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™ Disc Chondrocyte Transplantation in a Canine Model:
A Treatment for Degenerated or Damaged

Intervertebral Disc
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Study Design. Disc degeneration and osteoarthritis
are diseases of the matrix. Chondrocytes that have been
removed from damaged cartilaginous tissues maintain a
capacity to proliferate, produce, and secrete matrix com-
ponents, and respond to physical stimuli such as dynamic
loading. A dog model was used to investigate the hypoth-
esis that autologous disc chondrocytes can be used to
repair damaged intervertebral disc.

Objectives. Given the capacity for the cells in vitro to
produce matrix molecules that would be appropriate for
disc chondrocytes, the focus of the experiment was to
investigate whether the cells would continue to sustain
metabolic function after transplantation.

Summary of the Background Data. No evidence for
long-term integration exists for cell transplantation in
species other than rats and rabbits. Furthermore, no con-
trolled studies of 1-year duration have been published.

Materials and Methods. Disc chondrocytes were har-
vested and expanded in culture under controlled and de-
fined conditions, returned to the same animals from
which they had been sampled (autologous transplanta-
tion) via percutaneous delivery. The animals were ana-
lyzed at specific times after transplantation by several
methods to examine whether disc chondrocytes inte-
grated with the surrounding tissue, produced the appro-
priate intervertebral disc extracellular matrix, and might
provide a formative solution to disc repair.

Results. In the context of degenerative changes in an
injury model: (1) autologous disc chondrocytes were ex-
panded in culture and returned to the disc by a minimally
invasive procedure after 12 weeks; (2) disc chondrocytes
remained viable after transplantation as shown by Bro-
modeoxyuridine incorporation and maintained a capacity
for proliferation after transplantation as depicted by his-
tology; (3) transplanted disc chondrocytes produced an
extracellular matrix that displayed composition similar to
normal intervertebral disc tissue. Positive evidence of
proteoglycan content was supported by accepted histo-
chemical staining techniques such as Safranin O-Fast
Green; (4) both type Il and type | collagens were demon-
strated in the regenerated intervertebral disc matrix by
immunohistochemistry after chondrocyte transplanta-
tion; and (5) when the disc heights were analyzed for
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variance according to treatment, a statistically significant-
correlation between transplanting cells and retention of
disc height was achieved.

Conclusions. Autologous chondrocyte transplantation
is technically feasible and biologically relevant to repair-
ing disc damage and retarding disc degeneration. [Key
words: animal model, intervertebral disc, disc degenera-
tion, disc chondrocyte, cell-based therapeutics Spine
2003;28:2609-2620

Low back pain is an extremely common symptom, af-
fecting almost three quarters of the population sometime
in their life. While 90% of the population recover within
3 months, in some patients chronic back or leg pain leads
to long-term physical disability and a reduced quality of
life. Disc anatomy would be expected to play a pivotal
role in the underlying pain, yet abnormal spine and disc
morphology including disc herniation has been described
as a normal component of an asymptomatic popula-
tion.” Why is it that some patients remain asymptomatic,
and is it possible to treat patients with degenerative
change that become symptomatic? Given that disc her-
niation is thought to be an extension of progressive disc
degeneration that attends the normal aging process,
seeking an effective therapy that staves disc degeneration
has been considered a logical attempt to reduce back
pain. Previous studies have validated genetic fac-
tors'!?2¢3% and implicated nutrition® as relevant to the
degenerative process. However, the high prevalence
across diverse populations suggests that a myriad of un-
identified factors likely contribute to similar symptoms.

