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ABSTRACT

Background Context: In the United States, the most prevalent cause of disability of workers
under 45 years of age is low back pain. Past research suggests that there is a link between low
back pain and intervertebral disc degeneration. One of the earliest known components of disc
degeneration is a decrease in proteoglycan content in the nucleus pulposus, which in turn leads to
changes in mechanical properties. In this study, the effects of proteoglycan content and collagen
cross-linking on swelling behavior were investigated.

Study Design: Swelling pressure of the nucleus pulposus was measured in a confined
compression experiment. The effects of two injectable agents were studied. The first was
Chondroitinase ABC (ChABC), which is an enzyme that breaks down proteoglycan. ChABC
was used to model disc degeneration. In addition, genipin -- a cross-linking agent that promotes
the cross-linking of fibers in the disc’s collagen network -- was also used.

Objectives: The main objective of this study was to determine the effects of cross-linking on the
mechanical properties of degenerate nucleus pulposus. The first step was to determine baseline
swelling pressure for control or normal sheep discs. The second was to determine the
concentration of ChABC needed to mimic the degeneration found in human discs. The final step
of the study was to investigate the potential of genipin required to restore the mechanical
function in degenerate discs.

Results: The average swelling pressure measured for normal sheep discs was 0.21 + 0.13 MPa.
The optimal ChABC dose was 0.5 U with an average swelling pressure of 0.082 + 0.04 MPa.
The average swelling pressure for the 0.5% genipin group and 0.5% genipin + 0.5 U ChABC
were 0.15 + 0.07 MPa and 0.083 MPa, respectively.

Conclusion: Though findings from this study were inconclusive, they do not eliminate the
potential of genipin as a treatment for disc degeneration. This warrants further investigation into
effects of cross-linking using genipin and the mechanisms by which genipin increases cross-
linking.
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1. INTRODUCTION

Low back pain is a widespread health problem. Between 70% and 85% of the population will
experience back pain at some point in their lives [1-3]. In the United States, it is the most
prevalent cause of activity limitation in people under 45 years of age [1, 4]. Among the reasons
cited for people losing time at work and seeking medical care, low back pain is second only to
the common cold [5]. Further, low back pain results in at least $50 billion dollars in annual
health care costs in the United States [3, 6].

Though the causes of low back pain remain unclear, approximately 75% of low back pain cases
are linked to intervertebral disc degeneration [6, 7]. The intervertebral disc consists of three
parts, the endplate, the nucleus pulposus and the annulus fibrosus (Figure 1). The nucleus
pulposus has a high proteoglycan content. Proteoglycan is a core protein linked to
glycosaminoglycans (GAGs) [8]. GAGs are chains of polysaccharide, the majority of which
have a negative charge [8]. This leads to an overall negative charge in the proteoglycan and
attracts cations, such as Na'. This then results in an intake of water in order to equilibrate the ion
concentrations and forms a hydrated gel [9]. Hence, the nucleus pulposus has a high water
content that ranges from 60% to 80% [9]. This hydrated gel is the structure that supports the
axial loads in the disc. The annulus fibrosus, unlike the nucleus pulposus, is highly organized
into a fibrous structure and consists mainly of collagen. In tension, it supports load due to the
swelling behavior of the nucleus pulposus. In compression, the annulus fibrosus supports load
due to bulging and deformation [10].
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Figure 1. The structure of the intervertebral disc, which consists of the nucleus pulposus
surrounded by the annulus fibrosus [11]

Disc degeneration consists of a complex process of interacting mechanisms that include
chemical, biological and mechanical changes [12, 13]. The early stages of disc degeneration are
characterized by a loss of proteoglycan and a decrease in water [12-16]. This leads to several
changes in mechanical properties, including a significant decrease in swelling pressure [13, 17,

18].

Past research has looked at the swelling pressure of the nucleus pulposus in humans with the
average pressure ranging from 0.05 to 3 MPa [11]. The swelling pressure is dependent on the
loading conditions. It was also found that the nucleus pulposus is capable of swelling to more
than 2 times its original volume [11].

Some studies have investigated the effects of cross-linking on the mechanical function of the
nucleus pulposus. Preliminary studies done in the McKay Orthopaedic Research Laboratory



looked at the effects of genipin, a natural cross-linking agent (Figure 2). In one of these studies,
it was hypothesized that genipin could be used to model degeneration in sheep intervertebral
discs. However, it was observed that genipin increased the swelling pressure of the nucleus
pulposus. This was unexpected. It was previously believed that genipin would cause increased
stiffness and decrease the swelling pressure due to the increased number of cross-links. These
preliminary results suggested that genipin could be used as a treatment for disc degeneration.

