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Abstract The present work describes a novel bovine disc

organ culture system with long-term maintenance of cell

viability, in which degenerative changes can be induced as

a prelude to studying repair. Discs were isolated with three

different techniques: without endplates (NEP), with bony

endplates (BEP) and with intact cartilage endplates (CEP).

Swelling, deformation, and cell viability were evaluated in

unloaded cultures. Degeneration was induced by a single

trypsin injection into the center of the disc and the effect on

cell viability and matrix degradation was followed. Tryp-

sin-treated discs were exposed to TGFb to evaluate the

potential to study repair in this system. NEP isolated discs

showed [75% maintained cell viability for up to 10 days

but were severely deformed, BEP discs on the other hand

maintained morphology but failed to retain cell viability

having only 27% viable cells after 10 days. In CEP discs,

both cell viability and morphology were maintained for at

least 4 weeks where[75% of the cells were still viable. To

mimic proteoglycan loss during disc degeneration, a single

trypsin injection was administered to the center of the disc.

This resulted in 60% loss of aggrecan, after 7 days, without

affecting cell viability. When TGFb was injected to vali-

date that the system can be used to study a repair response

following injection of a bio-active substance, proteoglycan

synthesis nearly doubled compared to baseline synthesis.

Trypsin-treated bovine CEP discs therefore provide a

model system for studying repair of the degenerate disc, as

morphology, cell viability and responsiveness to bio-active

substances were maintained.

Keywords Intervertebral disc � Degeneration � Repair �
Organ culture

Introduction

One of the major causes of low back pain is degeneration

of the intervertebral discs (IVDs). A contributing factor

leading to IVD degeneration is the absence of vasculature

entering the disc [3, 14], leading to slow exchange of

nutrients and waste products across the endplates. The

cartilaginous endplate is often calcified with age [41],

which might further compromise nutrient flow into the

disc. The IVD is only sparsely populated with cells, which

are surrounded by a vast extracellular matrix (ECM). Cell

number decreases and cell senescence increases with age

and degeneration, especially with disc herniation, and the

exposure to cytokines [13, 26, 39]. This is also likely a

contributing factor to the disc cell’s difficulty in main-

taining the integrity of the extracellular matrix and the

onset of degeneration [37].

The IVD is divided into two distinct zones, the outer

fibrous annulus fibrosus (AF) and the central cartilaginous

nucleus pulposus (NP) [15]. The AF forms a fibrous outer

ring that encloses the more gelatinous NP. The highly

anionic proteoglycan aggrecan is entrapped in the collagen

fibril network of the NP, and provides the swelling prop-

erties important for resistance to compression [48].

Aggrecan fragmentation and loss is one of the hallmarks of

disc degeneration and occurs early in the degenerative
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process, but also in normal ageing, and has commonly

been used as a marker of disc degeneration [5, 21]. Loss

of aggrecan can be due to either an increase in proteinase

production or a decrease in aggrecan synthesis. The disc

also possesses a variety of leucine-rich repeat (LRR)

proteins, including chondroadherin (CHAD) [25, 35, 45],

which interacts with both the collagen fibrils and the

cells, so regulating cell metabolism and ECM structure

[4, 25, 29]. CHAD has been associated with premature

degeneration in scoliotic discs [2, 11], but there is no

published data regarding CHAD and degenerative disc

disease. In articular cartilage, CHAD has been shown to

be associated with collagen fibers, where it is thought to

maintain the integrity of the collagen network [29, 36,

45]. Although currently no information is available on

CHAD function in the disc, it is likely to have a similar

function to that in articular cartilage. As CHAD may play

a role in promoting matrix homeostasis, changes in its

abundance or structure might be expected to contribute to

pathological changes in the tissue. It is commonly

thought that the degradative changes in the ECM are

detrimental to disc function, a property that is exacer-

bated by the accumulation and slow removal of the ECM

degradation products. The rate at which these changes

occur may vary between individuals, but they are thought

to form the basis of the tissue loss associated with disc

degeneration.

