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ABSTRACT: In vitro-expanded intervertebral disc (IVD) cells could be a source for disc repair. However, IVD cell characterization still remains chal-
lenging and is demanded to detect phenotypical shifts. Therefore, the aim of the present study was to determine IVD cell expression profile during two- and
three-dimensional culturing in direct comparison to in situ conditions.

Human IVD tissue was analyzed immunohistologically and anulus fibrosus (AF) and nucleus pulposus (NP) cells were isolated and characterized for cyto-
skeletal architecture and expression of typical markers (type I, II, and III collagens, aggrecan, decorin, cartilage oligomeric protein, the chondrogenic tran-
scription factor sox9, the tendon markers scleraxis and tenascin C) during 6 monolayer passages using real-time detection polymerase chain reaction and/or
immunolabellings. Cells were introduced in alginate and collagen hydrogels and cell morphology and viablility was determined after 7 days.

In addition to typical extracellular matrix components, IVD tissue and isolated cells revealed scleraxis expression. In early passages of cell expansion, genes
of sox9, scleraxis, and the small proteoglycan decorin were expressed higher, but type I and III collagen genes were expressed lower in NP cells compared
with AF cells. However, in passage 6, actin stress fibers increased and the expression levels of sox9 were nearly similar in NP and AF cells. The immunola-
beling indicated that the fibroblast marker tenascin C could only be detected in vitro in both cell types but not in situ. Decorin protein expression decreased
in both cell types in vitro in passage 6. IVD cells survived in both hydrogel cultures, and some cells elongated in collagen gels.

KEYWORDS: intervertebral disc, nucleus pulposus, anulus fibrosus, hydrogel culture

CITATION: Schulze-Tanzil et al. Characterization of Human Anulus Fibrosus— and Nucleus Pulposus—Derived Cells During Monolayer Expansion and in Hydrogel Cultures.
Bone and Tissue Regeneration Insights 2014:5 15-23 doi:10.4137/BTRI.S13604.

RECEIVED: November 11, 2013. RESUBMITTED: May 14, 2014. ACCEPTED FOR PUBLICATION: June 12, 2014.
ACADEMIC EDITOR: Kerstin Rolfe, Editor in Chief
TYPE: Original Research

FUNDING: This study was supported by the Deutsche Wirbelsaulenstiftung. The authors confirm that the funder had no influence over the study design, content of the article,
or selection of this journal.

COMPETING INTERESTS: Authors disclose no potential conflicts of interest.

COPYRIGHT: © the authors, publisher and licensee Libertas Academica Limited. This is an open-access article distributed under the terms of the Creative Commons
CC-BY-NC 3.0 License.

CORRESPONDENCE: gundula.schulze-tanzil@charite.de

This paper was subject to independent, expert peer review by a minimum of two blind peer reviewers. All editorial decisions were made by the independent academic editor. All authors
have provided signed confirmation of their compliance with ethical and legal obligations including (but not limited to) use of any copyrighted material, compliance with ICMJE authorship
and competing interests disclosure guidelines and, where applicable, compliance with legal and ethical guidelines on human and animal research participants.

Introduction

Intervertebral disc (IVD) degeneration leads to discogenic
neck or low—back pain and limits life quality and increases
health costs.l? The IVD is a hypocellular tissue (only 1% of
tissue volume is represented by cells).®> Mature IVD lacks
blood supply and has only limited self-healing capacity.>* It
is characterized by a complex histological structure consist-
ing of the anulus fibrosus (AF) containing a fibroblast-like cell
population and nucleus pulposus (NP) chondrocyte-like cells
embedded within the NP extracellular matrix (ECM).? The