Genipin is used in traditional Chinese medicine and is obtained from geniposide, its parent
compound. Geniposide can be found in the fruits of Gardenia jasminoides ELLIS [19-21].
Previous research has focused on genipin effectiveness as a cross-linking agent in biological
tissue fixation [19]. Genipin promotes cross-links by reacting with free amino groups, including
lysine, hydroxylysine and arginine residues. A blue pigment forms at the site of these reactions
as shown in Figure 4 [20, 21]. Past studies suggest that genipin forms intramolecular and
intermolecular cross-links within collagen fibers in biological tissue (Figure 5) [20]. Collagen
fibers are present in both the annulus fibrosus and the nucleus pulposus, with type II being the
predominant collagen type found in the nucleus pulposus [22].
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Figure 2. The chemical structure of genipin used in this study[21]

Figure 3. Isolated control intervertebral disc

Figure 4. Isolated genipin-treated intervertebral disc
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Figure 5. Illustration of (a) intramolecular and (b) intermolecular cross-links [23]

The objective of this study was to first to determine the baseline swelling pressure in the normal
intervertebral disc and then to model degeneration in the nucleus pulposus using Chondroitinase
ABC (ChABC), an enzyme that breaks down proteoglycan. The next objective was to determine
the effect of increased cross-linking on the swelling pressure of the nucleus pulposus measured
in confined compression using an in vitro model of degeneration. It was hypothesized that
increasing cross-linking would increase the nucleus pulposus swelling pressure.

2. MATERIAL AND METHODS

2.1 Study Design

Studies have assessed the sheep as a model for human spine and have shown the sheep spine is a
viable model due to the similarities in anatomy, size and material characteristics [24, 25]. Several
studies have documented the similarities between the sheep and human lumbar discs in water
content and proteoglycan content in both the nucleus pulposus and annulus fibrosus [22, 25].
However, due to the difference in mechanical loading in quadripedal animals, intervertebral discs
in these types of animals do not undergo degeneration to the same extent that human discs do
[26]. Chondroitinase ABC (ChABC) (Seikagaku America, USA) is an enzyme that
depolymerizes proteoglycans and has been used in previous studies to induce degeneration in
animals discs [27-30]. To determine the effects of cross-linking, ChABC and/or genipin was
injected into sheep intervertebral discs.

A confined compression experiment was used to determine the mechanical effects of ChABC
injection in non-degenerate nucleus pulposus tissue. Because little research of this kind has been
done, this study first focused on determining the average swelling pressure of the sheep nucleus
pulposus. The second part of the study focused on optimizing the concentration of ChABC in
non-degenerative nucleus pulposus to best mimic the changes in degenerative nucleus pulposus
mechanics. In particular, this study looked at the proportional changes in swelling pressure. In a
previous study of human nucleus pulposus, the degenerate swelling pressure was 27% of the
non-degenerate swelling pressure [31]. A dose finding study was performed using 4 different
ChABC doses (0.1, 0.5, 1.0, and 2.5 U / 0.1 ml). Additional samples were tested to find the
average swelling pressure of the optimal ChABC dose.

With these preliminary results, a preliminary genipin study was then performed. One disc was
tested with 0.5% genipin and a second disc was tested with 0.5 U ChABC and 0.5% genipin.
Finally, a preliminary study was performed using genipin. Four discs were treated with 0.5%
genipin and four discs were treated with PBS. These eight discs were harvested from sheep



spines with an approximate age of 6 months. All previous discs were harvested from sheep
spines with an approximate age of 2.5 years.

2.2 Methods

Genipin (Challenge Bioproducts Inc., Taiwan) was prepared as a 0.5% concentration solution in
0.15 M PBS solution. The 0.5% genipin concentration was selected based on previous work [32,
33]. The combination solution of ChABC and genipin was prepared by using an aliquot of the
previously prepared 0.5 U ChABC solution and adding genipin to reach the 0.5% concentration.