Because no effective therapies to retard or reverse disc
degeneration have yet been devised, a variety of surgical
procedures have been developed to treat disc degenera-
tion and back pain. Unfortunately, the procedures cur-
rently available fail to offer an outcome that is prosthetic
and at the same time physiologic. Surgery tends to limit
motion, and fusion in particular seems to shunt excessive
stresses to adjacent spinal segments. Equally concerning
in selecting fusion as an option is the fact that nonunions
have been reported in 5% to 35% of patients,”>° and
that patients undergoing a repeat fusion for failed sur-
gery in the lumbar spine may still have a clinical failure
rate as high as 40%.'>'%3%37 The advent of tissue engi-
neering has broadened the options for considering treat-
ments that tailor repair to distinct anatomy. In particu-
lar, the use of cell and gene therapy to endow specific
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properties or repair specific tissues is widely considered
an emerging modality for effecting treatment.
Numerous scientific studies have provided observa-
tions concerning the biochemistry and biomechanics of
the disc, offering insights and theories into structure-
function-failure relationships.'®'*” The most apparent
cellular and biochemical changes attributable to degen-
eration include a decrease in cell density in the disc that is
accompanied by a reduction in synthesis of cartilage-
specific extracellular matrix components such as type 11
collagen and aggrecan. As the proteoglycan content of
the disc decreases, the resulting loss of water-binding
capacity by the disc matrix coupled with a subsequent
reduced capacity for dissipating spinal forces are thought
to lead to disc disease.®'5*3
Collagen plays a key load-bearing role in the disc, and
changes in its extracellular matrix content have been at-
tributed to aging as well as to the pathology of degener-
ation.? In normal intervertebral discs, at least seven dif-
ferent types of collagen are present (i.e., types I, I ITI[, V,
VI, IX, and XI), although types I and II are the most
abundant.**11-272%38 The anulus fibrosus contains
more type I collagen than type II, whereas the nucleus
pulposus is composed mainly of type II collagen.
Calcification of the vertebral endplates is another fac-
tor thought to be relevant to disc degeneration. The pas-
sage of nutrients and waste products across the endplate
depends on fluid flowing into the disc (during the night at
bed rest) and flowing out during the day when we walk
about.?® Thus, shortcomings of permeability would be ex-
pected to adversely effect chondrocyte metabolism. >3
While cells constitute only 1% of the adult disc tissue
by volume, their role in matrix synthesis and metabolic
turnover is vital. Most assessments of intervertebral disc
failure have focused on degenerative, morphologic
changes in disc tissue morphology that affect the biome-
chanical performance of the motion segment.'*>3* In this
consideration, mechanical failure is little more than a
corollary of matrix structure, which in turn depends on
balanced cell metabolism for efficient maintenance of the
disc matrix. Given the value of cells to the metabolic
health of the disc, one therapeutic strategy would be to
replace, regenerate, or augment the intervertebral disc
cell population, with a goal of correcting matrix insuffi-
ciencies and restoring normal segment biomechanics.
Recent work has shown that disc aging and degener-
ation are accompanied by a decrease in the number of
cells in the disc, a change attributable to both necrosis
and apoptosis.'® Perhaps a more important outcome of
this work and that of others has been to demonstrate that
disc chondrocytes retain an ability to respond to both
genetic endowment and appropriate iz vivo stimulation,
and that when returned to the disc under controlled con-
ditions integrate with the surrounding tissue.'*=¢-2431
With this in mind, we designed a study (using the dog
as our model) to investigate the hypothesis that (1) repair
of the damaged disc is technically feasible; (2) autolo-
gous cells can be reproducibly cultured under defined

and controlled conditions; (3) percutaneous delivery is
possible; and (4) disc chondrocytes will integrate with
the surrounding tissue, produce the appropriate interver-
tebral disc extracellular matrix, and potentially provide a
functional solution to disc repair.

B Experimental Design and Methods

The goal of this study was to test the hypothesis that restora-
tion of intervertebral disc morphology could be achieved by
transplantation of cultured autologous chondrocytes into the
nucleus pulposus. As a natural model of degeneration has not
been described in a large mammal, this study was fashioned
after established work demonstrating that degeneration can be
stimulated by damaging the outer anulus.** Under institutional
guidelines of the Institutional Animal Care and Use Committee
(IACUC), 18 purpose-bred, 2-year-old female dogs, weighing
between 20 and 25 kg were studied to see whether the intro-
duction of cultured autologous disc-derived cells would repair
a damaged disc and inhibit degenerative changes. Before sur-
gery, 125 mL of blood was obtained from each of the dogs to
serve as a serum supplement for autologous cell culture. Be-
cause blood loss was insignificant during the surgical proce-
dure, this approximate 6% to 8% loss of total blood volume
was not considered an additional risk to the animals.

The dogs were divided into two basic groups, with four
animals receiving autologous cells containing a nuclear marker
and the other 14 receiving autologous cells without a nuclear
marker. Animals were radiographed to establish a baseline for
pre-existing spine pathology. Under general anesthesia, an ap-
proach was made to the posterolateral aspect of the dog lumbar
spine. Lumbar intervertebral discs at three levels (L1/L.2, 1.2/
L3, and L3/L4) were identified as study levels for the procedure
and disc tissue was collected. Approximately 200 mg of tissue
was collected from the lateral aspect of the anulus, 100 mg of
anulus material, and 100 mg of nucleus pulposus material.

