the ele-

vated gene expression persisted throughout the entire

culture period whereas in the annulus a return to the control

levels could be recorded at day 9 post trauma (A:

0.8 ± 0.5-fold, N: 6.7 ± 1.2-fold; Fig. 5).

Gene expression of ligands for cell death receptors

The genes Fas-L and TNF-a encode for soluble or mem-

brane bound ligands, which are able to bind and activate

their respective cell death receptors (TNFa-R, Fas) on the

cell membranes of target cells. In the annulus fibrosus (A),

both genes were weakly up-regulated on the first day post

trauma compared to the controls (A: Fas-L 2.1 ± 0.01-fold,

TNF-a 2.1 ± 0.2-fold). However gene transcription of both

genes subsequently dropped under control levels at day 9
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Fig. 4 Apoptosis after disc trauma. a Histological crysections were

stained for apoptotic cell death with nick end labelling of the DNA

(TUNEL). Traumatized discs from day 9 (trauma) demonstrated

significantly higher numbers of TUNEL + cells in the herniating

nucleus (inset) than the control group (untreated control). For the

annulus, no significant difference in the number of apoptotic cells was

detectable. DNAse-treated sections served as positive controls.

b Protein extracts were prepared from the annuli fibrosi (n = 18) at

the indicated time points and the lysate tested for caspase 3/7 activity.

Values ± standard deviation were normalized to the untreated control

(100%, dotted line) from the same day and presented in percent.

Caspase 3/7 activity was increased in the trauma group over the entire

culture time. p \ 0.05 versus control
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(A: Fas-L 0.4 ± 0.2-fold, TNF-a 0.3 ± 0.1-fold). Similarly,

in the nucleus pulposus (N) Fas-L and TNF-a were up-

regulated 24 h after trauma (N: Fas-L 2.1 ± 0.2-fold, TNF-

a 5.0 ± 1.8-fold) but in contrast to the annulus, remained

up-regulated over the whole time (N: day 3 Fas-L 4.7 ±

0.6-fold, TNF-a 6.2 ± 2.7-fold; day 9 Fas-L 2.1 ± 0.4-fold,

TNF-a 3.2 ± 0.4-fold, Fig. 6).

Gene expression of collagenases

Both tested matrix metalloproteinases, MMP-1 and MMP-

13, were strongly up-regulated in both disc compartments

24 h after trauma compared to the controls (A: MMP-1

12.6 ± 9.8-fold, MMP-13 10.1 ± 2.5-fold; N: MMP-1

51.3 ± 40.1-fold, MMP-13 16.9 ± 23-fold). In most groups

a subsequent steady decrease of gene transcription was

noticed until day 9 to reach control levels (A: MMP-1

1.5 ± 0.2-fold, MMP-13 1.2 ± 0.9-fold, N: MMP-1

1.0 ± 0.3-fold). In contrast, the expression of MMP-13

remained up-regulated at day 9 in the nucleus (N: MMP-13

±2.1 fold, Fig. 6).

Discussion

The hypothesis to be tested in this study was that disc/

endplate trauma initiates biological cascades within the

intervertebral disc which can lead to degeneration of the

organ. Due to the lack of appropriate animal models for

endplate trauma, we used an in vitro organ culture

approach, which is based on our recent work. There we

established a whole-organ rabbit disc/endplate in vitro

culture system with the possibility to keep the disc speci-

mens in culture for more then 7 weeks without a significant

loss of cell viability and proteoglycans from the extracel-

lular matrix [19, 20]. For the current study, we constructed

a dropped-weight device for the sterile induction of end-

plate burst fractures and an accompanying injury of the

adjacent intervertebral disc. The applied energy of 1.2 J

was defined as factor ten of the calculated energy obtained

from ‘‘compression to failure’’ experiments on the material

testing machine.

The induced endplate fractures exhibited a burst pattern

with several intersecting fracture lines. This consistently

resulted in a decompression and herniation of the nucleus
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Fig. 5 Transcription of apoptosis associated genes. Gene expressions

of caspase 3, Fas ligand (Fas-L) and TNF-a were assessed separately

for the nucleus and annulus (n = 36) at the indicated time points after

disc trauma with quantitative real time PCR. The transcription

levels ± standard deviation were normalized to the expression of

GAPDH and depicted relative to the untreated controls. Differences

of at least twofold increase/decrease were considered significant. In

the trauma group in both disc compartments (nucleus, annulus) all

tested genes were up-regulated post trauma
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Fig. 6 Transcription of collagenases. Gene expressions of the matrix

metalloproteinases MMP-1 and MMP-13 were assessed separately for

the nucleus and the annulus (n = 36) at the indicated time points after

disc trauma with quantitative real time PCR. The transcription

levels ± standard deviation were normalized to the expression of

GAPDH and depicted on a log scale relative to the untreated controls.