Numerous animal models have been used to study IVD

degeneration. Large animal models using ovine and por-

cine discs have been accepted as good models for studying

disc structure, geometry, biochemistry and biomechanics

[34, 49], whereas small animal models using rabbits and

rats have in general been used to answer metabolic ques-

tions [19]. While the large animals have a disc structure

analogous to humans, they undergo degeneration slowly

and are expensive to use. In contrast, the small animals are

relatively cheap and undergo degenerative changes rapidly,

but their disc structure is different to humans, particularly

in the maintenance of notochordal cells throughout life [16,

17]. An organ culture model using discs from large animals

would be an ideal system to study both disc degeneration

and repair. Organ culture models described to date have

two important gaps: optimization of dissection techniques

and development of a model of degeneration. Lee et al.

[27], removed vertebral endplates to retain NP cell viability

for 1 week, while other studies retained vertebral endplates

through heparinization and cleaning to maintain live cells

for 3 weeks [8, 22]. Yet optimal dissection procedures of

large animal organ culture are still being developed and

there are also very few IVD explant models of degenera-

tion. The present work describes a bovine disc organ cul-

ture system, which permits the maintenance of cell

viability for at least 4 weeks using a novel dissection

technique, and in which degenerative changes can be

induced as a prelude to studying repair.

Materials and methods

Source of reagents

The polyclonal rabbit antibody recognizing human

chondroadherin was a kind gift from Dr. Dick Heinegård,

Lund University, Sweden [25]. The polyclonal rabbit

antibody recognizing the G1 region of human aggrecan

was raised against synthetic peptides, as described previ-

ously [46]. The horseradish peroxidase (HRP)-conjugated

anti-rabbit antibody was from Santa Cruz Biotechnology.

The enhanced chemiluminescence (ECL) detection system

was from GE Healthcare. Keratanase II and chondroitinase

ABC were purchased from BioLynx Inc.

Disc isolation

The largest first 4 caudal discs were isolated from the tails

of 24- to 30-month-old steers within 18 h after slaughter.

The tails were dissected free of skin, muscles and liga-

ments, and pedicles for each segment were removed.

Whole discs were isolated using one of three techniques:

with bony endplates (BEP), without endplates (NEP) or

with cartilage endplates (CEP) (Fig. 1). For BEP and CEP,

parallel axial cuts were made through the vertebral bodies

close to the cartilage endplates. The CEP discs were then

further processed so that the bone and the adjacent calcified

part of the cartilaginous endplate were removed using a

surgical round end boring bit on a high-speed drill (Racine,

WI, USA). The discs were processed until the surface of

Fig. 1 Appearance of the IVDs isolated by three different methods.

Images of the intact discs (top row) and of disc cut sagittally (bottom
row) are shown. BEP disc retaining cartilage endplates plus adjacent

vertebral bone, CEP disc retaining only cartilage endplates, and NEP
disc without endplates. The scale bar represents 1 cm
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the tissue was soft and flexible without detectable calcified

tissue. NEP discs were isolated by parallel cuts using a

straight edged microtome blade to fully remove both bone

and cartilage endplates. The processed discs ranged from

27.6 ± 2.8, 29.5 ± 2.3 and 27.6 ± 1.5 mm in diameter

and 4.4 ± 1.2, 16.2 ± 3.1, and 7.0 ± 1.0 g in weight for

NEP, BEP and CEP discs, respectively

Disc organ culture

BEP discs were washed extensively with phosphate-buf-

fered saline (PBS) containing 50 mM citrate to eliminate

any blood clots and then followed the general procedure.

BEP, NEP and CEP discs were rinsed in PBS supple-

mented with 1,000 U/mL penicillin, 1,000 lg/mL strepto-

mycin (Gibco) and 0.25 lg/mL fungizone (Gibco), then

placed in culture chambers (sterile 80 mL specimen con-

tainers, STARPLEX Scientific) containing 50 mL culture

medium (Dulbecco’s Modified Eagle Medium with 2 mM

Glutamax and 25 mM Hepes, supplemented with 5% fetal

bovine serum, 500 U/mL penicillin, 100 lg/mL strepto-

mycin, 50 lg/mL L-ascorbate). To evaluate cell viability

the discs were cultured without external load applied for up

to 4 weeks (n = 8 per time point). Medium was aspirated

and replenished using a pipet-aid with a 25 mL pipet every

3 days over the entire culture period. To evaluate tissue

swelling, discs isolated using the NEP or CEP method were

placed in culture medium and weights were recorded after

15 min, 30 min, 1, 2, 4, 20, 25 and 30 h (n = 4 per group

were tested)

Induced disc degeneration

Degeneration was induced by a single injection of trypsin

(Sigma, 2.5 lg/50 lL PBS) into the center of the CEP disc

using a 28-G needle after a 48 h pre-culturing period.