In this study, the L1-L2 intervertebral disc had tissue re-
moved but did not receive chondrocyte transplantation, the
L2-L3 disc was approached but not violated and served as a
surgical control, and the L3-L4 level had disc material removed
and received chondrocyte transplantation 12 weeks later. The
wound sites were closed with resorbable suture and the animals
returned to their holding area. None of the animals had prob-
lems related to the surgery and all regained full function.

Cell Culture Procedures. Tissue samples obtained from
healthy dog discs were minced and enzymatically digested in a
50-mL Falcon tube using 20 to 25 mg collagenase type II (Bio-
chrome, Germany) at 37C for 8 hours in a gyratory shaker (110
rev/min). Isolated cells were washed and resuspended in culture
medium with the addition of 10% autologous dog serum that
had been obtained before surgery. Disc chondrocytes were
propagated in monolayer culture under Good Manufacturing
Practice (GMP) conditions (co.don AG, Teltow, Germany) and
maintained under strictly autologous conditions throughout
the protocol using each dog’s serum to supplement individual
cultures. Such care eliminated the risk of immune response, and
at the same time afforded sterile working conditions at all times
within a Class $100 working area.>?

The sampled disc cells were expanded in culture through
several passages, with a goal of establishing a population of
disc chondrocytes capable of producing matrix and sustaining
an expanded volume within the damaged disc. The average
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number of cells expanded and transplanted in each L3-14 disc
was approximately 6 million cells.

An important criterion for evaluating the success of cell
transplantation in the disc repair procedure was identifying
that matrix regeneration was attributable to transplanted
chondrocytes rather than a result of inherent disc capacity for
self-repair. BrdU, an analog nucleotide of thymidine, is incor-
porated into the nucleus during DNA synthesis and can later be
identified by immunohistochemical techniques. As such, it is
possible to analyze morphology in situ after repair and delin-
eate cells that were transplanted from those already present in
the host tissue. To verify the source of disc repair and matrix
regeneration, BrdU was used as a cell marker in four animals.

BrdU-Incorporation Into Intervertebral Disc-Derived
Chondrocytes. During the past 4 days in monolayer culture,
the cells in passage two were tagged by adding a small concen-
tration of BrdU (1:1000) to the culture medium (cell-labeling
reagent from a BrdU labeling kit Amersham, Piscataway, NJ,
USA). To perform growth curves, monolayer cells in passage
one were cultivated in six-well plates and the cell number in
each well was determined daily. Viability of the cells was as-
sessed by staining with trypan blue.

The proliferative capacity of BrdU-labeled cells in mono-
layer culture was compared with unlabeled control cells of the
same dog (Figure 1A). The doubling times of the cells were
comparable in the BrdU-labeled and the control cell cultures,
showing that BrdU did not affect the proliferation capacity of

3
Days in culture

the chondrocytes in vitro. While differences between dogs
could be distinguished, no difference between treatments could
be ascertained.

The cell viability, measured during the first passage after
labeling of the cells, reflected between 92% and 100% in both
labeled and unlabeled cultures, indicating that BrdU does not
interfere with cell viability (Figure 1B). Native as well as labeled
cells continued to proliferate through seven passages. Taken
together, these data indicate that incorporated BrdU did not
interfere with the proliferative capacity or the viability of dog
disc chondrocytes.

Disc Chondrocyte Transplantation. Twelve weeks after
disc tissue had been harvested, the autologous disc chondrocyte
cell cultures were transplanted at L3-L4 on each of the dogs.
The intervertebral disc between L1-L2 served as the control for
untreated degeneration. Cells were shipped from Teltow, Ger-
many, overnight at 4C to 8C for transplantation. Animals were
anesthetized, placed in right lateral recambence, and the L3-1L4
level was located by fluoroscopic imaging. As the previous sur-
geries had been performed from the right lateral side, the cul-
tured cells were introduced through the left side of the anulus.
The dog was draped, and a 25-gauge stylus was guided to the
center of the intervertebral disc (Figure 2).