Differences of at least twofold increase/decrease were considered

significant. The expression of both genes was up regulated at day 1

post trauma in both disc compartments and subsequently returned to

almost control levels
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through the endplate and epiphysis. Osseous disc hernia-

tion is a common finding in traumatic vertebral fractures

and is due to the comparatively high dynamic stiffness of

the disc tissue during the impact [26]. Oner et al. proposed

a classification for MRI changes of the intervertebral discs

after trauma. According to this classification, type 3

(Schmorl’s node) or type 5 (central endplate herniation)

were induced in our in vitro study [41]. Przybyla et al. were

investigating the influence of endplate fractures and

annular tears on the intradiscal stress distribution and

nucleus pressure. They found that endplate fractures low-

ered the nucleus pressure by 37% and substantially

increased the stress on the posterior annulus with loading

[44].

The evaluation of trauma-induced cell death within the

disc by quantification of the lactate dehydrogenase (LDH)

activity in the supernatant demonstrated an increased

membrane leakage in the trauma group, although poten-

tially reversible, as an indicator for necrotic cell death [7,

37]. Interestingly, if disc trauma was induced just 1 day

after disc harvest from the animal, LDH activity in the

control was not significantly different from the trauma

group. This implies that there is a substantial cell damage

due to the harvest procedure itself and trauma does not

significantly increase LDH leakage from disc cells or bone

cells in the initial period. However, in the following course,

the effect of trauma became visible in this parameter, as the

decline of LDH activity was much slower in the trauma

group. On the other hand, if sufficient time was allowed for

the disc specimens to recover in vitro after isolation from

the animal, there was a clear effect of trauma on the LDH

levels. This finding is in accordance with the results of

Bush et al. who investigated the role of mechanical stress

on joint cartilage. The authors subjected cartilage explants

to a single impact (100 g from 100 mm height) and dem-

onstrated a subsequent increase of LDH release from the

damaged cells. They furthermore pointed out that media

osmolarity and thus the swelling conditions had an effect

on chondrocyte cell death in vitro [6].

Besides LDH leakage, the cytotoxic effect of trauma on

the disc cells was reflected also in the Live/Dead staining

procedure. We found an approximately 8% difference in

the dead cell ratio between the trauma group and the

control group. As the Live/Dead stain utilizes the substrate

calcein for intracellular esterases and an ethidium dimer

which penetrates disrupted cell membranes and intercalates

with the DNA in the cell nucleus, this method detects early

necrotic rather than apoptotic cell death [39, 42]. In a

recent study by Whiteside et al. the effect of impact loading

on the viability of articular cartilage was investigated using

confocal microscopy. They could demonstrate that the

extent of chondrocyte cell death was proportional to the

applied mean impact force [52].

To detect whether, in addition to the above-described

organ damage, apoptosis is also initiated, the specimens

were screened with quantitative PCR (qPCR) for gene

expression of caspase 3 which plays a central role in the

caspase pathway [10, 43]. QPCR demonstrated an

increased gene transcription on day 1 after trauma in

annulus and nucleus tissue. In the annulus the transcription

levels quickly returned to control levels afterwards whereas

the nucleus showed increasing values until day 9. More-

over, the increased transcription of the caspase 3 gene in

the annulus could also be confirmed on the gene product

level by the quantification of caspase 3/7 enzyme activity.

The latter finding was also confirmed in a study by Heyde

et al. who analyzed intradiscal changes in spine trauma

patients undergoing discectomy and instrumented fusion

[21]. Apart from in disc research, the involvement of the

caspase pathway and a potential beneficial effect of ther-

apeutic caspase inhibition was demonstrated in the area of

joint cartilage injury studies [11, 14, 25].

To evaluate whether disc cells may undergo apoptosis

derived from death receptor signals, the gene expression of

two ligands for cell death receptors (e.g. Fas receptor,

TNF-a receptor I/II) Fas-L and TNF-a were assessed. We

found that both transcripts where up-regulated in the

trauma group in both disc compartments but to a higher

extent and in a continuous fashion in the nucleus samples.