AF has a concentric lamellar architecture containing densely
packed collagen fiber bundles associated with a glycosamino-
glycan (GAG)-rich ECM.* The NP consists of a viscoelastic
hydrogel-like textured network built up by high GAG content
(around 80% water content) and a network of type II collagen
fibers.” Particularly, the proteoglycan aggrecan is present in
NP tissue.* NP represents a unique tissue, deriving originally
during development from the embryonic longitudinal axis
the chorda dorsalis, later (around the fourth year after birth)
the chorda-derived cell population is mainly substituted by
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immigrating cells in the human IVD.3¢ At the histological
level, diverse features of IVD ageing and degeneration such
as AF lamellar disorganization, vessel in-growth, cell cluster
formation due to cell proliferation, tissue metaplasia such as
ossifications, as well as fibrosis of the NP can be observed.3®
Histologically detectable IVD alterations and degenera-
tions are influenced by a shift of the synthesis profile of IVD
cells.® Therefore, the phenotypical stability of IVD-derived
cells remains a major obstacle. A gradually synthetic shift is
observed naturally in the transition zone cells of the IVD
between AF and NP.® During expansion in monolayer cul-
ture, a decrease in type II as well as type I collagen and sox9
expression could be observed previously in NP cells.” Three-
dimensional (3D) culture in combination with growth factor
treatment could partly reverse this effect.” Since the NP ECM
naturally has a high water content,’ hydrogels could be a suit-
able basis for IVD tissue engineering in view of IVD replace-
ment.® Alginate is well known to be highly biocompatible for
many cell types and stable for longer culture periods due to a
slow degradation rate.® Since the major ECM component of
IVD is collagen,® a collagen hydrogel was also selected as a
basis for IVD tissue engineering in this study.

Therefore, in this study, an initial characterization of
both IVD cell populations during expansion in culture was
undertaken. Then, a hydrogel-based IVD tissue engineer-
ing approach was developed to characterize them under 3D
in vitro conditions and to compare them directly with native

IVD tissue.

Materials and Methods

IVD cellisolation. IVD tissue fragments were discarded
during anterior lumbar interbody fusion surgeries. Tissue was
obtained from patients after giving informed consent, and
data were kept pseudonymous. Fibrocartilage chips of IVDs
were cut into 1- to 2-mm-diameter slices. They were derived
from nine individuals in an age range of 11-73 years (mean
age: 43.91 £ 25.12 years). Chondrocytes were isolated enzy-
matically by means of incubation with 2% pronase (Serva
Electrophoresis GmbH, Heidelberg, Germany) for 1 hour
and afterwards with 0.1% collagenase (Serva) for 16 hours.
Isolated fibrochondrocytes (passage 0) were cultivated in T25
or T75 cell culture flasks depending on isolated cell number
(Sarstedt AG, Nimbrecht, Germany) at 37°C and 5% CO,.
The culture medium consisted of 85% Ham’s F-12/ Dulbecco’s
modified Eagle Medium (DMEM) (1:1; Biochrom AG,
Berlin, Germany), 10% fetal calf serum (Biochrom AG), 1%
L-glutamine (Biochrom AG), 1% essential amino acids (Bio-
chrom AG), 1% ascorbic acid (Sigma-Aldrich AG, Munich,
Germany), 1% partricin (Biochrom AG), and 1% penicillin/
streptomycin (Biochrom AG). For the monolayer experiments,
cells were plated at 15,000 cells/cm? in T75 flasks (Sarstedt
AGQG) for RNA analysis and Petri dishes (3.5 cm diameter) with
eight poly-L-Lysin (Biochrom AG)—coated coverslips (VWR,
Darmstadt, Germany) per dish for immunolabellings.

3D hydrogel cultures. Cells were embedded at a cell
concentration of 2-3.75 x 10° cells per mL into 2.5% algi-
nate, and alginate was polymerized using 0.1 M CaCl, for
30 minutes, rinsed with 150 mM NaCl, and cultivated in
growth medium.

A chicken-derived collagen hydrogel was used to embed
the IVD cells (chicken atelo-collagen with about 90% type I
and 10% type III collagen [3D Collagen Cell Culture Sys-
tem kit; Millipore Corporation, Billerica, USA]). The gel
was prepared as described by the manufacturers’ protocol;
2-3.75 x 10° cells per mL IVD cells were embedded in the
gel during its polymerization. The seeded gels were placed in
agarose-coated (1%, suitable for cell culture; Sigma-Aldrich)
cavities of a multiwell plate and were overlaid with growth
medium and cultured for 7 days. Medium changes were exe-
cuted every 23 days.