To assure that the cells would be placed into an intact nu-
cleus cavity and not leak out through an anular fissure, inter-
discal pressure was recorded before introducing the cells. This
was accomplished with an inline pressure gauge developed spe-
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Figure 2. A 25-gauge needle was guided to the central nucleus
pulposus area of the L3-L4 intervertebral disc to direct the trans-
plantation of autologous disc chondrocytes.

Figure 3. Over the course of
study, progressive resolution of
the subchondral margins of bone
were achieved, clear reduction
in vertebral bone edema was
seen, and signal intensity within
the intervertebral disc more
closely approached the control
levels. At each time point exam-
ined, the levels that had received
the cells appeared to demon-
strate better morphology. A, 3
months. B, 6 months. C, 9 months
D, 12 months

cifically for this project (Rehau, Rehau, Germany). A 1.0-cm?
bolus of saline was injected and a pressure of 600-mm Hg was
sustained for 3 minutes to assure that the nucleus space was
intact. After the pressure had been recorded and assurances
gained that cell would be contained, the saline was withdrawn
and the cultured chondrocytes were injected. The stylus was
removed and the dogs were sent to recovery.

Tissue Analysis. The animals were humanely killed 3 months
(3 dogs), 6 months (7 dogs), 9 months (4 dogs), and 12 months
(4 dogs) after the cell transplantation and the tissue analyzed.
Immediately after the dogs were killed, their lumbar spines
were removed, packed in ice and prepared for MRI analysis in
a 1.5 T Siemens scanner (Magneton 63P/4000; Siemens, Iselin,
NJ). The spine was surrounded with normal saline to maximize
the field strength without adversely impacting the signal sensi-
tivity. Images were collected in both T1- and T2-weightings.
After the MRI scans, the spines were frozen en bloc and
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Figure 4. In the T2-weighted im-
age of the animals at 12 months
(B), the intensity of the signal is
more diffuse in L3-L4, and in con-
trast to the level having not re-
ceiving cells (L1-L2), more
closely silhouettes the shape of a
normal disc nucleus; (A) shows
the same animal as depicted in
Figure 3D.

radiographed in both the A/P and lateral positions in a Faxitron
Radiograph unit (Faxitron 38305 N Radiograph System;
Hewlett Packard, Palo Alto, CA). Using a band saw, the spines
were sliced into parallel coronal slabs of tissue and re-
radiographed on Kodak TL-2 (Eastman Kodak, Rochester,
NY) by direct x-radiation using the Faxitron. High detail ra-
diographs directly apposed to the film eliminated magnification
and allowed direct measurement of the disc space and vertebrae
length to be made from the films. By interpreting the disc
heights from images made of still frozen tissue, it was possible
to evaluate height differences associated with the treatments
(see later).

Tissue Processing. Photographs were taken of the individual
slabs and the tissues were thawed into cold 10% neutral buff-
ered formalin. Tissues were processed by two different meth-
ods. The dorsal (posterior) half of the tissue was dehydrated in
rising concentrations of alcohol and embedded into methyl
methacrylate for thin sectioning without decalcification. Sec-
tions were cut at 4 um, collected on glass, stained with both
toluidine blue by the method of MacNeal and also by the Gold-
ner method for trichrome.? Individual sections were evaluated
by light microscopy.

The ventral (anterior) half of the tissue was similarly thawed
into 10% neutral buffered formalin, decalcified with Titriplex
(Merck KGaA, Darmstadt, Germany) after dehydration and
embedding in paraffin using standard protocols. Samples were
cut using a rotary microtome (Leica, Cambridge Instruments,
Deerfield, IL), collected on glass slides, and prepared for immu-
nohistochemistry. Safranin O-Staining was performed on serial
sections of dog disc samples after they had been deparaffinized
to evaluate matrix proteoglycan content.