Control discs were injected with the same volume of PBS.

Cell viability

A 1 mm section was taken through the center of the discs

using an in-house designed cutting tool consisting of two

microtome blades placed 1 mm apart. This gives a 1-mm-

thick slice though the entire disc that is about 3 cm wide

(disc diameter) and 1 cm high (disc height). The 1 mm

tissue section was incubated in serum-free medium con-

taining fluorescent dyes (Live/Dead�, Invitrogen) accord-

ing to the manufacturer’s instructions, using 1 mM each of

calcein (494/517 nm) and ethidium homodimer-1 (528/

617 nm, in the presence of DNA). The cells were visual-

ized using an inverted confocal laser scanning microscope

(CLSM, Zeiss LSM 510). 20 consecutive 6 lm sections

were imaged. CLSM stacks were split into single images.

The first image to be analyzed was chosen approximately

five images into the stack to prevent artefacts from the cut

surface and then extending another four images. The

selected five images were merged, saved as single color

JPEG files (red and green separate), and the labeled cells

were quantified separately using the CellC software (Mat-

lab) [44]. The live to dead cell ratio was then calculated

from the proportion of green and red cells.

Extraction of ECM proteins and proteoglycans

NP and AF tissue (n = 8 per group) was excised separately

and sliced thinly. Proteins and proteoglycans were extrac-

ted at 4�C under continuous agitation for 48 h on a wet

weight per volume basis using 15 volumes extraction

buffer [4 M guanidinium chloride, 50 mM sodium acetate,

pH 5.8, 10 mM EDTA, COMPLETE� (Roche)]. The

extracts were then cleared by centrifugation at 16,000g for

30 min.

GAG analysis

Sulfated glycosaminoglycans (GAGs) were quantified

(n = 8 per group) from tissue extracts by a modified

dimethyl methylene blue (DMMB) dye-binding assay [1].

Samples were diluted to fall in the middle of the linear

range of the standard curve.

Western blot analysis

Proteins and proteoglycans in 5 lL aliquots of disc extracts

were precipitated by the addition of 9 volumes of ethanol,

washed twice in 95% ethanol, and finally lyophilized.

Samples for analysis of CHAD were re-dissolved in SDS

sample buffer. Samples for analysis of aggrecan were

digested with keratanase II (Seikagaku) at 0.1 mU per 5 lL

extract for 6 h. The solution was then adjusted to 100 mM

Tris, 100 mM sodium acetate, pH 7.3, and digested over-

night with chondroitinase ABC (Seikagaku) at 1 mU per

5 lL extract and then mixed with SDS sample buffer.

Samples were separated by SDS-PAGE (10% or 4–12%

NOVEX� gels) under reducing conditions. Separated

proteins were transferred to nitrocellulose membranes [47],

and western blotting was performed using antibodies rec-

ognizing chondroadherin and aggrecan. The membranes

were blocked with 3% skim milk powder in 10 mM Tris–

HCl, pH 7.4, 0.15 M NaCl, and 0.2% Tween (blocking

buffer), and then incubated with the primary antibodies at a

1:1,000 dilution in blocking buffer containing 3% BSA,

followed by the secondary antibody conjugated with HRP

(1:1,000 dilution) in blocking buffer containing 1% dried

skim milk. The bound antibody was visualized by chemi-

luminescence (GE Healthcare).
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Proteoglycan synthesis

CEP discs (7 days after trypsin-induced degeneration) were

injected with 50 lL PBS containing 20 lg soya bean

trypsin inhibitor (Sigma), 25 lCi 35S (Perkin-Elmer), with

or without 30 ng TGFb1 (PreproTech Inc). NP tissue was

collected 72 h after treatment and digested with proteinase

K [9]. Aliquots of the proteinase K digests were dialyzed

against 1 mM sodium sulfate in distilled water (BRL micro

dialysis chamber, with SpectraPor 12–14 kDa molecular

weight cut off dialysis membrane) to remove unincorpo-

rated 35S-sulfate. Incorporated radioactivity was measured

by scintillation counting and normalized to tissue wet

weight (n = 7 per group).