Cell viability assay. To estimate the cell viability in
seededscaffolds, afluoresceindiacetate (FDA, Sigma-Aldrich)/
ethidium bromide (EtBr; Carl Roth GmbH, Karlsruhe,
Germany) staining was performed after 7 days of cultiva-
tion. A part of the gel was cut for the staining and rinsed
in PBS. This slice was incubated for 2 minutes in 9 pug/mL
FDA and 10 ug/mL EtBr dissolved in PBS in the dark. The
green (living cells, FDA) or red (dead cells, EtBr-stained)
fluorescence was monitored by confocal laser scanning micro-
scope (T'CS SPE II; Leica Microsystems, Wetzlar, Germany).

Histological staining procedures. For histological
staining procedures, either paraffin sections (native tissue) or
cryosections (hydrogel cultures) with a thickness of 5-7 um or
coverslips seeded with cells were used. Cells and tissue sec-
tions were fixed with 4% paraformaldehyde ready-to-use solu-
tion (Affymetrix, Santa Clara, USA) for 15 minutes at room
temperature (RT). For hematoxylin—eosin (HE) staining,
sections were incubated for 4 minutes in Harris hematoxylin
solution (Sigma-Aldrich), rinsed in water, and counterstained
for 1.5 minutes using eosin (Carl Roth GmbH).

For Alcian Blue (AB) staining, the sections or cover-
slips were incubated for 3 minutes in 1% acetic acid and then
stained for 30 minutes in 1% AB (Carl Roth GmbH). Subse-
quently, they were rinsed in 3% acetic acid. Counterstaining
of cell nuclei was performed using nuclear fast red aluminum
sulfate solution (Carl Roth GmbH) for 5 minutes.

Finally, all sections were rinsed with aqua dest and sub-
sequently dehydrated in an ascending alcohol series. Then, the
sections were embedded with Entellan (Merck, Darmstadt,
Germany). All slices were analyzed by light microscopy
(Axioskop 40 microscope; Carl Zeiss Jena, Germany). Pho-
tos of the sections were taken using an Olympus camera
XC30 (Olympus Soft Imaging Solutions GmbH, Muenster,
Germany).

Gene expression analysis using real-time detection
polymerase chain reaction. Gene expression was determined
using real-time detection polymerase chain reaction (RTD-

PCR). Total RNA of AF and NP cells was isolated from T75
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flasks using the RNeasy-Mini-Kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions.
RNA quantity and quality was evaluated with the Nanodrop
ND-1000 spectrophotometer (Peglab Biotechnologie GmbH,
Erlangen, Germany) or RNA 6000 Nano assay (Agilent Tech-
nologies, Santa Clara, USA). Equal amounts of total RNA
(500 ng in a volume of 20 L) were reverse transcribed using
the QuantiTect reverse transcription Kit (Qiagen) according
to the manufacturer’s instructions. One microliter of the com-
plementary DNA (cDNA) was amplified by RTD-PCR in a
20-puL reaction mixture using specific primer pairs for type I
and type III collagen, decorin, aggrecan, cartilage oligomeric
protein (COMP), sox9, and the ligament markers scleraxis
as well as the housekeeping gene B-actin (all obtained from
Applied Biosystems, Foster City, USA). Assays were per-
formed using the TagMan Gene Expression Assay (Applied
Biosystems) or the Quantitec Gene Expression Assay (Qiagen)
in an Opticon 1-Real-Time-Cycler (Opticon™ RTD-PCR;
Bio-Rad, Hercules, USA) according to the manufacturer’s
protocols. For each primer used in this study, an efliciency test
by means of a linear regression analysis using IVD cell cDNA
was performed. Relative amounts of messenger RNA expres-
sion for the gene of interest and the B-actin were calculated
using the AACT method.

