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Abstract
Degeneration of the intervertebral disc (IVD) is associated with a loss of
notochordal cells (NCs) from the nucleus pulposus (NP) and their replacement by
chondrocyte-like cells. NCs are known to maintain extracellular matrix quality and
stimulate the chondrocyte-like NP cells, making NCs attractive for designing new
tissue engineering approaches for IVD regeneration. However, optimal conditions,
such as osmolarity and other characteristics of the culture media, for long-term culture
of NCs are not known. The purpose of this study was to investigate the effects of
different culture media and osmolarity on the physiology of NCs in vitro.
NC clusters isolated from canine IVDs were suspended in alginate beads and
cultured at 37°C under normoxic conditions for 28 days. Three different culture
conditions were investigated; (1) DMEM/F12 (300 mOsm/L), (2) α-MEM (300
mOsm/L) and (3) α-MEM adjusted to 400 mOsm/L to mimic a hyperosmolar
environment. NC morphology, expression of genes related to NC markers, matrix
production and remodelling, and DNA- and GAG analyses were performed on 1, 7,
14, and 28 days in culture.
Large, vesicle-containing cells organised in clusters, characterized as NCs,
remained present during 28 days for all culture conditions. However, the proportion
of the NC clusters decreased over time, whereas the proportion of spindle-shaped
cells increased. Gene expression profiling at 7, 14, and 28 days in culture compared to
day 1 indicated a initial loss of NC phenotype followed by some recovery of
brachyury and aggrecan expression after 28 days of culture supporting a potential
recovery of NC phenotype. NCs cultured in α-MEM adjusted to 400 mOsm/L showed
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the highest expression of brachyury, cytokeratin 18, and aggrecan, the highest GAG
production, and the lowest collagen 1α1 gene expression.
In conclusion, NCs cultured in alginate in native cell clusters, partially
retained their characteristic morphology and recovered their phenotype in long-term
culture. The type of culture medium and medium osmolarity appear to be important
factors for culturing NC clusters. These findings provide additional information
concerning the maintenance of NCs in vitro that may aid further mechanistic inquiry
into the biology of NCs

Introduction
Intervertebral disc (IVD) degeneration is a major cause of IVD disease, a
significant health problem in the Western world. 1 Neck and low back pain resulting
from IVD degeneration may be treated medically or surgically. Surgical therapies are
aimed at relieving compression on neural structures and may be combined with spinal
stabilization.

2

Although these surgical therapies are generally successful in treating

symptoms, they are not curative and associated with various complications.

3,4

Therefore, alternative therapies, like regeneration of the IVD and biological
functional repair, are widely studied. The juvenile, healthy nucleus pulposus (NP) of
the IVD consists of a population of notochordal cells (NCs) embedded in a modest
amount of extracellular matrix.

5,6

NCs have a stimulating effect upon other cells,

such as native IVD chondrocyte-like cells and mesenchymal stem cells, and therefore
they are an interesting focus for regenerative tissue engineering strategies. 7-9
However, NCs require specific culture conditions and maintaining their phenotype in
culture is complex while the most influential factors involved remain largely
unknown.

4

10-12

NCs have been shown to thrive in three-dimensional culture where
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they retain their intracellular vesicles and synthesize a complex, three-dimensional
extracellular matrix.

10

Also, the culture medium has been shown to significantly

influence the gene expression and proliferation of NCs.

11

In addition, NP tissue is

known to have a higher extracellular matrix osmolarity than other tissues, and
changes in extracellular osmolarity significantly alter the gene expression of human
chondrocyte-like cells in three-dimensional culture.

13

In NC subcultures, hypo- and

hyper-osmolarity have a significant effect on the gene expression of small
proteoglycans (decorin, lumican) but not on that of collagen type 1, type 2 and
aggrecan expression.

14

The effect of different culture media in combination with

adjustment of osmolarity on NCs in culture has not yet been investigated. The
purpose of this study was to investigate the effects of different culture media
(DMEM/F12 and α-MEM) and osmolarity (standard osmolarity, 300 mOsm/L and
tissue osmolarity, 400 mOsm/L) on NCs in three-dimensional culture.

Material and methods

Isolation of NCs
Notochordal cells were isolated from spines of six mongrel dogs (mean age,
1.4 years; mean weight, 23 kg) (Table 1), euthanized for other unrelated experiments.
It

is the policy of the Animal Welfare and Ethics Committee of the Utrecht University

that surplus organ tissue from animals sacrificed for a specific research project should
be made available to other researchers. NP material was collected from the cervical,
thoracic, and lumbar IVDs within 6 hours post-mortem. One NP of each dog was
directly snap-frozen for gene expression analysis. The remaining NPs from each dog
were pooled and processed in a two-step digestion procedure 12: 0.1% pronase for 45

5
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min and 0.1% collagenase II overnight. The NCs were then collected by filtering
through a 40 μm cell strainer, with the clusters of NCs remaining in the filter. These
were collected by reverse rinsing the filter with DMEM/F12 (Invitrogen 31331) +
10% FCS (Fetal Bovine Serum Gold, PAA Laboratories A15-151) + 1% p/s (PAA
Laboratories P11-010). After centrifugation, the cell pellet was re-suspended in 100%
FCS; 24.4  0.9 x 106 (mean ±SD) live NCs were recovered per dog.