The cadaveric sheep discs were obtained in motion segments, where a motion segment is the
intervertebral disc surrounded by the vertebrae on each side. The motion segments were thawed
to room temperature and injected with 0.1 mL of the treatment solution using a 27-gauge needle.
Following injection, the discs were incubated at 37° C for 18 hours in PBS and returned to a
freezer at -20° C to prevent swelling of the nucleus pulposus. ChABC enzymatic breakdown of
proteoglycan is optimal at 37°C and requires between 1 to 5 hours of reaction time [34]. Genipin
cross-linking requires 12 hours at 37°C [23]. Hence, all discs were incubated at the same
temperature of 37°C for the same duration of 18 hours in order to avoid differences in
mechanical testing due to variations in incubation. Discs were then dissected by removing the
surrounding vertebrae (Figure 6). A sledge microtome (Model SM2400; Leica, Nussloch,
Germany) with a freezing stage (Model BFS-30; Physitemp, Clifton, NF) was then used obtain a
uniform thickness of 2.5 mm, measured using a non-contact micro laser sensor (LM10 Laser,
Aromat, New providence NJ) (Figures 7 and 8). Average thickness was 2.50 + 0.20 mm (n = 25).
Samples were frozen at -20°C until testing.

Figure 6. Intervertebral disc in the process of being dissected from the surrounding vertebrae
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Figure 7. Intervertebral disc being microtomed to a uniform height of 2.5 mm



Figure 8. Micro laser sensor used to measure the thickness of samples

A 4.37 mm diameter circular punch was used to remove cylindrical plugs from the nucleus
pulposus of each disc (Figure 9). These plugs were mechanically tested in a custom-built load
and displacement controlled compression testing device (Figure 10). The device consists of a
101b uniaxial load cell (Model 31; Honeywell Sensotec, Columbus, OH), LVDT (Model PR812-
200, Macro Sensors, Pennsauken, NJ), linear stepper motor (Model 18512; Spectra Physics
Oriel, Stratford, CT) and porous platen (diameter = 4.76, 50% porosity, 45-53 um pore size).
Displacement and load data were acquired through a LabView interface. The plug was placed
into the chamber of the device (Figure 11). The porous platen was lowered at 10 um/sec by the
linear stepper motor until a contact load of 0.045 1bs was measured. The chamber was then filled
with 0.15 M phosphate buffered solution (PBS). After a 5 minute wait period, a 1% compressive
strain was applied followed by a 3 hour hold to measure the equilibrium swelling pressure.
Swelling pressure was calculated as the reported load divided by the cross-sectional area of the
device.

Figure 9. Schematic of a plug removed from the nucleus pulposus



Figure 11. Schematic of chamber where the nucleus pulposus sample is placed with the porous
platen applying the load from above

Data analysis consisted of two parts. First, a one-way ANOVA with Bonferroni post hoc test
were used to determine if the average swelling pressure of each ChABC treatment group differed
significantly between treatment groups. Second, a one-way ANOVA with the Bonferroni post
hoc test were used to determine any significance between the control, ChABC, genipin and
ChABC + genipin groups.

3. RESULTS

3.1 ChABC Dose Finding Study

The control discs with PBS injections were first evaluated. Three control discs were tested. An
average swelling pressure of 0.35 + 0.02 MPa was measured. A previous study measured the
swelling pressure of non-degenerate and degenerate human nucleus pulposus in confined
compression [31]. Degeneration led to about a 63% decrease in swelling pressure. A similar
decrease was targeted in a ChABC dose finding study. The target swelling pressure for induced
degeneration in the sheep nucleus pulposus was then 0.095 MPa. One disc was tested with 2.5 U
ChABC with a swelling pressure of 0.051 MPa. A second disc was tested with 1.0 U ChABC



(0.040 MPa). Four discs were tested at 0.5 U ChABC with an average swelling pressure of 0.082
+0.051 MPa. Seven discs were tested at 0.1 U ChABC with an average swelling pressure of 0.17
+ 0.11 MPa. Therefore, 0.5 U ChABC was selected as the optimal dose of ChABC to induce
degeneration in the sheep nucleus pulposus (Figure 12). The 0.5 U ChABC group’s average
swelling pressure was significantly different from the control group (p < 0.05).
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Figure 12. Confined compression results for ChABC dose finding study. Significant differences
between the control and the 0.5 U ChABC group are indicated by *.