Immunolabeling of IVD cells. IVD cells (derived from
AF or NP) were cultured for 96 hours on coverslips. Then,
cells were fixed using 4% paraformaldehyde for 15 minutes
before being rinsed in Tris-buffered saline (TBS: 0.05 M Tris,
0.015 M NaCl, pH 7.6). Paraffin sections of IVDs, fixed cells
on coverslips, or cryosections of hydrogel cultures were sub-
sequently blocked with protease-free donkey serum ([Merck
Millipore, Billerica, USA], 5% diluted in TBS) for 30 minutes
at RT and rinsed and incubated with the polyclonal rab-
bit anti-type II or type I collagen antibodies, decorin (all
obtained from Acris Antibodies, Herford, Germany), rabbit—
anti-human sox9 (Millipore Corporation/Chemicon Interna-
tional, Billerica, USA), scleraxis antibody (Acris Antibodies)
or monoclonal mouse tenascin C antibody (Genelex Inc,
Biozol, Eching, Germany) in a humidifier chamber overnight
at 4°C. Coverslips were immunolabeled in a similar manner.
Sections and coverslips were subsequently washed with TBS
before incubation with donkey—anti-rabbit or donkey—anti-
mouse Alexa-Fluor® 488 (10 mg/mL; Invitrogen, Carlsbad,
CA, USA) and secondary antibodies followed for 30 minutes
at RT. Negative controls included omitting the primary anti-
body or using human IgG as primary antibody during the
staining procedure. Cell nuclei were counterstained using
4’,6-diamidino-2-phenylindole (DAPI, 0.1 pug/mL; Roche).
To reveal the cytoskeletal architecture of AF and NP cells,
coverslips with fixed cells were also stained with phalloidin—
CruzFluor555 (Santa Cruz Biotechnology, USA) for 1 hour
and then embedded in a similar manner as described below.
Labeled sections were rinsed several times with TBS,
embedded with Fluoromount G (Southern Biotech, Biozol

Diagnostica, Birmingham, USA), and examined using fluo-
rescence microscopy (Axioskop 40; Carl Zeiss). Images were
taken using a XC30 camera (Olympus Soft Imaging Solutions
GmbH).

Statistical analysis. All values were expressed as mean
with standard deviation. Differences between groups (AF and
NP cells) were analyzed using Wilcoxon signed rank test and
one-sample #-test (GraphPad Prism 5, version 5.02; Graph-
Pad Software Inc, San Diego, USA). Statistical significance
was set at a p value =0.05. The Grubbs test was performed to
identify outliers.

Results

Histological analysis of IVDs. AF tissue appeared as
hypocellular tissue with lamellar structure consisting of fiber
bundles. AF cells possessed in situ—elongated or ovoid cell
nuclei partly surrounded by lacunae (Fig. 1). The ECM in the
NP tissue was more loosely and irregularly structured with
few rounded cells surrounded by lacunae. Particularly the AF
and also the NP tissue revealed a high sulfated GAG con-
tent discernible by high AB staining intensity. Especially the
pericellular ECM surrounding the lacunae was rich in GAGs.
Cells were surrounded by a capsule-like pericellular ECM. In
some areas, cells within the NP tissue formed clusters consist-
ing of two to three or more cells (Fig. 1). Focal degenerative
tissue areas could also be detected.

Immunohistological analysis of IVDs. Type II and I
collagen could be localized in AF tissue. Particularly, the
pericellular capsules surrounding the fibrochondrocytes were
rich in both collagen types (Fig. 2). Tenascin C could not be
detected in situ in the AF tissue. A faint nuclear signal for
scleraxis expression was also discernible in AF tissue (Fig. 2).

Morphology of IVD cells in two-dimensional culture.
Both AF and NP cells seeded at similar density revealed a
fibroblast-like phenotype. They possessed long cytoplasmatic
cell extensions communicating with each other (Fig. 3). In
contrast to the AF cells, the NP cells formed even longer
cytoplasmic and often branched extensions, often had a more
slender cell body, and stopped proliferation at lower density.
Between passages (P) 2-3 and P6 no major morphological dif-
ferences became evident between both cell types (Fig. 3).