Culture of NCs in alginate beads
Cells were encapsulated in alginate beads by adding 2.4% sterilized alginate
solution (Sigma-Aldrich A2033) 1:1 (v/v) to the cell suspension, with a final cell
density of 3 x 106 cells/ml. The alginate/cell suspension was then gently pressed
through a 26-gauge needle into a sterilized solution of 102 mM CaCl2 (Boom 50380)
and 10 mM HEPES (Sigma-Aldrich H4034) to form solid beads. The alginate beads
were cultured in 24 well plates (Greiner Cellstar) in a humidified air incubator at
37°C, divided into three experimental groups using three different culture media, i.e.
DMEM/F12 (300 mOsm/L), α-MEM (300 mOsm/L), α-MEM (400 mOsm/L) (Table
2).
The alginate beads (approximately 6 beads/well) were cultured in 1 ml culture
medium for the entire culture period, i.e. 28 days. The medium was replaced 3
times/week and the beads were treated with calcium chloride (102 mM CaCl2 + 10
mM HEPES) weekly to ensure the beads stayed intact. NC physiology in the three
different culture conditions was assessed by way of NC morphology analysis in
cytospins and formalin-fixed paraffin embedded beads, relative gene expression of
NC specific markers and genes related to matrix production and remodelling, and
DNA- and glycosaminoglycan (GAG) content on 1, 7, 14, 21, and 28 days of culture.

6
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Cell morphology and matrix deposition
Directly after isolation of the NCs and prior to embedding the cells in alginate,
freshly isolated cells were collected using a Shandon Cytospin 4 (Therma Scientific)
and stained with the Hemacolor Staining Kit (Merck 1.11674.0001) cells. At day 28
in culture, three alginate beads per culture condition were treated for 3 minutes with a
55 mM sodium citrate buffer (Merck 6488), 0.15 M NaCL (Merck 6404) and 25 mM
HEPES (Sigma H4034) to dissolve the alginate and release the cells from the beads. 15
After centrifugation (1500 RPM, 5 min, room temperature), the sodium citrate buffer
was removed and the cells were re-suspended in 300 uL Hank’s balanced salt
solution. Whole cell morphology was assessed on Hemacolor stained slides collected
after cytospin. In addition, assessment (H&E staining) and extracellular matrix
production (fast green - safranin O staining) of cultured NCs was performed on
histopathological sections of three formalin-fixed paraffin embedded alginate beads
per condition. Both cytospins and histopathological slides were examined with lightmicroscopy and images were obtained with the Olympus BX60 fluorescence
microscope with colour CCD camera and Leica Application Suite V3.8 computer
software. Morphological examination was performed by a board-certified veterinary
pathologist (GG). Cells were defined as NCs based on their size (diameter of 40-50
μm) and presence of intracellular vesicles (either one large vesicle or multiple smaller
vesicles).

Quantification of DNA- and GAG content
Three beads/time point and condition were digested in 450 μl papain digestion
buffer (150 mM NaCl, 55 mM Na3Citrate.2H20, 5 mM Na2EDTA.2H20), 125 μg/ml

7
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papain and 789 μg/ml L-cystein hydrochloride (anhydrous; pH of 6.0) overnight at
60°C. The papain-digested samples were then used for GAG and DNA measurement.
Briefly, GAG content was measured with the modified dimethylmethylene blue assay
(pH 1.5). 16). The DNA measurement was performed with bisbezimid fluorescent dye
(Hoechst 33258, Sigma-Aldrich) at 355/460 nm. 17

Relative gene expression of NC markers and genes related to matrix production and
remodelling
Gene expression analysis was performed for the native NC-rich NP tissue and
for three alginate beads from each time point per condition. RNA was isolated from
the NP tissue using the Qiagen Mini Kit for fibrous tissues according to the
manufacturer’s instructions; for the cell culture samples, after dissolution of the
alginate by a 3-min treatment with sodium citrate, the Qiagen Micro Kit was used
according to the manufacturer’s instructions. The quantity of RNA was determined
using Nanodrop ND-1000 (Isogen Life Science). The RNA samples were reversetranscribed to cDNA using the iScript cDNA Synthesis Kit (Biorad).
Gene expression was analysed using the CFX384 Real-Time PCR Detection
System (Biorad). The qPCR reactions were performed in duplicate in 384-well plates
in a final volume of 10 μl, using IQ SYBR Green Supermix (Biorad). Relative gene
expression was measured for the reference genes ribosomal protein S19 (RPS19),
TATA box binding protein (TBP) and glyceraldehydes-3-phosphate dehyrdrogenase
(GAPDH), and for the target genes: 1) NC markers: brachyury
cytokeratin 18