Histology

A 1 mm section was taken through the center of the disc as

described above. The intact slice was fixed between porous

platens in 4% paraformaldehyde, lysine, periodate as

described by McLean and Nakane [33] for 24 h before

transferring to decalcifying solution (10% EDTA in 0.1 M

Tris–HCL, pH 7.4) for 12 days with solution changes twice

daily. Samples were then embedded in paraffin wax and

5-lm-thick sections were cut and stained with hematoxylin

and Safranin O-fast green [42].

Statistical analysis

An unpaired t test was used to calculate significance in

Figs. 2, 3, 4 and 9. In Figs. 5 and 7, multivariate linear

models were used to assess the effects of treatment (trypsin

vs. buffer injection) and time (4, 8 and 14 days, respec-

tively). The value at time zero of native discs for DMMB

and % live cells was used as an internal comparison to

normalize all subsequent values. A p value of \0.05 was

used as the criteria for a significant difference. Where

multiple tests were performed, Bonferroni corrections were

applied.

Results

Three isolation methods were compared to find a protocol

allowing for long-term culture of IVDs which maintained

cell viability, morphology and integrity of the tissue. The

discs were cultured without external load, as optimal

loading conditions will vary for discs prepared by each

isolation technique and this would further complicate

the comparison. As the NEP isolation technique severs the

attachment of collagen fibrils between the disc and the

cartilage endplates, it was predicted that NEP discs would

be prone to swell to a greater extent than the CEP or BEP

discs when maintained in culture. The swelling capacity of

discs prepared with the CEP method was therefore com-

pared to discs isolated using the NEP method. Increase in

disc weight as an indicator of swelling was measured over

a 30-h period (Fig. 2a). In both cases weight increase

occurred rapidly during the first 4 h of culture, and then

gradually over the next 26 h. The difference in swelling

was already significant after 15 min (p \ 0.002) and

remained significant at all subsequent time points. Weight

increase was limited to about 20% using the CEP method.

In contrast, discs isolated using the NEP method increased

between 60 and 100% of their initial weight when cultured

unconfined. The CEP discs maintained their morphology

throughout the experiment, whereas the NEP discs were

already deformed after 1 h and were severely deformed

after 30 h (Fig. 2b).

As excessive swelling of the disc, as occurs following

the NEP isolation procedure, or impaired nutrient flow, as

expected following the BEP procedure, may be detrimental

to disc cell viability; cell survival in culture following the

different disc isolation techniques was investigated. Discs

prepared by the NEP and BEP methods were cultured for

up to 10 days and cell viability was measured using the

Fig. 2 Comparison of swelling capacity and deformation of CEP and

NEP isolated discs. a CEP and NEP isolated discs were placed in

culture medium and their weights were measured and plotted as %

increase in weight over time (n = 4, error bars indicate standard

deviation). CEP and NEP discs were compared at each time point

using an unpaired t test, and p values\0.01 were obtained at all time

points relative to time 0. b Deformation was compared between discs

isolated by the NEP (1) and CEP (2) methods at 30 h
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live/dead fluorescent system in combination with confocal

microscopy. Although the NEP discs were severely

deformed, cell survival was maintained with more than

75% viable cells in the NP throughout the culture period

(day 6, 88 ± 28% and day 10, 84 ± 19%, this was not

significant and gave p values of 0.7 and 0.6, respectively

compared to freshly isolated discs). In contrast, while the

morphology was retained in BEP discs, cell survival was

compromised after 6 days of culture (43 ± 28%, p = 0.04

compared to freshly isolated discs) and the majority of the

cells were dead after 10 days (27 ± 23% viable cells in all

areas, p = 0.004 compared to freshly isolated discs)

(Fig. 3). Because of these limitations, experiments with

NEP and BEP isolated discs were not perused past day 10.

Using the CEP method, which also allows maintenance of

disc morphology but lacks the impediment to nutrition

caused by the bony endplates, cell survival of the disc was

maintained for up to 4 weeks (80 ± 7% in freshly isolated,

80 ± 13% at 2 weeks and 75 ± 12% at 4 weeks in all

areas, this gave p values of 1 and 0.5 when compared to

freshly isolated discs) (Fig. 4).