This finding implies that ongoing FasL and TNF-a
expression by nucleus cells may lead to continued apop-

tosis induced by Fas- and TNF-a receptor bearing cells. In

addition, TNF-a over-expression has numerous potentially

deleterious effects on disc metabolism, such as over-

expression of matrix proteinases [46]. The existence of

Fas-L [48] and Fas-R on disc cells and their relevance in

certain spine pathologies such as scoliosis and trauma have

been described before [8, 21]. Park et al. studied the type of

apoptotic pathway in the human annulus obtained from

surgical specimens by depleting foetal calf serum in the

culture medium. In this study they found that primarily the

mitochondrial type II pathway of Fas-mediated apoptosis

was activated. This is in agreement with the study from

Rannou et al. in which mouse-tail discs where overloaded

by static compression which resulted in a consecutive

increase of the caspase 9 dependent mitochondrial pathway

[45]. Interestingly, the nucleus seems to be much more

susceptible to trauma as all tested genes were more highly

expressed and also remained elevated whereas in the

annulus most genes were only marginally (*2-fold)

increased for a short time.

Staining for apoptotic DNA strand breaks (nick ends)

with the TUNEL technique partially confirmed the above

results and gave information about the spatial distribution

of cell death. The annuli from the trauma and the control

group did not show any significant difference in number of
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apoptotic cells. In contrast, beside the inner nucleus,

apoptotic cells were found predominantly in the herniated

part of the nucleus in the trauma group with negative

staining in the control nuclei. Huser et al. also demon-

strated an increase of TUNEL positive cells, in this case for

articular cartilage in an in vitro single-impact load model

[24]. However, results from TUNEL staining have to be

interpreted with care, as it sometimes lacks specificity and

may also detect necrotic cell death [17].

The discrepancy in the annulus between pro-apoptotic

gene expression and increased caspase 3 activity on one

side and negative TUNEL staining on the other may be

explained by intracellular counter-regulative processes

(posttranscriptional gene silencing or posttranslational

enzyme inhibition by anticaspases such as the inhibitor of

apoptosis protein, IAP) and thus apoptosis may be finally

prevented [35]. Furthermore the stress within the annulus

in a single impact scenario is expected to be comparatively

small as the non-compressible nucleus and the bursting

endplates most likely absorb most of the transmitted energy

and the annulus is known to be quite resistant to tensile

forces [15].

Our analysis for gene expression has shown that the

two collagenase genes, MMP-1 and MMP-13, were up-

regulated in the trauma group. At this time it is difficult to

estimate the relative importance and contribution of each

specific MMP for the degenerative course. Collagenases

such as MMP-1 (collagenase 1, interstitial collagenase),

MMP-8 (neutrophil collagenase) and MMP-13 (collage-

nase 3) seem to be of particular importance as they are

able to cleave intact triple-helical collagen molecules [16,

30, 34] and thus make them accessible to other matrix

proteinases such as gelatinases. Gelatinases, like MMP-2

and MMP-9 [38, 49], act synergistically with collagen-

ases, as they can cleave the denatured form of collagen.

Immuno-histochemical studies on human discs have

shown that, unlike in children, a few MMP-1 positive

cells are already present in young adulthood [51]. Fur-

thermore, there was a strong correlation between

morphologic degenerative changes like clefts and tears

and the number of MMP-1+ cells [34, 51]. Substrate

specificity analysis has revealed that MMP-13 preferen-

tially cleaves type II collagen [30]. LeMaitre et al. found

that, unlike MMP-1 which seem to be constitutively

expressed in adults, the MMP-13 gene is exclusively

transcribed in aging and degenerating discs [34]. These

data were confirmed by Guehring et al. who have shown

in an experimental rabbit model that compression-induced

disc degeneration is accompanied by an up-regulation of

both collagenase genes [18].

Taken together, our study has demonstrated that disc

trauma results in a number of biological changes such as

necrotic and apoptotic cell death and up-regulation of the

gene transcription of several genes, which are involved

either in the apoptotic pathway itself or serve for signal-

ling. This is accompanied by the induction of collagenases

(MMP-1 and MMP-13), which are known to be involved in

disc degeneration. However, there are several limitations to

the study. Drawing conclusions from animal models as

well as from in vitro systems is always problematic. Fur-

thermore, an increased gene transcription, as demonstrated

with quantitative PCR, does not necessarily result in a

functioning gene product, as mechanisms like post-tran-

scriptional modifications or gene silencing may interfere.

With matrix metalloproteinases, only a small aspect of the

characteristics of disc degeneration was studied. Moreover,

other important factors in the process of host response in

vivo, the fracture hematoma and the infiltrating white

blood cells (WBC), were not taken into account. They are

also known to secrete a number of potentially harmful

mediators, such as MMPs, nitric oxide or TNF-a. Fur-

thermore, later neo-vascularization of the prolapse may

have an effect on disc degeneration. Finally, it remains

unknown if the observed post-traumatic changes are

exceptionally due to the physical damage of the disc or

rather to the decompression aspect of the nucleus. And thus

also the influence of endplate fracture healing on later disc

and endplate function is entirely unknown.
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