3.2 Preliminary Genipin Study

One disc treated with 0.5% genipin had a swelling pressure of 0.27 MPa. One disc treated with
0.5% genipin and 0.5 U ChABC had a swelling pressure of 0.083 MPa (Figure 13, Table 1).
Representative swelling curves of the different treatments are shown in Figure 14. The control
group’s average swelling pressure was significantly different from both the ChABC and ChABC
+ genipin group. The ChABC was not significantly different from the ChABC + genipin group.
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Figure 13. Comparison of swelling pressure across different treatment groups.

Swelling Pressure
(MPa)
Control 0.35+0.02
(n=3)
0.5U ChABC 0.082 +0.051
(n=4)
0.5% Genipin 0.27
(n=1)
0.5 U ChABC + 0.5% Genipin 0.083
(n=1)

Table 1. Summary of swelling pressure across four treatment groups

U?j T T T T T
Contral
0.3 B
025+ Genipin |
=0
o
=
2 on2r .
=0
o
(4]
=4
a5t 1
=
=
=
oA o i
ChABC + Genipin
ChABC
0os |, . = . .
ﬂ M— 1 1 1 1
0 ‘2000 4000 6000 8000 10000 12000
Tima (8)

Figure 14. Representative swelling curves of 4 different groups
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3.3 Additional Genipin Study

Four additional genipin treated discs and sham treated discs were tested. The average swelling
pressure for the 0.5% genipin discs was 0.12 + 0.01 MPa and the average for the control discs
was 0.086 + 0.02. There was a large difference between the swelling pressure measured for the
preliminary genipin-treated disc and the swelling pressures measured for the genipin-treated
discs of the young sheep (Figure 15). This difference was also observed in the control discs of
the mature sheep and the control discs of the young sheep (Figure 16). A second plug was tested
from the control group with mature sheep discs and was within the range of the preliminary data.
Data collected using the young sheep discs showed that the average swelling pressure measured
for the genipin group was significantly different from the average swelling pressure of the
control group (p < 0.05).
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Figure 15. Comparison of average swelling pressure for 0.5% genipin groups
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Figure 16. Comparison of average swelling pressure for control groups

4. DISCUSSION AND CONCLUSIONS
The average swelling pressure was measured in confined compression experiments in a ChABC
dose finding study followed by a study of genipin cross-linking. Swelling pressure has been
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studied in human nucleus pulposus but not in sheep nucleus pulposus [31]. With the preliminary
data on genipin, the effect of cross-linking on swelling pressure was inconclusive.

In the first part of this experiment, the ChABC dose finding study was performed. As expected,
the swelling pressure decreased as the concentration of ChABC increased. With the average
swelling pressure for the control group being 0.35 + 0.02 MPa, the target swelling pressure using
ChABC was 0.095 MPa. Looking at figure 12, the 2.5 U and 1.0 U ChABC doses led to average
swelling pressures lower than the target swelling pressure. The target swelling pressure was
within one standard deviation of both average swelling pressures measured for 0.1 U or 0.5 U
ChABC groups. Due to the large variability in the 0.1 U ChABC group, 0.5 U ChABC was
selected for the preliminary study with genipin.

The second part of the experiment involving genipin yielded inconclusive results. Using the
mature discs, a genipin treated sample resulted in a decrease in swelling pressure when compared
to the control group. Testing a sample with both genipin and ChABC yielded no difference with
the ChABC only group. However, using the young discs, the genipin group had a significantly
higher swelling pressure than the control group. It was expected that increasing cross-linking
using genipin would increase the swelling pressure.

The variability observed in the 0.1 U and 0.5 U ChABC groups may be explained by the
proteoglycan content of the cylindrical test samples measured. The changes in swelling pressure
are highly correlated to the proteoglycan content. Further, delivery via injection may be a
variable leading to non-uniform change in proteoglycan within each ChABC dosage group.
Hence, biochemical analysis to measure proteoglycan content of the discs treated with ChABC
will allow for a more accurate understanding of the changes in swelling pressure. Future work in
this study includes using biochemistry to quantify the proteoglycan content.