BrdU content and collagen expression was assessed from
serial sections of deparaffinized sections. Immunohistochemis-
try for BrdU was performed according to the provider’s manual
by using a rabbit-anti-BrdU polyclonal antiserum and a perox-
idase conjugated antirabbit secondary antibody (cell prolifera-
tion kit; Amersham, Piscataway, NJ). The staining was visual-
ized with DAB as a peroxidase substrate and the samples
counterstained by eosin. Collagen expression was assessed us-
ing the avidin biotin complex (ABC) method (Vector Labs,
Burlingame, CA). Primary monoclonal antibodies were se-
lected that recognized human and dog collagen types I and II
(ICN, Costa Mesa, CA). The bound primary antibody was

Figure 5. High-detail radiographs of intact spines did not reveal
appreciable differences in morphology between 3-month (A) and
12-month animals (B).
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Figure 6. High-detail radiographs
of the cut sections of the spine
allowed us to measure the disc
heights and to appreciate the
trabecular architecture and fine
details of the regenerative pro-
cess. Differences in the (A)
3-month and (B) the 12-month
spines are show in example and
the early sclerotic changes in the
3-month subchondral endplate
(arrows) can be appreciated by
comparing it with the spine that
has undergone 12 months of re-
generative change.

detected using secondary biotinylated donkey-antimouse anti-
sera (Dianova, Hamburg, Germany) and an extravidin-alkaline
phosphatase conjugate (Sigma, St. Louis, MO). The stainings
were visualized with Fast-Red (Sigma, St. Louis, MO) as a
substrate for the alkaline phosphatase. Sections were counter-
stained by Hematoxylin and mounted with crystal mount. Ar-
ticular cartilage bone sections were used as respective controls
for collagen types I and 1I antibodies.

H Results

Radiographs were made of all animals at 2-month inter-
vals to assure that individual animals selected for tissue
analysis represented the course of healing for the group
rather than a disconnected singular frame of reference.
The similarity of appearance across the study animals in
these periodic assessments further suggested that tissue
pathology and the regenerative course of healing would
be both randomized and comparable.

MRI
Tissue response to surgery was evident in both sagittal
and coronal views, with the right-side surgical damage
apparent throughout the study. Spines that were evalu-
ated after 3 months demonstrated areas of acute damage,
active bone remodeling, and marrow edema (Figure 3A)
that became less apparent 6 months (Figure 3B) and 9
months after transplantation (Figure 3C). Although all
levels that had surgical treatment were identifiable 12
months after transplantation (Figure 3D), differences in
appearance were evident between the untreated degener-
ated level (L1-L2), the normal intervertebral disc (L2—
L3), and the level that had received the chondrocyte
transplantation (L3-L4). Subchondral resolution of the
marrow and re-establishment of the vertebral margin
with the disc of the L3-L4 level was the primary positive
change associated with time. After 12 months, regener-

ation of nucleus material was slightly better at the level
having received the cell therapy (L3-L4) in both T1- and
T2-weighted images (Figure 4). The differences between
the two levels were interpreted from the prospective of
shape of the regenerate material as well as in the central
intensity of the regenerate matrix. Both experimental lev-
els differed substantially from the L2-L3 control level.

Radiography

Independent of the posttransplantation time interval ex-
amined, postmortem views of the intact spines did not
reveal appreciable differences in morphology. Small dif-
ferences in tissue density were detected near the endplate
in some animals but were insufficient to be used for
meaningful assessment of underlying pathology (Figure
5). When the spines were sectioned and the tissue ex-
posed to high-detail radiography, then differences in
marrow, bone structure, and height became apparent
(Figure 6). Sclerotic changes of the subchondral disc
plate were present in all animals at 3-months. Largely
dependent on postsurgical healing, by 6 months all ani-
mals had redefined the disc—vertebral interface.

Disc Height Analysis
Individual discs were compared for differences and ex-
amined for statistical relationships in disc height. The
measurements were made using the high detail radio-
graphs as shown in (Figure 6). The height of each disc
was measured at the center and at a position 25% of the
disc width on either side of the center. Each disc was
measured twice, and the six measurements were aver-
aged to generate an average disc height. The animals at
12-months were analyzed both within the group and
separately to assess the effect of longer duration on dif-
ference in tissue morphology. A significant difference be-
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Figure 7. The hallmark of healing was seen in the reduction of inflammation, the margination of the intervertebral disc at the levels treated,
and in the formation of scar tissue in the untreated levels (L1-L2). All healing was progressive and separation of the intervertebral disc
a key positive feature of the longer time intervals. A, Animal at 3 months; black arrows delineate the surgical injury site. B, Animal at 6
months. C, At 9 months; white arrows show the periosteal lateral margin involvement of the vertebral body. D, Animal at 12 months. Closer
analysis comparing the control (L2-L3) with the surgical untreated (L1-L2) (E) and the level having received the cells (L3-L4) (F)
demonstrates that the intervertebral disc that had received the cells attained a more lucent matrix centrally, suggesting a richer
proteoglycan content.

tween L1-L2 and L2-L3 was present at 6 months (P =
0.03) and at 12 months (P = 0.025). When only the four
12-month dogs were analyzed, comparisons between
L1-L2 and L2-L3, and between L1-L2 and L3-L4
achieved significance, but not L2-L3 compared with L3-
L4, as might be expected. This finding suggested that
differences again were greater between dogs, and that
four dogs were insufficient to establish a definite result.