21

18,19

, cytokeratin 8 20,

; matrix production-associated genes: collagen type 2 alpha 1

(COL2A1), aggrecan, and collagen type 1 alpha 1 (COL1A1); and (4) matrix
remodelling-associated genes: matrix metalloproteinase 13 (MMP13), a disintegrin

8
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and metalloproteinase with thrombospondin motif 5 (ADAMTS 5), and tissue inhibitor
of matrix metalloproteinase 1 (TIMP 1) (Table 3). For each experimental sample, the
expression of reference genes was determined to control the template quality/quantity
to normalize expression.

22

Relative expression was calculated by the efficiency-

corrected delta-delta Ct (ΔΔCt) method. 23
Data and statistical analysis
The GAG content was normalized to the DNA content (GAG/DNA ratio). The
parameters DNA content, GAG/DNA ratio, and ΔCt values for the investigated target
genes were statistically compared between different time points in culture and
different culture conditions using a mixed linear model. The fixed effects
incorporated in the mixed models were ‘time in culture’ (1, 7, 14, 21, and 28 days,
and NP tissue), ‘culture condition’ (DMEM/F12, α-MEM, and α-MEM 400
mOsm/L), and the interaction between these factors; in the random part of the mixed
models, the factor ‘dog’ (dogs 1-6) was incorporated to take the correlation within
each dog into account. The Akaike’s Information Criterion (AIC) was used for model
selection. Conditions for the use of mixed models, including normal distribution of
the data, were assessed by analyzing the residuals (PP- and QQ plots) of the acquired
models; no violations of these conditions were observed. Benjamini-Hochberg
correction was applied to correct for multiple comparisons. P-values were calculated
to assess differences between different time points in culture (reference: day 1 in
culture) and different culture media. For all statistical analyses a significance
threshold of P < 0.05 was used.

Results
Cell morphology and matrix deposition

9
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Morphological examination of the freshly isolated cells, collected on cytospins,
revealed that the cell population primarily consisted of NCs and occasionally of
chondrocyte-like cells (< 5% of the total population; size 10-15 μm in diameter)
(Fig.1). NCs were organized mostly in large clusters, with only few single NCs
present. Almost the entire NC volume was occupied by vacuoles, which were
unstained or filled with eosinophilic material. NC nuclei appeared quite irregular in
shape and size, and occasionally two nuclei were present in one NC. Unlike the NCs,
chondrocyte-like cells had a relatively uniform phenotype with a round nucleus. NCs
remained visible during the entire 28-day culture period (Fig. 1). However, evaluation
of cell morphology within the clusters was not accurately possible in cytospins
because the clusters contained multiple layers of cells obscuring their morphological
characteristics (Fig. 1A). Therefore, the morphology of the cultured cells in culture
was also evaluated using formalin-fixed paraffin embedded sections on day 1 and 28
in culture (Fig. 1B). Three different types of cells were visible, mostly situated in
clusters of variable size. The majority of the cell culture population consisted of
clusters of cells with a relatively large amount of vacuolated cytoplasm, i.e.
characterized as NCs. Occasionally, smaller spindle-shaped cells partly with hyaline
eosinophilic cytoplasm were visible. The third population of cells was characterized
by small cell clusters with a relatively small amount of cytoplasm (Fig. 1B). When
comparing the different culture conditions, on day 28 in culture, the cell population
cultured in α-MEM 400 mOsm/L appeared to contain more vacuolated cells (NCs)
compared to the DMEM/F12 and α-MEM and hence fewer spindle and polygonal
cells (Fig. 2).
With respect to extracellular matrix deposition after 28 days in culture,
safranin O-staining showed that the amount of matrix varied between and within the

10
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alginate beads of the same medium. Nevertheless, NCs cultured in α-MEM 400
mOsm/L appeared to consistently have the highest extracellular matrix deposition
compared with the other culture media, which was in line with the quantitative
measurements as described below.

DNA content and GAG/DNA of NCs in culture
The DNA content was not significantly different between different time points in
culture or between the three culture conditions (Fig. 3; Supplementary Table 4).
The GAG/DNA ratio remained constant on day 7 and 14 in culture compared to
day 1, but significantly increased on day 21 and 28 (Fig. 3; Supplementary Table
4). A significantly higher GAG/DNA was found for NCs cultured in α-MEM and
α-MEM 400 mOsm/L compared with DMEM/F12 for all time points in culture.
No significant differences in GAG/DNA were found between NCs cultured in αMEM and α-MEM 400 mOsm/L.