The overall trend in the ChABC dose finding study was that as concentration of ChABC
increased, the swelling pressure measured decreased. However, when comparing the 2.5 U
ChABC treated disc with the 1.0 U ChABC treated disc, there was a slight decrease. This
discrepancy can be explained by the variability of the data and a small sample size of only one
sample per treatment. Further, data showed small changes in swelling pressure from 2.5 U to 0.5
U of ChABC. A large increase between the average swelling pressures of the 0.5 U and 0.1 U
ChABC groups was observed. This suggests that there may be a threshold effect for ChABC
treatment. Above this threshold, ChABC affects the tissue to such an extent that very low
swelling pressures are measured. Data suggests that this threshold is between 0.5 U and 0.1 U
ChABC. Further, biochemistry may reveal that there is no significant different in proteoglycan
content in the 2.5 U and 1.0 U ChABC groups. It is possible that above the threshold, the
ChABC has depolymerized the majority of proteoglycan in the sample; using a concentration of
ChABC higher than the threshold would not increase depolymerization of proteoglycan.

The main objective of this study was to determine the effect of cross-linking on swelling
pressure in sheep nucleus pulposus. Though the average swelling pressure measured for the
genipin + ChABC group was not significantly different from the ChABC group, this may be
explained by the small sample size and the variability in mechanical testing. Further, there was a
significant difference between the genipin and control groups (Figures 15 and 16). A second plug
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from the preliminary discs was tested to check for a device malfunction. However, this second
plug was within range of the preliminary data and the difference between the young and old
sheep data was not believed to be the result of a device malfunction. The significant differences
between the young and old sheep data may be attributed to the different sheep spines used. The
approximate age of the sheep spines used in gathering the preliminary data was 2.5 years
whereas the approximate age of the sheep spines used in the secondary genipin study was 6
months. Hence, the differences in skeletal maturation may have led to the difference in swelling
pressures measured. This large difference between the young and mature discs was not expected
because these animals do not experience disc degeneration.

A past study investigated collagen cross-linking in the intervertebral disc and correlated two
different types of cross-linking with aging and degeneration [35]. A decrease in pyridinoline and
an increase in pentosidine cross-links were found with disc aging. Pyridinoline cross-links are
thought to be the most predominant cross-link in adult intervertebral discs (Figure 16) [36].
Pyridinoline cross-link levels increase from birth until skeletal maturation. Afterwards,
pyridinoline cross-link levels tend to decrease slightly. Unlike pyridinoline, pentosidine cross-
link levels have been observed to increase with age. Little is known about the specific type of
cross-links that genipin promotes. It is possible that genipin increases the level of pyridinoline
cross-links and thus counteracts the effects found with disc aging and degeneration.
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Figure 16. The structure of two different types of pyridinoline cross-links: (a) hydroxylysyl
pyridinoline and (b) lysyl pyridinoline.[36]

In conclusion, data from this study showed that ChABC treatments lead to a degenerative change
in the mechanical function of nucleus pulposus. The effects of genipin on this degenerative
change were not fully determined because of the inconclusive data.

There were several limitations associated with this preliminary study. First, confined
compression experiments are a more accurate measure of nucleus pulposus mechanics than
unconfined compression experiments. In situ the nucleus pulposus is confined by the endplates
and the annulus fibrosus but this is neither fully confined nor fully unconfined [31]. In addition,
the swelling pressure was indirectly measured through a uniaxial load cell. A more direct method
is to measure the interstitial fluid pressure, the pressure of the fluid within the nucleus pulposus
[9]. The interstitial fluid is the fluid which the nucleus pulposus uses in pressurization under
loading. Consequently it plays a key role in supporting loads in the intervertebral disc. Interstitial
fluid pressure has previously been measured in articular cartilage [37].
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The second study limitation involves using ChABC as model for degeneration. Disc
degeneration is a complex process that is not limited to just proteoglycan depolymerization.
Using ChABC, only one of the early changes in disc degeneration is modeled. The final study
limitation involves genipin. Little is known about genipin’s cross-linking mechanism and cross-
linking was not quantified in this study. Genipin treatment may not have equally affected each
sample. Correlating amount of cross-linking to swelling pressure would provide a better
understanding of cross-linking and its effect on mechanical function. Moreover, a study has not
been done to investigate any joint action between genipin and ChABC. There may have been
interaction between the genipin and ChABC that further affected mechanical function.

In conclusion, results from this study, though inconclusive, indicate that further investigation
into the effects of cross-linking is worthwhile. While various treatments for disc degeneration
exist, the majority require invasive surgery. By understanding the effects of cross-linking on the
mechanical function in the degenerate nucleus pulposus, an alternative, less invasive treatment
for disc degeneration and low back pain may be developed. Finally, the ChABC dose finding
data reported for sheep nucleus pulposus are especially valuable to other studies aiming to study
degeneration using in vitro animal models.