As the CEP method preserved both cell viability and

morphology, it was chosen to develop a proteinase-induced

model of disc degeneration. Trypsin was chosen for this

purpose as it will degrade most ECM proteins but not the

collagen fibrils. It also has very precise cleavage specificity

and is readily inactivated by inhibitor treatment. In pre-

liminary experiments, 0–5 lg of trypsin was injected into

the center of CEP discs to determine the dose needed to

deplete aggrecan from the NP to about 60–80% of its initial

level. 2.5 lg trypsin per 50 lL buffer was selected for

further study. When a single 2.5 lg trypsin injection was

delivered to the center of the NP, GAG levels in the NP

were depleted by about 40% after 4 days and by about 70%

after 14 days (Fig. 5). Slow GAG loss also occurred in the

control discs with a 25% depletion after 14 days. DMMB

dropped significantly over time for both treatment groups

(p = 0.0006). Trypsin-injected discs however were losing

proteoglycans much faster. This was highly significant

(p \ 0.0001). Post hoc t tests comparing individual group

means for proteoglycan concentrations with the native

control at time zero were significantly lower (all p \ 0.01),

except for the buffer-injected discs at 4 days (p = 0.74).

As expected GAG content in AF tissue was initially lower

than in the NP. However, GAG loss in the AF of control

and trypsin-treated discs occurred at a similar rate to that

observed in the NP, indicating diffusion of the trypsin

throughout the disc (data not shown). Safranin O staining

of histological sections showed similar proteoglycan levels

in freshly isolated and control discs cultured for 14 days

Fig. 3 Cell survival in the NP

of BEP and NEP isolated discs.

Cell viability was measured in a

1 mm thick tissue section after

incubation in serum-free

medium containing fluorescent

dyes (Live/Dead�, Invitrogen).

Live (green) and dead (red)

cells were visualized using an

inverted confocal laser scanning

microscope after 6 or 10 days of

culture (n = 4). The scale bars
represent 200 lm
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and a loss of Safranin O staining in trypsin-treated discs at

day 14 (Fig. 6), thus confirming the results obtained by the

GAG assay. This method is only able to detect a significant

difference in proteoglycan concentration and is not able to

detect low levels of proteoglycans [42].

As trypsin treatment and the consequent extracellular

matrix depletion has the potential to adversely affect cell

viability, the proportion of live to dead cells was compared

in trypsin-treated and control discs at different times in

culture (Fig. 7a). Of the cells present in the tissue, an

average cell survival rate greater than 75% was measured

at all time points independent of manipulation (Fig. 7b),

and no decline was observed with time in culture. The

multivariate linear model failed to demonstrate any effect

(adjusted r2 = 2%) for either treatment or time (p = 0.40

and 0.23, respectively). There was also no interaction

found between treatment and time (treatment 9 time cross

product p value = 0.33). Individual t tests comparing the

group means for % live cells with the native control at time

zero and applying Bonferroni corrections for multiple tests,

all showed no significant differences. Individual t tests

comparing the group means for % live cells with the native

control at time zero, and applying Bonferroni corrections

for multiple tests (i.e., the p level of 0.05 was corrected for

6 concurrent t tests, resulting in a more strict p level of

0.0500/6 = 0.0083) all showed no significant differences.

Thus, trypsin treatment is not detrimental to cell survival.

To determine the influence of trypsin on the extent of

ECM proteoglycan and protein degradation, aggrecan and

CHAD were analyzed by immunoblotting in extracts of the

cultured discs. The profile of aggrecan showed little change

after 8 days of culture in control discs. Of particular note is

the absence of G1 region (MW 60–80 kDa) accumulation,

which would be indicative of proteolysis. Thus, proteo-

glycan loss in the control cultures is probably due to pas-

sive diffusion rather than an active catabolic process. In

contrast, there was extensive degradation of aggrecan fol-

lowing trypsin treatment, with the accumulation of frag-

ments representing free G1 regions (Fig. 8a). In

comparison to aggrecan, CHAD was not affected to the

same extent by the trypsin treatment (Fig. 8b). There was a

25% depletion in CHAD, but there was no evidence for the

Fig. 4 Cell survival in the NP of CEP isolated discs. Cell viability

was determined in a 1-mm-thick tissue section after incubation in

serum-free medium containing fluorescent dyes (Live/Dead�, Invit-

rogen). Live (green) and dead (red) cells were visualized using an

inverted confocal laser scanning microscope in freshly isolated discs

and in discs cultured for 2 and 4 weeks (n = 4). The scale bars
represent 200 lm
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Fig. 5 Glycosaminoglycan content in CEP discs with or without

trypsin treatment. Sulfated GAGs were quantified after trypsin or

buffer alone was injected into the center of the disc. GAG content was

measured in NP tissue of freshly isolated discs (0) and in discs 4, 8

and 14 days after injection (n = 8, error bars indicate standard

deviation). Multivariate linear models were used to assess the effects

of treatment, p values\0.001 in trypsin-treated sample and [0.05 in
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accumulation of degradation products. These results sug-

gest that while aggrecan has undergone extensive degra-

dation and loss following trypsin treatment, the collagen

network and its associated CHAD remain relatively intact.