Gene expression
NC markers
Compared with day 1 in culture, gene expression of brachyury significantly
decreased in all three culture conditions on day 7. Thereafter, brachyury gene
expression significantly increased and recovered to values comparable to day 1 at day
21 and 28 (Fig. 4; Supplementary Table 5). No significant difference was found in
brachyury gene expression between DMEM/F12 and α-MEM at all time points, but
NCs cultured in α-MEM 400 mOsm/L showed a significantly higher brachyury
expression compared to DMEM/F12 and α-MEM. From day 1 in culture, gene
expression of cytokeratin 8 significantly decreased in all three culture conditions up to

11
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day 14 in culture, and did not change significantly thereafter. No significant
differences were found between the different culture media. Cytokeratin 18 gene
expression significantly decreased on day 7 compared to day 1 in culture and
remained at this level up to day 28 in all three culture conditions. NCs cultured in αMEM 400 mOsm/L showed a significantly higher cytokeratin 18 expression
compared to DMEM/F12 and α-MEM.

Matrix production-associated genes
Compared to day 1 in culture, the gene expression of COL2A1 expression
decreased at day 7, and significantly increased thereafter up to day 21 (Fig. 5;
Supplementary Table 5). NCs cultured in α-MEM showed a significantly lower
COL2A1 gene expression compared to DMEM/F12. No significant differences were
found between DMEM/F12 and α-MEM 400 mOsm/L nor between α-MEM and αMEM 400 mOsm/L. The gene expression of aggrecan was significantly decreased on
days 7, 14, and 21 in culture compared to day 1, with the lowest expression found on
day 7. Thereafter, aggrecan gene expression increased, with the gene expression on
day 28 being comparable to the levels found on day 1 in culture. Aggrecan gene
expression was significantly higher in α-MEM 400 mOsm/L compared with α-MEM
and DMEM/F12 for all time points. For all culture conditions, COL1A1 gene
expression was significantly upregulated on day 7, 14, and 21, and decreased
significantly thereafter. Compared to DMEM/F12, NCs cultured in α-MEM and αMEM 400 mOsm/L showed significantly lower COL1A1 expression for all time
points in culture. NCs cultured in α-MEM 400 mOsm/L showed a significantly lower
COL1A1 expression than NCs cultured in α-MEM.

12
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Matrix remodelling-associated genes
ADAMTS 5 gene expression significantly increased in culture, and remained
constant from day 14 in culture. NCs cultured in α-MEM 400 mOsm/L had
significantly higher ADAMTS 5 gene expression than DMEM/F12 and α-MEM during
the entire culture period. No difference was found between NCs cultured in
DMEM/F12 and α-MEM. Gene expression of MMP13 increased significantly in NCs
for all culture conditions, with the highest gene expression found on day 28. Gene
expression levels of MMP 13 were significantly higher in NCs cultured in
DMEM/F12 and α-MEM 400 mOsm/L compared with α-MEM. TIMP 1 gene
expression was significantly upregulated compared to day 1 during the entire culture
period. TIMP 1 gene expression increased up to day 14 in culture and remained
constant thereafter. NCs cultured in DMEM/F12 and α-MEM 400 mOsm/L showed
significantly higher levels of TIMP 1 gene expression compared with NCs cultured in
α-MEM.

Gene expression of NCs on day 1 in culture compared with NP tissue
The relative gene expression of NCs embedded in alginate beads on day 1 in
culture was compared with the expression in native NC-rich NP tissue (Fig. 6). The
relative gene expression of brachyury, cytokeratin 8 and 18, aggrecan, and COL2A1
was significantly decreased in NCs after isolation, whereas COL1A1 gene expression
was significantly increased. Gene expression of ADAMTS 5 and MMP 13 was not
detected in NC-rich NP tissue. The expression of TIMP 1 was not significantly
different between NC-rich tissue and NCs after isolation.

Discussion

13
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The present study showed that the type of culture medium and its osmolarity
have significant effects on the matrix production and the expression of various
phenotype-related and matrix-related genes of NCs in culture. Biochemical and
morphological investigation and gene expression profiling of NCs cultured in alginate
beads showed that while preserving their cluster-like conformation, NCs cultured in
α-MEM preserved their native phenotype more in comparison to NCs cultured in
DMEM/F12. Moreover, increasing the osmolarity of α-MEM to 400 mOsm/L had an
additional beneficial effect with respect to preserving the NC phenotype in culture.

Several differences were observed between NCs cultured in standard
DMEM/F12 and NCs cultured in α-MEM. NCs cultured in α-MEM produced
significantly more extracellular matrix, expressed significantly higher levels of
COL2A1, and lower levels of COL1A1, TIMP 1, MMP 13 compared to NCs cultured
in DMEM/F12. NCs in vivo are known to express high levels of aggrecan and
COL2A1, but low levels of COL1A1, TIMP 1, and MMP 13 compared with other IVD
cell types.