IVD cell protein expression in two-dimensional cul-
ture. Cells expressed types I (Fig. 4) and II collagen (not
shown), decorin, and sox9 (Fig. 4) during monolayer expansion
from P2 until P6. Type I collagen immunostaining increased
during cell expansion. It was intracellularly detectable in the
perinuclear rough endoplasmatic reticulum (tER) region of
the cells; also, extracellular fibrils attached to the AF and NP
cells could be detected (Fig. 4). Cytoskeletal architecture of AF
and NP cells was shown by phalloidin—CruzFluor555 staining,
and a higher number of F-actin stress fibers were detectable in
both cell types in P6 compared with P2. AF and NP cells of
some donors revealed an increase in cell size in P6 compared
with P2. Decorin immunoreactivity had a faint cytoplasmic
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AF tissue NP tissue

Alcian blue

Figure 1. Histological structure of IVD tissue. HE stainings (a, c) and AB (b, d) stainings of AF (a, b) and NP (c, d) tissue are shown at lower and higher
magnifications. Scale bar: 200 um (a1-d1, upper row), scale bar: 100 um (a2—d2, lower row). Arrows: AF cells in lacunae and clusters of NP cells
surrounded by a sulfated GAG-rich ECM. Asterisk: focal degenerative area in NP tissue. Representative pictures of n = 3 independent experiments are
shown.

Type Il collagen
Tenascin C

Type | collagen
Scleraxis

Figure 2. Immunohistological analysis of IVD tissue. Type Il (A), type | collagen (B), tenascin C (C), and scleraxis (D) expression in AF tissue is depicted
by immunofluorescence microscopy. Cell nuclei in A—C were counterstained using 4’,6-diamidino-2-phenylindole. Scale bars (type | and Il collagen,
tenascin C): 200 um; Scale bar (scleraxis): 100 um. AF cells in lacunae are surrounded by types | and Il collagen-rich ECM. Representative pictures

of n =3 independent experiments are shown.
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NP cells

Passage 2

Passage 6

Figure 3. Morphology of IVD cells during expansion in monolayer cultures. Representative micrographs of AF (A, B) and NP (C, D) cells in passage (P) 2
(A, C) and P6 (B, D) are shown. Scale bar: 200 um. Representative pictures of n = 6 independent experiments are shown.
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Figure 4. Protein expression of IVD cells (passages 2 and 6) in monolayer culture. Type | collagen (green) and phalloidin—CruzFluor555 (red) (a1-4),
decorin (b1-4, green), sox9 (c1-4, green), and tenascin C (d1-4, green) expression in passage (P) 2 (a1-d2) and P6 (a3—d4) in AF (a1-d1, a3—d3)
and NP (a2—d2, a4—d4) cells is depicted by immunofluorescence microscopy (B). Scale bars: 100 um (a), 50 um (b—d). Arrows: fibril-like structures
formed by tenascin C in AF and NP cells. Representative pictures of n = 4 independent experiments are shown.
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Figure 5. Gene expression of IVD cells during expansion in monolayer culture. Type | (A) and type Il (B) collagen, decorin (C), aggrecan (D), COMP (E),
Sox9 (F), and scleraxis (G) were determined in AF and NP cells in relation to the housekeeping gene B-actin using RTD-PCR. Gene expression of AF
cells was normalized for passage (P) 2—3 and for P6. Number of samples (n =4, — = 3 one outlier identified by Grubbs test was excluded).
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distribution. Sox9 staining was visualized in the cytoplasm
and in some cells also in the cell nuclei (Fig. 4, black arrows).
'The fibroblast marker tenascin C (Fig. 4) was also detectable
throughout the whole observation period in NP and AF cell
monolayers. Distinct pericellular tenascin C deposits and
formed fibrils (Fig. 4, white arrows) could be detected in cul-
tures of both cell types at P2 and P6. A faint cytoplasmic stain-
ing for scleraxis could also be detected (not shown).