ANOVA, excluding the four animals at 12-months,
analyzed by time across levels remained nonsignificant
(P = 0.42). However, when the analysis was expanded to
include the 12-month data, the variation in disc height
achieved significance (P = 0.04). This suggests that the
change in mean height was time dependent and that the
dogs at 12-months were driving the change. The sus-
pected trend of a longitudinal, evolving distinction be-
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Figure 8. The vertebral margin with the disc was an active site of remodeling in the level that had received disc chondrocyte
transplantation (A) (200x). The level that had not received cells was also establishing a margin between the disc and the vertebral bone,
although calcification was apparent and indicated by the white arrows (B) (100x). Stratification of the cellular and acellular marrow is
indicated by the bracketed area (B). Active remodeling of the trabecular surfaces could be seen in both the levels receiving transplanted
cells and those untreated after surgery (C) (400x).

tween treatment levels was confirmed with the addition
of the four dogs at 12-months. The between-dog differ-
ences remained significant relevant to the interdog differ-
ences, supporting the hypothesis that more animals over
longer intervals would likely yield statistically relevant
differences based on the treatment.

Gross Pathology
Healing correlated with the interval of time over which
the intervertebral discs underwent self-repair or repair
with the transplanted chondrocytes (Figures 7A-D). In
the 3-month animals, profound reduction of color of the
vertebral bone and marrow were attributable to inflamma-
tion and wound healing. The “footprint” of the surgical site
was notable at both experimental levels (Figure 7A).

In the animals at 6-months, the most noticeable
change was in the healing of the disc, the loss of marrow
blanching, the reduction in inflammation, and the wid-
ening difference in appearance between the level receiv-
ing the cells and the level left to heal on its own accord.
While disc heights were not substantially different at this
time point, the level having not received cells had gener-
ated scar tissue rather than regenerating normal disc ma-
terial. Only traces of involvement of the vertebral bone
were apparent, although the most lateral margin of the
endplate was still remodeling (Figure 7B).

In the animals at 9-months, differences in healing be-
tween the intervertebral disc receiving cells (L3-L4) and
the untreated level (L1-L2) was more obvious (Figure
7C). Dense scar tissue had developed in place of the more
lucent disc material that would be expected in normal

nucleus pulposus. Although the level receiving cells did
not demonstrate morphology mirroring nucleus pulpo-
sus, a bursa-like separation could be seen that contained
an opaque white matrix. Most concerning in this
9-month group of animals was lateral involvement of the
vertebral margins. The general concept of anulus injury
as sufficient to cause disc degeneration has been known
for some time. A potential for lateral osteophyte forma-
tion resulting from surgical injury of the anulus was ap-
parent in the flaring of the disc margin on the side at
which surgery had been performed both at the L1-L2
and at the L3-14 levels.

Differences in morphology reflected the selective orga-
nization of the tissues, and the interface between disc and
the subchondral interface of the vertebral body (Figure
7D). Intervertebral discs receiving cells (L3-1L4) achieved
a distinction from the bone margins, while the untreated
L1-L2 levels developed a “fuzzy” interface with the
bone. The lateral margins of the vertebral bone were
involved irrespective of the treatment arm of the study
(Figure 7E,F).

Tissue Morphology
Tissue morphology correlated with the imaging data and
reflected inflammatory processes and cell activity respon-
sible for re-establishing disc anatomy. The vertebral
bone—intervertebral disc was a site of tissue flux at 3
months (Figure 8), with calcification of cartilage and
marrow fibrosis chief signs of remodeling activity.
Within the vertebral body, activated osteoblasts and
thick osteoid material were visible on the trabecular sur-
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Figure 9. In evaluating the animals at 3 months at the interface of
the disc and the vertebral body, the matrix within the disc that had
received cells (L3-L4) (B) demonstrated abundant matrix formation
and a higher matrix-to-cell ratio than the level not receiving cells
(L1-L2) (A) (200x).

faces (Figure 8). Such remodeling was not unexpected
and present in both the control discs and at the levels that
had received cells (Figure 9).