Such ECM changes are a feature of early disc

degeneration.

TGFb is known to stimulate proteoglycan synthesis in

connective tissue cells [12], and was used to validate that

the trypsin-treated discs can be used to evaluate a repair

response following injection of a bio-active substance.

TGFb or buffer alone was injected into the center of the

disc, together with radio-labeled sulfate and soya bean

trypsin inhibitor, 1 week after trypsin-induced degenera-

tion. The amount of newly synthesized proteoglycans 72 h

after injection nearly doubled in TGFb-treated discs

(p = 0.02) (Fig. 9) in comparison to discs treated with

buffer alone.

Discussion

Maintenance of the IVD matrix is orchestrated by its sparse

cell population that controls the balance between anabolic

and catabolic processes. This balance may be perturbed

towards catabolic degeneration with age, as cell number

and nutrition decline, and cell senescence increases [23, 26,

39]. Degeneration may also be enhanced by genetic dif-

ferences, high magnitude or frequency loading of the disc,

as well as by trauma to the disc [18, 28]. Independent of

cause, once degenerative changes have been established,

the adult IVD seems incapable of intrinsic repair. It is also

not clear if repair can be induced by supplementation with

anabolic agents in degenerate human discs. However,

promising results have been demonstrated in discs from

small animals using growth factor supplementation [7, 30].

Unlike humans, the discs of smaller animals maintain their

notochordal cells throughout life, and these cells respond

well to growth factors by the production of proteoglycans

and the down-regulation of cytokines [31]. While promis-

ing results demonstrating an increase in proteoglycan

production and mRNA expression have been demonstrated

in isolated human disc cells [20], it is important to verify

the findings in a system where the cells are in their native

three-dimensional environment. As in vivo work in the

human is not feasible, and large animals with a disc

structure similar to humans are expensive and difficult to

maintain, the availability of an intact organ culture system

applicable to human discs would seem ideal.

The objective of this study was to develop a whole disc

organ culture system using bovine IVDs. Such discs are of

similar structure to humans and possess the same barriers

to nutrient diffusion, but have the advantage of being

readily available and not having variable degrees of

degeneration. The bovine discs were isolated using three

different techniques, and were cultured without external

load. We chose to develop a system where no external load

is being applied, as the frequency and magnitude of opti-

mal loading might differ for the different isolation

Fig. 6 Hematoxylin–Safranin

O-fast green stained disc

sections. Sagittal sections of AF

and NP from freshly isolated

discs and trypsin or buffer-

injected CEP discs at day 14 are

shown. The scale bars represent

2 mm for the left hand sections

and 200 lm for other sections
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techniques further complicating the comparison. Cell sur-

vival was not drastically changed in discs isolated without

any cartilaginous or bony endplates over a 2 week period,

but their enormous swelling and severe deformation made

them unsuitable for studying repair. On the other hand,

discs cultured with intact bony endplates preserved their
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Fig. 7 Cell viability in trypsin and buffer injected CEP discs. a Cell

viability was evaluated using fluorescent dyes (Live/Dead�, Invitro-

gen), and live (green) and dead (red) cells were visualized using an

inverted confocal laser scanning microscope in trypsin and control-

injected discs at 4, 8 and 14 days after treatment. The scale bars
represent 200 lm. b The proportion of live to dead cells was

quantified separately in 5 selected, 6 lm sections using the CellC

software. Cell viability was calculated as a live to dead cell ratio and

presented as % live cells (n = 8, error bars indicate standard

deviation). Multivariate linear models were used to assess the effects

of treatment, no significant difference was found compared to the

control day 0, p [ 0.05)
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integrity and shape, but cell survival was compromised and

most of the cells were dead after 10 days in culture, also

making it impossible to study repair in this system. In

contrast, discs isolated with intact cartilaginous endplates

overcame these shortcomings, as both disc integrity and

cell viability were maintained. It is likely that with the

bony endplate present nutrient supply to the cells in the

center of the disc is severely impaired, but that retention of

only the non-calcified cartilaginous endplate allows ade-

quate nutrition to be maintained. While the discs main-

tained their gross morphology with the cartilaginous

endplates present, their weight did increase by up to 20%.