24,25

Therefore, NCs cultured in α-MEM seem to retain their phenotype

better than NCs cultured in DMEM/F12. Several differences exist between the
composition of DMEM/F12 and α-MEM culture media: α-MEM contains a lower
concentration of D-glucose (dextrose) than DMEM/F12 (5.5 vs. 17.5 mM,
respectively) but contains a higher concentration of sodium pyruvate as an additional
energy source for the cells. Since IVD cells are subject to low glucose concentrations
in vivo

26

, the relatively low glucose content in α-MEM may facilitate NCs to retain

their phenotype. Moreover, hyperglycemia has been positively correlated with IVD
degeneration in diabetic rats

27

and recently it has been shown that a high glucose

environment stimulates apoptosis and inhibits proliferation of NCs in vitro.

14

28
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However, it has also been suggested that NC demand more energy and are less
resistant to nutritional deprivation. 29 In addition, in contrast to DMEM/F12, α-MEM
contains ascorbic acid. Ascorbic acid is known to be involved in sulfate-incorporation
of connective tissues

30

and to promote procollagen secretion by cells

11,31

. Ascorbic

acid may therefore be a supportive factor for the functionality of NCs in culture.
Apart from these components, α-MEM and DMEM/F12 differ regarding the
concentration of other vitamins (e.g. biotin), various inorganic salts, and amino acids.
However, the function of these constituents in cells of the IVD has been largely
unexplored, and therefore the effects of these factors on NC physiology in vitro
remain speculative.
Increasing the osmolarity of α-MEM to 400 mOsm/L by addition of NaCl/KCl
in a physiologic ratio further facilitated the preservation of NC phenotype during the
28-day culture period. NP tissue rich in NCs shows a clear expression of brachyury
and cytokeratin 8 and 18 compared with degenerated NP tissue.

24

When using α-

MEM 400 mOsm/L, the highest proportion of NCs, the highest gene expression of
brachyury and cytokeratin 18, and the lowest levels of COL1A1 gene expression were
found, which may indicate that NCs retain their native phenotype in culture better in
an environment with high osmolarity. In addition, with regard to extracellular matrix
production, NCs cultured in α-MEM 400 mOsm/L showed the highest extracellular
matrix deposition as based on safranin O staining, the highest aggrecan gene
expression and the highest GAG/DNA ratio, and the lowest COL1A1 expression.
These results may indicate that the physiological phenotype of NCs and their matrixproduction properties are retained more, and less fibrocytic differentiation occurs
when using specific culture medium adjusted for osmolarity.

13

NCs, with their

intracellular vesicles, are known to function as ‘osmometers’, in that the intracellular

15
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vesicles change in size dependent on the osmolarity of the extracellular environment.
32

Therefore, NCs may be particularly sensitive to hyper- or hypo-osmolar stresses,

and the differences observed when using α-MEM adjusted to 400 mOsm/L may be
because NP tissue in vivo has an osmolarity of approximately 430 mOsm/L.

33

However, reports measuring the osmolarity of the NP in vivo have only investigated
NP tissue rich in chondrocyte-like cells and devoid of NCs. Tissue osmolarity is
calculated on the basis of the fixed charge density and the extracellular salt
concentration (interstitial ion concentration) of a tissue. 33 The exact osmolarity of the
NC-rich NP tissue is difficult to estimate since the cellular density (high in NC-rich
NP), the extracellular matrix/GAG content (high in NP rich in chondrocyte-like cells)
and the extracellular matrix composition significantly differ between the NP rich in
NC and rich in chondrocyte-like cells.

6,34,35

Future studies should further investigate

this matter.
In the present study, NCs were cultured under three-dimensional, normoxic
conditions, while preserving the cluster-like conformation of the cells. In all three
culture media, NCs retained their intracellular vesicles and produced extracellular
matrix up to 28 days in culture, even under normoxic conditions, which is in
accordance with previous studies describing culture of rat NCs for 10 days
contrast with other studies

10

11

, but in

, in which canine NCs were cultured for 5 months and

were shown to thrive only under hypoxic culture conditions. These differences may
be explained by differences in cell isolation and culture methods. In the present study,
NCs were collected and cultured preserving their native cluster-like conformation,
whereas in other studies

10

NCs were collected as single cells. These findings may

highlight the importance of the cell clusters for the physiology of NCs: in vivo, NCs
are interconnected through desmosomes, actin filaments, tight junctions, and

16
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functional gap junctions
survival.

38

36-38

, the latter which are known to be significant for NC

Furthermore, when preserving the cluster-like conformation, extracellular

matrix may remain present within these clusters. It has been shown that the matrix can
play an important role in presenting growth factors to cells.