The longer that the cells were allowed to integrate
(i.e., 6 months, 9 months, 12 months), the more com-
plete the demarcation between the subchondral vertebral
bone and the intervertebral disc. Progressive consolida-
tion and restoration of the disc morphology was evident

in the 6-month, 9-month, and 12-month tissues (Figure
10). Matrix staining with Safranin O-Fast Green to eval-
uate proteoglycan content further supported the advan-
tage of cell transplantation in regenerative therapy (Fig-
ure 11). Staining intensity was more intense within the
vertebral bone/intervertebral disc interface of the treated
disc. Safranin O positive-pericellular matrices within the
nucleus of the treated disc indicated matrix regeneration
after cell transplantation.

Immunohistology

Tissue staining for both type I and type II collagen could
be demonstrated after disc chondrocyte transplantation
(Figure 12). Generation of type II collagen at the verte-
bral bone-intervertebral disc cartilage interface was en-
couraging. While the study was not designed to test
whether functional restitution was achieved, the lack of
such an essential matrix component as collagen would
offer little confidence that expected norms for cartilage
physiology might be achieved.

BrdU Validation

In addition to demonstrating components of a tissue-
specific matrix, it was also possible to verify that the
transplanted cells were present as an integral part of the
new tissue (Figure 13). Both at high and low magnifica-
tion, evidence of the BrdU-labeled cells could be seen. No
cells with label were seen accept in the levels that had
received transplanted chondrocytes. In some cases the
label could be seen within individual cells within a chon-
drocyte clone, and in other sections of the tissue, individ-
ual chondrocytes with matrix domains were observed.
Based on the number of cells transplanted and the fact
that the cells were expanded under monolayer culture
conditions before injection, spacing between labeled cells
was interpreted as proof that the transplanted chondro-
cytes had undergone the anticipated shift in morphology.
The flattened, fibroblastic shape of the chondrocyte that
was essential to successful proliferation in vitro was
found in situ to have transformed into a spherical chon-
drocyte morphology, and the matrix synthesis and disc
tissue regeneration that was assessed by microscopy was
attributed to those transplanted cells.

H Discussion

This study evaluated whether autologous disc chondro-
cyte transplantation might be an appropriate therapeutic
treatment to repair disc damage and inhibit degenera-
tion. In this context, several important observations
emerged. Autologous disc chondrocytes were expanded
in culture and returned to the disc by a minimally inva-
sive procedure after 12 weeks. Under defined conditions,
it was possible to assure phenotype and assess metabolic
capacity of the cells before transplantation. Disc chon-
drocytes remained viable after transplantation as shown
by BrdU incorporation and maintained a capacity for
proliferation after transplantation as depicted by histol-
ogy. Transplanted disc chondrocytes produced an extra-
cellular matrix that contained components similar to
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Figure 10. Comparisons are
made between the levels receiv-
ing cell transplantation (L3-L4),
the normal control (L2-L3), and
the intervertebral disc that did
not receive cells (L1-L2). Pic-
tures (A, B, and C) represent the
6-month evaluation, (D, E, and F)
the 9-month evaluation, and (G,
H, and I) demonstrate the results
12-months after transplantation.
A, D, G: The L1-L2 intervertebral
disc. B, E, H: The L2-L3 levels. C,
F, I: The L3-L4 levels. Images are
1x magnification and stained by
either MacNeal's Toluidine blue
or Goldner Trichrome.

normal intervertebral disc tissue. Positive evidence of
proteoglycan content was supported by accepted histo-
chemical staining techniques such as Safranin O-Fast
Green. Both type II and type I collagens were demon-
strated in the regenerated intervertebral disc matrix by
immunohistochemistry following chondrocyte trans-
plantation. There was a statistically significant correla-
tion between transplanting cells and retention of disc
height that was demonstrated at longer intervals after
transplantation.