IVD cell gene expression during expansion in two-
dimensional culture. Monolayer-cultured IVD cells expressed
the gene coding for the tendon/ligament marker scleraxis. Sev-
eral differences in the gene expression profiles of AF and NP
cells in regard to the investigated markers could be detected,
which, however, did not reach a statistical significance level.
Scleraxis, for example, was more expressed in P2/3 NP than in
AF cells. AF and NP cells in P2/3 revealed differences in the
gene expression of type I and III collagens as well as COMP,
which were expressed lower in NP compared with AF cells. In
contrast, the genes coding for small proteoglycan decorin, the
large proteoglycan aggrecan, and the chondrogenic transcrip-
tion factor sox9 were more expressed in NP cells. In P6, the
expression levels of sox9 and scleraxis were nearly similar but
not those of the collagens, decorin, and aggrecan (Fig. 5).

Characterization of IVD cells in 3D hydrogel culture.
Three-dimensional cultures could be a strategy to restore
cartilage-specific protein expression. For this reason, 3D
hydrogel cultures were tested. IVD cells (NP and AF) were
mostly homogenously distributed within both types of hydro-
gels (Figs. 6 and 7). Already on the first day of culture some
elongated NP cells and to a lesser degree elongated AF cells
could also be detected in the collagen gels. The number of elon-
gated cells increased at day 3, but less elongated cells could be
found on day 7. In the alginate gels, AF and NP cells remained
rounded throughout the whole observation period. Some cell
clusters of both cell types formed, and proliferating cells could
be observed in alginate (Fig. 6, arrows). The majority of NP
and AF cells were still viable after 7 days in both types of
hydrogels. However, in the alginate a higher number of viable
cells could be found in the outer zones (Fig. 7). HE staining of
the hydrogel cultures at day 7 did not reveal major differences
(Fig. 8). AF cells showed an elongated phenotype at day 7 in
collagen but not in alginate gel culture.

Discussion
Some features of IVD degeneration could be detected in the
sample material included in the present study characterized

Alginate gel Collagen gel Alginate gel

Collagen gel

— AF cells

= NPcells

Figure 6. Morphology of IVD cells in hydrogel cultures. Representative light microscopic pictures of AF (a1-c2) and NP (a3—c4) cells embedded for 1, 3,
and 7 days in alginate (a1-c1; a3—c3) or collagen (a2—c2; a4—c4) hydrogels. Representative pictures of n = 3 independent experiments are shown. Scale

bar: 100 pm.
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AF cells

Alginate gel

Collagen gel

NP cells
3 "3

Figure 7. Viability of IVD cells in hydrogel cultures. Cell viability was assessed in AF (A, B) and NP (C, D) cells embedded for 7 days in alginate and
collagen hydrogels using life death assay by FDA and EtBr staining and confocal laser scanning microscopy. Scale bar: 100 um. Representative pictures
of n =3 independent experiments are shown. The AF and NP cells of the donor shown in figure 1 were used for the cultures depicted here.

IVD cells
(A
2

Alginate gel

Collagen gel

Figure 8. Histology of IVD cells in hydrogel cultures. Histology of the
7-day-old alginate and collagen hydrogel cultures of IVD cells were
assessed using HE staining (A, B). Scale bars: 500 um. Representative
pictures of n = 3 independent experiments are shown.

by cell cluster formation and tissue areas containing a
disintegrated and more fibrous ECM. Unfortunately, there is
only a very restricted availability of healthy human IVD tissue
for analysis. The use of animal-derived IVD tissues is lim-
ited by interspecies differences.!®!! Tissue alterations due to
degeneration or ageing complicate the interpretation of results
and explain high standard deviations between independent
experiments based on IVD cells of different donors. Never-
theless, there still remains an intriguing need to find reliable
markers to characterize NP and AF cell phenotypes and to
prove the maintenance of their specific expression profile dur-
ing expansion in culture.?