39

Therefore, preservation

of the NC clusters may facilitate the presentation of growth factors to the cultured
NCs, and may be an important factor for optimal culturing of these cells.
Although significant differences were found between the tested culture media,
the cultured cells still showed considerable changes in the expression of several target
genes compared to the native NP tissue. NP tissue rich in NCs shows a clear
expression of brachyury and cytokeratin 8 and 18 compared with degenerated NP
tissue.

24

In all three culture media evaluated, the NP cells showed initially a

significantly lower expression of these NC-related genes compared to native NP
tissue, indicating some loss of NC phenotype of the cultured NP cells. Over time, the
gene expression of brachyury seemed to recover toward the expression levels found
on day 1 in culture, with α-MEM adjusted to 400 mOsm/L being superior to α-MEM
300 mOsm/L and DMEM/F12. These results may indicate that NCs require a period
of adaption in culture to restore their phenotype.
This study had some limitations. Morphological examination showed that in
all culture conditions the proportion of NCs decreased in time, whereas the proportion
of spindle-shaped cells increased (Figs. 1 and 2). The decrease in NCs and increase in
the other cell types may be the result of 1) proliferation of chondrocyte-like cells and
spindle-shaped cells and concurrent apoptosis of NCs, 2) the differentiation of NCs
into cells with a more chondrocyte-like/fibroblast-like cell character

24,40

or 3) the

differentiation of nucleus pulposus stem/progenitor cells into chondrocytelike/fibroblast-like cells.

41

Recent studies have indicated that, apart from NCs, the
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healthy canine NP also contains stem/progenitor cells (approximately 1% of the NP
cell population). 41 As these progenitor cells are present within the NP, it is likely that
with the current NC isolation technique NP progenitor cells were co-isolated and
possibly activated under these circumstances. To investigate whether NP progenitor
cells were present in culture, we analyzed relative gene expression of NP stem cell
markers, including OCT4, NANOG, CD133, and SOX2.

41

Gene expression of all

these NP stem cell markers was detected in all culture conditions at all time points in
≤30% of all samples, indicating the presence of NP progenitor/stem cells among the
isolated NCs (Supplementary Figure 1). However, relative expression was highly
variable and was not statistically different between the different culture conditions.
This high variability may have been caused by the relatively low proportion of
nucleus pulposus progenitor cells within the NP, leading to an unequal distribution of
NP stem cells over the different alginate beads. Therefore, only limited conclusions
can be drawn regarding the influence of these cells in culture. In this respect, the
effects of NP progenitor cells on NCs in culture require further investigation.
In conclusion, variations in the type of culture medium and its osmolarity
induce significant effects on the morphology, gene expression of NC markers and
matrix-related genes of NCs in culture. In comparison to using DMEM/F12 (300
mOsm/L) culture medium, the use of α-MEM (300 mOsm/L) culture medium for
culturing NCs has a beneficial effect on preserving the NC phenotype in culture,
which is further facilitated by increasing the culture medium osmolarity to
physiological levels (400 mOsm/L). These findings provide additional information
concerning the maintenance of NCs in vitro that may set the stage for further
mechanistic inquiry into the biology of NCs and their potential role in designing new
regenerative strategies.

18
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Figure Legends
Figure 1. A) Cytospins of notochordal cells (NCs) after tissue digestion (H&E) and
after 28 days in three-dimensional culture (Hemacolor staining), showing large,
vesicle-containing cells organized in clusters. In freshly isolated cells the population
consisted of > 99% NCs; small rounded cells were seldom observed. B)
Histopathological slides (H&E) of NCs after 1 and 28 days in culture. One day after
culture the complete cell population consisted of almost exclusively NCs; at 28 days
in culture, both NCs (top right image) and spindle-shaped cells (bottom left image),
organized in clusters, were observed. Occasionally, small groups of rounded cells
were observed (bottom right picture).

Figure 2. Representative examples of H&E and safranin O-stained histopathological
slides of notochordal cells after 28 days in culture in DMEM/F12 (300 mOsm/L), αMEM (300 mOsm/L) and α-MEM (400 mOsm/L) culture media. After 28 days in
culture, both notochordal cells (*) and spindle-shaped cells (arrowhead) were
observed irrespective of culture medium. However, the largest proportion of
notochordal cells (H&E images) and extracellular matrix deposition (safranin-O
staining) was found when using α-MEM (400 mOsm/L) culture medium.

Figure 3. DNA and glycosaminoglycan (GAG)/DNA content of notochordal cells
cultured in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L
(black bars) on different days in culture. ** = significant (P<0.01) difference between
culture media.

Figure 4. Relative gene expression for notochordal cell markers brachyury,
cytokeratin 8, and cytokeratin 18 in DMEM/F12 (white bars), α-MEM (grey bars) and
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α-MEM 400 mOsm/L (black bars) on different days in culture. Day 1 in culture
served as reference. # indicates a significant difference (P<0.01) in gene expression of
one culture medium compared with the other culture media.