5. RECOMMENDATIONS

This study was the first step in evaluating genipin’s effectiveness as a treatment for disc
degeneration. It would be useful to perform a dose response study of genipin both to gauge
genipin’s effect as it relates to concentration and to determine any interaction with ChABC.
Genipin’s cross-linking mechanism can be investigated using high-performance liquid
chromatography and a detector [38]. Cross-linking can also be quantified using a ninhydrin assay
[23]. In addition, a more in-depth dose response study of ChABC would be useful for further
work in modeling disc degeneration. Finally, adding a pressure sensor to the current confined
compression testing device would allow measurement of interstitial fluid pressure [37, 39, 40].

6. ACKNOWLEDGMENTS

I would like to thank Dr. Dawn Elliott for allowing me this research and learning opportunity for
these past ten weeks. In addition to Dr. Elliott, I would like to thank Wade Johannessen for his
guidance and support throughout the summer. Finally, I would like to thank Dr. Jan Van der
Spiegel, the SUNFEST program, and the National Science Foundation for supporting this
research.

7. REFERENCES

1. Andersson, G.B., Epidemiological features of chronic low-back pain. Lancet, 1999.
354(9178): p. 581-5.

2. Brant-Zawadzki, M.N., et al., Low back pain. Radiology, 2000. 217(2): p. 321-30.

Errico, T.J., Lumbar disc arthroplasty. Clin Orthop Relat Res, 2005(435): p. 106-17.

4, Boelen, E.J., et al., Intrinsically radiopaque hydrogels for nucleus pulposus replacement.
Biomaterials, 2005.

98]

14



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sagi, H.C., Q.B. Bao, and H.A. Yuan, Nuclear replacement strategies. Orthop Clin North
Am, 2003. 34(2): p. 263-7.

Thomas, J., A. Lowman, and M. Marcolongo, Novel associated hydrogels for nucleus
pulposus replacement. J Biomed Mater Res A, 2003. 67(4): p. 1329-37.

Benneker, L.M., et al., 2004 Young Investigator Award Winner: vertebral endplate
marrow contact channel occlusions and intervertebral disc degeneration. Spine, 2005.
30(2): p. 167-73.

Alberts, B., et al., Molecular Biology of the Cell. 4 ed. 2002, New York: Garland Science.
1616.

Allen, M.J., et al., Preclinical evaluation of a poly (vinyl alcohol) hydrogel implant as a
replacement for the nucleus pulposus. Spine, 2004. 29(5): p. 515-23.

Setton, L.A. and J. Chen, Cell mechanics and mechanobiology in the intervertebral disc.
Spine, 2004. 29(23): p. 2710-23.

Iatridis, J.C., et al., Is the nucleus pulposus a solid or a fluid? Mechanical behaviors of
the nucleus pulposus of the human intervertebral disc. Spine, 1996. 21(10): p. 1174-84.
Lotz, J.C., Animal models of intervertebral disc degeneration: lessons learned. Spine,
2004. 29(23): p. 2742-50.

Johannessen, W. and D.M. Elliott, Effects of Degeneration on the Biphasic Material
Properties of Human Nucleus Pulposus in Confined Compression. Spine, in press.
Buckwalter, J.A., Aging and degeneration of the human intervertebral disc. Spine, 1995.
20(11): p. 1307-14.

Preradovic, A., et al., Quantitation of collagen I, collagen Il and aggrecan mRNA and
expression of the corresponding proteins in human nucleus pulposus cells in monolayer
cultures. Cell Tissue Res, 2005.

Antoniou, J., et al., Apparent diffusion coefficient of intervertebral discs related to matrix
composition and integrity. Magn Reson Imaging, 2004. 22(7): p. 963-72.

Urban, J.P. and J.F. McMullin, Swelling pressure of the inervertebral disc: influence of
proteoglycan and collagen contents. Biorheology, 1985. 22(2): p. 145-57.

Urban, J.P. and J.F. McMullin, Swelling pressure of the lumbar intervertebral discs:
influence of age, spinal level, composition, and degeneration. Spine, 1988. 13(2): p. 179-
87.

Sung, H.W., et al., Crosslinking of biological tissues using genipin and/or carbodiimide.
J Biomed Mater Res A, 2003. 64(3): p. 427-38.