However, the expected increase in disc height with such

limited swelling is within the reported diurnal variation

range [38]. This may be a major contributor to the retention

of cell viability, and may ensure that normal cell metabo-

lism is maintained.

Organ cultures of whole bovine discs have been reported

previously using the BEP and NEP methods [27]. The discs

were maintained under a constant load to negate the effects

of swelling, and cultures were maintained for 7 days. At

the end of this time the majority of cells in the BEP discs

were dead, whereas good cell viability was obtained for the

NEP discs. The difference between the two isolation

techniques presumably reflects the decreased nutrition to

the discs when the bony endplate remains intact. The work

also illustrates that the NEP method of isolation may be of

value if the resulting discs are maintained under load;

however, additional studies have shown that the type of

loading is important if cell death is to be avoided [24]. The

BEP isolation method has been shown to be of use for

viable organ culture when the discs were obtained from

sheep that were heparinized prior to slaughter [8, 22].

Presumably, heparinization prevented blood clot formation

in the capillary channels that are present in the endplate,

and so improved nutrient flow. This technique would not

however be a feasible option for bovine discs obtained

from the abattoir, and this is by far the most convenient

source for large animal discs in large quantity. The use of
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the CEP isolation technique avoids the need for heparini-

zation to improve nutrient supply to the disc, and also

avoids the need for the use of loading devices to prevent

excessive swelling that is inherent to the NEP method, as

the CEP discs are being contained by the intact cartilage

endplates which limit swelling. However, the CEP discs

are also amenable to cyclic and higher static loading should

this be desired.

Roberts et al. [40] have previously described a tech-

nique for developing an explant model of disc degener-

ation in the bovine caudal disc that would be suitable for

testing injectable nucleus pulposus replacements. In this

work 100 times more trypsin compared to our study was

used and cell viability was not assessed. This resulted in

a depletion of the entire matrix and cells in the center of

the discs, and created a cavity where cell-containing

scaffolds can be injected. This model would probably

compare to late stages of disc degeneration and the

method would be of limited use to study the effect of

bioactive substances on cells already present in the disc

The model that we have developed represents an earlier

stage of disc degeneration where existing cells can be

stimulated to replace the proteoglycan content that is

initially lost.

Currently, treatment of symptomatic disc degeneration

often involves surgical intervention and long-term reha-

bilitation, and is only an option at late stages of degener-

ation [6, 10, 32]. As surgical intervention involves removal

of the diseased intervertebral disc and fusing the adjacent

vertebral bone, it leads to a loss of mobility of that joint,

which can often result in degeneration at adjacent disc

levels. New biological therapies targeted to intervertebral

discs to prevent or retard degenerative changes and to

promote repair could potentially alleviate or at least delay

the need for surgical intervention. Biological treatment is

most likely to be a feasible therapeutic option in early

stages of disc degeneration, characterized by loss of pro-

teoglycans but the maintenance of a relatively intact col-

lagen network. In the present study, this type of early

degenerative change was induced in normal bovine discs

by injecting trypsin into their centers. As this induced

degeneration occurs with the long-term retention of cell

viability, and preserves metabolically active cells, it rep-

resents an ideal system in which to study subsequent repair

induced by growth factors. In the present study TGFb was

injected into the trypsin-treated discs and proteoglycan

synthesis was increased, demonstrating the feasibility of

studying repair in this system. TGFb was used to establish

a proof of principle as it is known to induce proteoglycan

synthesis in disc cells [43], but it may not be the most

appropriate agent for therapeutic use in humans. An

unloaded system was used for the present study and this is

a valid first screening step as it allows for many replicates

to be run simultaneously. Although, the application of

physiological load would likely enhance matrix synthesis

and thereby the repair response, any substance able to

increase synthesis in an unloaded system could be con-

sidered as a suitable candidate to further test in a more

complex loaded system and finally in a living animal.
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29. Månsson B, Wenglén C, Mörgelin M, Saxne T, Heinegård D
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