It is well known that a phenotypic shift can be observed
during expansion of IVD cells in monolayer culture,'® which
was detectable in the present study by morphological changes
and a shift in the protein expression profile. NP cells formed
long, thin, and partly branched cellular processes already early
in culture (P2). It is also known that such cytoplasmic exten-
sions are present in vivo, detectable in situ by cytoskeletal stain-
ing, which could be important for sensing mechanical strain.3
In this study an increase in type I collagen could be detected
in both cell types during two-dimensional (2D) culture. This
shift is well known in 2D culture of chondrocytic cells.* In
situ, NP cells express usually type II collagen, whereas AF cells
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predominantly produce type I collagen.’® So far, we have not
found a marker that could clearly distinguish between NP and
AF cells in this study. However, the small proteoglycan deco-
rin, the chondrogenic transcription factor sox9 and also scler-
axis are more typical for NP cells and collagen type I and III
for AF cells. Expression of the fibroblast marker tenascin C
and scleraxis in IVD cells has not yet been reported. Tenas-
cin C expression in 2D cultures of AF and NP cells could
indicate an expression shift due to 2D culturing since it could
not be shown in situ. Both NP and AF cells seem to share
distinct similarities with ligament cells since they expressed
the tendon marker scleraxis. However, the scleraxis immuno-
reactivity was lower when compared with tendon tissue (not
shown). 3D culture could be a strategy to mimic in vivo con-
ditions more closely than 2D culture; particularly, hydrogels
share similarities with the NP gel-like ECM, which is rich in
reversibly bound water. In the beginning of hydrogel cultures,
NP cells exhibit a rounded shape. Cell shape is well known to
influence expression profile being associated with a particular
cytoskeletal architecture.’® In hydrogel culture, some cells die
during the adaption to 3D conditions, due to the embedding
and gel polymerization procedure as well as the burden of a
cellular reorganization process. The density of alginate hydro-
gels depends on the content of alginate. In agreement with
other studies based on articular or auricular chondrocytes,*1”
a 2.5% alginate content was selected for IVD cell culturing.
Another study revealed that biomechanical characteristics of
2% alginate gels closely resemble that of NP tissue.® Moreover,
the biosynthetic phenotype of NP cells could be preserved in
alginate for 4 weeks.® However, this alginate concentration
could be too high for NP cells. The resulting gel could be too
stift and might prevent cell elongation, reorganization, and
migration and therefore lead to increased cell death at later
culture time points. Nevertheless, cells were able to start pro-
liferation in alginate, but the daughter cells did not migrate
within the alginate, hence forming cell clusters. A high
cell concentration was selected based on other studies with
chondrocytes.*'” This high cell number (2-3.75 x 10®/mL
hydrogel) differs from the low cellularity observed in native
NP and AF tissue in vivo (only 1% cell volume in NP)® but
accounts for the above-mentioned cell death rate during cul-
turing. In the present study, the collagen gel leads to more
promising results with NP cells, eg, by allowing early cell
elongation, probably migration and a higher rate of cell sur-
vival. Collagen gels supplemented with disc-derived cells or
mesenchymal stem cells could be a basis strategy for recon-
struction of degenerated IVDs. In human IVD samples, mul-
tiple features of degeneration can often be observed.??

Conclusions
AF and NP cells express the fibroblast marker tenascin C in

vitro and the ligament marker scleraxis in vitro and in situ.

Flexible hydrogels such as collagen gels that allow homogenous
cell distribution, NP cell migration, and elongation could be a
promising ECM substitute for IVD tissue engineering.

Acknowledgements

We thank Ke Wang for his support. Equipment was provided
by the Sonnenfeld Foundation, for which we want to express
our gratitude at this point.

Author Contributions

Conceived and designed the experiments: GS-T, SA.
Analyzed the data: ML, CM, BK, ZH, MH. Wrote the first
draft of the manuscript: GS-T. Contributed to the writing
of the manuscript: SA. Agree with manuscript results and
conclusions: GS-T, ML, CM, WE, BK, ZH, MM, MM,
MH, SA. Jointly developed the structure and arguments for
the paper: GS-T, SA. Made critical revisions and approved
final version: WE, SA. All authors reviewed and approved of
the final manuscript.