Figure 5. Relative gene expression for matrix production-associated genes collagen
2α1, collagen 1α1, and aggrecan, and matrix remodeling-associated genes a
disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS 5), tissue
inhibitor of metalloproteinase 1 (TIMP 1), and matrix metalloproteinase 13 (MMP
13) in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L (black
bars) on different days in culture. Day 1 in culture served as reference. # indicates a
significantly different gene expression of one culture medium compared with the
other culture media. ** indicates a significant difference (P<0.01) between two
culture media.

Figure 6. Relative gene expression of target genes in notochordal cell-rich nucleus
pulposus tissue compared with notochordal cells after 1 day in culture (reference).**
(P<0.01) and * (P<0.05) indicate a significant difference between NP tissue and
cultured cells at day 1 in culture. ND = no detectable gene expression levels in native
NP tissue.

Supplementary Figure 1. Scatterplot of the relative gene expression of stemness
target genes of NC clusters cultured in alginate beads for 28 days in three difference
culture media DMEM/F12 (dark grey), α-MEM (red) and α-MEM 400 mOsm/L
(green) and in bone marrow derived MSCs at passage 2 (yellow).
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Abstract
Degeneration of the intervertebral disc (IVD) is associated with a loss of
notochordal cells (NCs) from the nucleus pulposus (NP) and their replacement by
chondrocyte-like cells. NCs are known to maintain extracellular matrix quality and
stimulate the chondrocyte-like NP cells, making NCs attractive for designing new
tissue engineering approaches for IVD regeneration. However, optimal conditions,
such as osmolarity and other characteristics of the culture media, for long-term culture
of NCs are not known. The purpose of this study was to investigate the effects of
different culture media and osmolarity on the physiology of NCs in vitro.
NC clusters isolated from canine IVDs were suspended in alginate beads and
cultured at 37°C under normoxic conditions for 28 days. Three different culture
conditions were investigated; (1) DMEM/F12 (300 mOsm/L), (2) α-MEM (300
mOsm/L) and (3) α-MEM adjusted to 400 mOsm/L to mimic a hyperosmolar
environment. NC morphology, expression of genes related to NC markers, matrix
production and remodelling, and DNA- and GAG analyses were performed on 1, 7,
14, and 28 days in culture.
Large, vesicle-containing cells organised in clusters, characterized as NCs,
remained present during 28 days for all culture conditions. However, the proportion
of the NC clusters decreased over time, whereas the proportion of spindle-shaped
cells increased. Gene expression profiling at 7, 14, and 28 days in culture compared to
day 1 indicated a initial loss of NC phenotype followed by some recovery of
brachyury and aggrecan expression after 28 days of culture supporting a potential
recovery of NC phenotype. NCs cultured in α-MEM adjusted to 400 mOsm/L showed
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the highest expression of brachyury, cytokeratin 18, and aggrecan, the highest GAG
production, and the lowest collagen 1α1 gene expression.
In conclusion, NCs cultured in alginate in native cell clusters, partially
retained their characteristic morphology and recovered their phenotype in long-term
culture. The type of culture medium and medium osmolarity appear to be important
factors for culturing NC clusters. These findings provide additional information
concerning the maintenance of NCs in vitro that may aid further mechanistic inquiry
into the biology of NCs

Introduction
Intervertebral disc (IVD) degeneration is a major cause of IVD disease, a
significant health problem in the Western world. 1 Neck and low back pain resulting
from IVD degeneration may be treated medically or surgically. Surgical therapies are
aimed at relieving compression on neural structures and may be combined with spinal
stabilization.

2

Although these surgical therapies are generally successful in treating

symptoms, they are not curative and associated with various complications.

3,4

Therefore, alternative therapies, like regeneration of the IVD and biological
functional repair, are widely studied. The juvenile, healthy nucleus pulposus (NP) of
the IVD consists of a population of notochordal cells (NCs) embedded in a modest
amount of extracellular matrix.

5,6

NCs have a stimulating effect upon other cells,

such as native IVD chondrocyte-like cells and mesenchymal stem cells, and therefore
they are an interesting focus for regenerative tissue engineering strategies. 7-9
However, NCs require specific culture conditions and maintaining their phenotype in
culture is complex while the most influential factors involved remain largely
unknown.

10-12

NCs have been shown to thrive in three-dimensional culture where
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they retain their intracellular vesicles and synthesize a complex, three-dimensional
extracellular matrix.

10

Also, the culture medium has been shown to significantly

influence the gene expression and proliferation of NCs.

11

In addition, NP tissue is

known to have a higher extracellular matrix osmolarity than other tissues, and
changes in extracellular osmolarity significantly alter the gene expression of human
chondrocyte-like cells in three-dimensional culture.