Sung, H.W., et al., Mechanical properties of a porcine aortic valve fixed with a naturally
occurring crosslinking agent. Biomaterials, 1999. 20(19): p. 1759-72.

Jin, J., M. Song, and D.J. Hourston, Novel chitosan-based films cross-linked by genipin
with improved physical properties. Biomacromolecules, 2004. 5(1): p. 162-8.

Demers, C.N., J. Antoniou, and F. Mwale, Value and limitations of using the bovine tail
as a model for the human lumbar spine. Spine, 2004. 29(24): p. 2793-9.

Sung, H.W., et al., Fixation of biological tissues with a naturally occurring crosslinking
agent: fixation rate and effects of pH, temperature, and initial fixative concentration. J
Biomed Mater Res, 2000. 52(1): p. 77-87.

Wilke, H.J., A. Kettler, and L.E. Claes, Are sheep spines a valid biomechanical model for
human spines? Spine, 1997. 22(20): p. 2365-74.

15



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Meakin, J.R. and D.W. Hukins, Effect of removing the nucleus pulposus on the
deformation of the annulus fibrosus during compression of the intervertebral disc. J
Biomech, 2000. 33(5): p. 575-80.

Bao, Q.B. and H.A. Yuan, New technologies in spine: nucleus replacement. Spine, 2002.
27(11): p. 1245-7.

Eurell, J.A., M.D. Brown, and M. Ramos, The effects of chondroitinase ABC on the
rabbit intervertebral disc. A roentgenographic and histologic study. Clin Orthop Relat
Res, 1990(256): p. 238-43.

Henderson, N., V. Stanescu, and J. Cauchoix, Nucleolysis of the rabbit intervertebral disc
using chondroitinase ABC. Spine, 1991. 16(2): p. 203-8.

Ando, T., et al., Effects of chondroitinase ABC on degenerative intervertebral discs. Clin
Orthop Relat Res, 1995(318): p. 214-21.

Sasaki, M., et al., Effects of chondroitinase ABC on intradiscal pressure in sheep: an in
vivo study. Spine, 2001. 26(5): p. 463-8.

Johannessen, W. and D.M. Elliott, Effects of Degeneration on the Biphasic Material
Properties of Human Nucleus Pulposus in Confined Compression. Spine, 2005.

Liu, B.S., et al., In vitro evaluation of degradation and cytotoxicity of a novel composite
as a bone substitute. J Biomed Mater Res A, 2003. 67(4): p. 1163-9.

Yao, C.H., et al., Biocompatibility and biodegradation of a bone composite containing
tricalcium phosphate and genipin crosslinked gelatin. J Biomed Mater Res A, 2004.
69(4): p. 709-17.

Hiyama, K. and S. Okada, Crystallization and some properties of chondroitinase from
Arthrobacter aurescens. J Biol Chem, 1975. 250(5): p. 1824-8.

Pokharna, H.K. and F.M. Phillips, Collagen crosslinks in human lumbar intervertebral
disc aging. Spine, 1998. 23(15): p. 1645-8.

Knott, L. and A.J. Bailey, Collagen cross-links in mineralizing tissues: a review of their
chemistry, function, and clinical relevance. Bone, 1998. 22(3): p. 181-7.

Basalo, .M., et al., Cartilage interstitial fluid load support in unconfined compression
following enzymatic digestion. J Biomech Eng, 2004. 126(6): p. 779-86.

Sims, T.J., N.C. Avery, and A.J. Bailey, Quantitative determination of collagen
crosslinks. Methods Mol Biol, 2000. 139: p. 11-26.

Soltz, M.A. and G.A. Ateshian, Experimental verification and theoretical prediction of
cartilage interstitial fluid pressurization at an impermeable contact interface in confined
compression. J Biomech, 1998. 31(10): p. 927-34.

Soltz, M.A. and G.A. Ateshian, Interstitial fluid pressurization during confined
compression cyclical loading of articular cartilage. Ann Biomed Eng, 2000. 28(2): p.
150-9.

16



	2.  MATERIAL AND METHODS
	2.1 Study Design
	2.2 Methods

	3.  RESULTS
	3.1 ChABC Dose Finding Study
	3.2 Preliminary Genipin Study
	3.3 Additional Genipin Study

	4.  DISCUSSION AND CONCLUSIONS
	5.  RECOMMENDATIONS
	6.  ACKNOWLEDGMENTS
	7.  REFERENCES