Although a morphotypic nucleus pulposus was not
generated, cells that could appropriately be considered
disc chondrocytes were identified in the intervertebral
discs that had received disc chondrocyte transplantation.
The observed matrix-to-cell ratio suggested strongly that
these cells were elaborating a cartilage specific matrix
that was appropriate with respect to both collagen and

proteoglycan components. No evidence of necrotic
change was present, nor were there any active signs of
tissue vascularization. Absence of bone in the interverte-
bral space, and the productive matrix synthesis suggested
that active remodeling and expression were guided by
the demands of the anatomy, and that cell response after
transplantation was dependent on both phenotypic iden-
tity of the cells and the biomechanical cues of the
anatomy.

Cell viability and their capacity for matrix synthesis
were particularly encouraging outcomes of this study. In
the light of a 12-week interval between disc tissue sam-
pling and cell transplantation, cells were placed into an
environment that had fundamentally changed in both
composition and function. Under the provision of central
delivery and pressurized containment, the transplanted
cells were primed in the vein of the nucleus pulposus. The

Figure 11. Safranin O staining of
intervertebral discs. Hyaline car-
tilage-specific proteoglycans
stain red; bone and damaged
cartilage stain green. Untreated
healthy disc (L2-L3) (A, B); disc
that received cells after trans-
plantation (L3-L4) (C, D); dam-
aged untreated disc (E, F); are all
from the same animal at the
same 6-month time point. Lateral
aspect macroscopic overview
with anulus fibrosus and nucleus
(25x) (A, C, E); bone/disc inter-
face (200x) (B, D, F).
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Figure 12. Immunohistochemical staining for collagen types | and
Il 'at 6 months in a disc that received chondrocyte transplantation
(L3-L4). Areas expressing the respective collagen are stained red;
nuclei are counterstained by hematoxylin. A, B: strong staining for
collagen type Il in the matrix of the regenerated disc. C, D: Slight
staining for collagen type | in the newly formed matrix.

high cell to volume ratio of the transplanted cells, the
deformable nature of the regional anatomy, and the in-
herent capacity of the cells to respond to new loading
regimens all supported the vitality of the transplant
conditions.

Extracellular matrix change, biomechanical varia-
tion, altered morphology, and cell viability are acknowl-
edged steps leading to intervertebral disc degeneration.
In invigorating the population of vital disc chondrocytes
and achieving matrix transformation, positive action in

Figure 13. Staining of paraffin sections of the regenerated inter-
vertebral disc 6 months after cell transplantation. BrdU containing
chondrocytes were detected and stained by immunohistochemical
procedures using DAB as the chromogen. Sections were coun-
terstained by Eosin. BrdU positive cells are colored black. A:
Nucleus regenerate overview (25x). B: BrdU-stained transplanted
cells (200x). C, D: Single BrdU-stained transplanted chondrocytes,
pericellular de novo synthesis of nucleus matrix (1,000x).

addressing the morphology of the disc has been demon-
strated. The ability to control cell conditions, potentially
to imbue the cells with additional genetic capacity, and
the availability of autologous tissue from discectomy
procedures make this a technology that is available, ef-
fective and attractive.

B Summary

After transplantation, cultured intervertebral disc cells
were viable, retained a capacity for proliferation iz situ,
demonstrated an ability to make appropriate matrix, and
underwent expression consistent with the phenotypic de-
mands of the anatomy. At the current time, autologous
transplant in controlled conditions might represent the
least hurdle to the clinic. It affords the least manipulation
of a cell line, imposes little chance of immune rejection,
and as a terminally differentiated lineage underscores the
emphasis on integrating chondrocytes with the intention
of repairing the intervertebral disc.

H Key Points

e Autologous disc chondrocytes can be expanded
in culture and returned to the disc by a minimally
invasive procedure after 12 weeks. Under defined
conditions, it was possible to assure phenotype and
assess metabolic capacity of the cells before
transplantation.

e Disc chondrocytes remained viable after trans-
plantation as shown by BrdU incorporation and
maintained a capacity for proliferation after trans-
plantation as depicted by histology.

e Transplanted disc chondrocytes produced an ex-
tracellular matrix that contained components sim-
ilar to normal intervertebral disc tissue. Positive
evidence of proteoglycan content was supported by
accepted histochemical staining techniques such as
Safranin O-Fast Green.

e Both type II and type I collagens were demon-
strated in the regenerated intervertebral disc matrix
by immunohistochemistry after chondrocyte
transplantation.

e There was a statistically significant correlation
between transplanting cells and retention of disc
height that was demonstrated at longer intervals
after transplantation.
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