REFERENCES

1. Dagenais S, Caro J, Haldeman S. A systematic review of low back pain cost of
illness studies in the United States and internationally. Spine. 2008;8(1):8-20.

2. Freemont AJ. The cellular pathobiology of the degenerate intervertebral disc and
discogenic back pain. Rheumatology. 2009;48(1):5-10.

3. Roberts S, Evans H, Trivedi ], Menage J. Histology and pathology of the human
intervertebral disc. J Bone Joint Surg. 2006;88(suppl 2):10-14.

4. Bergknut N, Smolders LA, Grinwis GC, et al. Intervertebral disc degeneration
in the dog. Part 1: anatomy and physiology of the intervertebral disc and charac-
teristics of intervertebral disc degeneration. VezJ. 2013;195(3):282-291.

5. Pattappa G, Li Z, Peroglio M, Wismer N, Alini M, Grad S. Diversity of inter-
vertebral disc cells: phenotype and function. J Anat. 2012;221(6):480-496.

6. Zhao CQ, Wang LM, Jiang LS, Dai LY. The cell biology of intervertebral disc
aging and degeneration. Ageing Res Rev. 2007;6(3):247-261.

7. Tsai TT, Guttapalli A, Oguz E, et al. Fibroblast growth factor-2 maintains the
differentiation potential of nucleus pulposus cells in vitro: implications for cell-
based transplantation therapy. Spine. 2007;32(5):495-502.

8. Bron JL, Vonk LA, Smit TH, Koenderink GH. Engineering alginate for inter-
vertebral disc repair. ] Mech Behav Biomed Mater. 2011;4(7):1196-1205.

9. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 2001;29(9):e45.

10. Zhang, Lenart BA, Lee JK, et al. Histological features of endplates of the mam-
malian spine: from mice to men. Spine (Phila Pa 1976). 2013;39(5):E312-317.

11. Rodriguez-Pinto R, Richardson SM, Hoyland JA. Identification of novel nucleus
pulposus markers. Bone Joint Res. 2013;2(8):169-178.

12. Rutges J, Creemers LB, Dhert W, et al. Variations in gene and protein expres-
sion in human nucleus pulposus in comparison with anulus fibrosus and cartilage
cells: potential associations with aging and degeneration. Oszeoarthritis Cartilage.
2010;18(3):416-423.

13. Kluba T, Niemeyer T, Gaissmaier C, Grinder T. Human anulus fibrosis and
nucleus pulposus cells of the intervertebral disc: effect of degeneration and culture
system on cell phenotype. Spine (Phila Pa 1976). 2005;30(24):2743-2748.

14. Schulze-Tanzil G, Mobasheri A, de Souza P, John T, Shakibaei M. Loss of
chondrogenic potential in dedifferentiated chondrocytes correlates with deficient
She-Erk interaction and apoptosis. Osteoarthritis Cartilage. 2004;12(6):448-458.

15. Chelberg MK, Banks GM, Geiger DF, Oegema TR Jr. Identification of het-
erogeneous cell populations in normal human intervertebral disc. J Anat. 1995;
186(pt 1):43-53.

16. Sanz-Ramos P, Mora G, Vicente-Pascual M, et al. Response of sheep chondro-
cytes to changes in substrate stiffness from 2 to 20 Pa: effect of cell passaging.
Connect Tissue Res. 2013;54(3):159-166.

17. Kuhne M, John T, El-Sayed K, et al. Characterization of auricular chondrocytes
and auricular/articular chondrocyte co-cultures in terms of an application in
articular cartilage repair. Int J Mol Med. 2010;25(5):701-708.

BONE AND TISSUE REGENERATION INSIGHTS 2014:5 l 23


http://www.la-press.com
http://www.la-press.com/bone-and-tissue-regeneration-insights-journal-j120