13

In NC subcultures, hypo- and

hyper-osmolarity have a significant effect on the gene expression of small
proteoglycans (decorin, lumican) but not on that of collagen type 1, type 2 and
aggrecan expression.

14

The effect of different culture media in combination with

adjustment of osmolarity on NCs in culture has not yet been investigated. The
purpose of this study was to investigate the effects of different culture media
(DMEM/F12 and α-MEM) and osmolarity (standard osmolarity, 300 mOsm/L and
tissue osmolarity, 400 mOsm/L) on NCs in three-dimensional culture.

Material and methods

Isolation of NCs
Notochordal cells were isolated from spines of six mongrel dogs (mean age,
1.4 years; mean weight, 23 kg) (Table 1), euthanized for other unrelated experiments.
It

is the policy of the Animal Welfare and Ethics Committee of the Utrecht University

that surplus organ tissue from animals sacrificed for a specific research project should
be made available to other researchers. NP material was collected from the cervical,
thoracic, and lumbar IVDs within 6 hours post-mortem. One NP of each dog was
directly snap-frozen for gene expression analysis. The remaining NPs from each dog
were pooled and processed in a two-step digestion procedure 12: 0.1% pronase for 45
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min and 0.1% collagenase II overnight. The NCs were then collected by filtering
through a 40 μm cell strainer, with the clusters of NCs remaining in the filter. These
were collected by reverse rinsing the filter with DMEM/F12 (Invitrogen 31331) +
10% FCS (Fetal Bovine Serum Gold, PAA Laboratories A15-151) + 1% p/s (PAA
Laboratories P11-010). After centrifugation, the cell pellet was re-suspended in 100%
FCS; 24.4  0.9 x 106 (mean ±SD) live NCs were recovered per dog.

Culture of NCs in alginate beads
Cells were encapsulated in alginate beads by adding 2.4% sterilized alginate
solution (Sigma-Aldrich A2033) 1:1 (v/v) to the cell suspension, with a final cell
density of 3 x 106 cells/ml. The alginate/cell suspension was then gently pressed
through a 26-gauge needle into a sterilized solution of 102 mM CaCl2 (Boom 50380)
and 10 mM HEPES (Sigma-Aldrich H4034) to form solid beads. The alginate beads
were cultured in 24 well plates (Greiner Cellstar) in a humidified air incubator at
37°C, divided into three experimental groups using three different culture media, i.e.
DMEM/F12 (300 mOsm/L), α-MEM (300 mOsm/L), α-MEM (400 mOsm/L) (Table
2).
The alginate beads (approximately 6 beads/well) were cultured in 1 ml culture
medium for the entire culture period, i.e. 28 days. The medium was replaced 3
times/week and the beads were treated with calcium chloride (102 mM CaCl2 + 10
mM HEPES) weekly to ensure the beads stayed intact. NC physiology in the three
different culture conditions was assessed by way of NC morphology analysis in
cytospins and formalin-fixed paraffin embedded beads, relative gene expression of
NC specific markers and genes related to matrix production and remodelling, and
DNA- and glycosaminoglycan (GAG) content on 1, 7, 14, 21, and 28 days of culture.
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Cell morphology and matrix deposition
Directly after isolation of the NCs and prior to embedding the cells in alginate,
freshly isolated cells were collected using a Shandon Cytospin 4 (Therma Scientific)
and stained with the Hemacolor Staining Kit (Merck 1.11674.0001) cells. At day 28
in culture, three alginate beads per culture condition were treated for 3 minutes with a
55 mM sodium citrate buffer (Merck 6488), 0.15 M NaCL (Merck 6404) and 25 mM
HEPES (Sigma H4034) to dissolve the alginate and release the cells from the beads. 15
After centrifugation (1500 RPM, 5 min, room temperature), the sodium citrate buffer
was removed and the cells were re-suspended in 300 uL Hank’s balanced salt
solution. Whole cell morphology was assessed on Hemacolor stained slides collected
after cytospin. In addition, assessment (H&E staining) and extracellular matrix
production (fast green - safranin O staining) of cultured NCs was performed on
histopathological sections of three formalin-fixed paraffin embedded alginate beads
per condition. Both cytospins and histopathological slides were examined with lightmicroscopy and images were obtained with the Olympus BX60 fluorescence
microscope with colour CCD camera and Leica Application Suite V3.8 computer
software. Morphological examination was performed by a board-certified veterinary
pathologist (GG). Cells were defined as NCs based on their size (diameter of 40-50
μm) and presence of intracellular vesicles (either one large vesicle or multiple smaller
vesicles).

Quantification of DNA- and GAG content
Three beads/time point and condition were digested in 450 μl papain digestion
buffer (150 mM NaCl, 55 mM Na3Citrate.2H20, 5 mM Na2EDTA.2H20), 125 μg/ml
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papain and 789 μg/ml L-cystein hydrochloride (anhydrous; pH of 6.0) overnight at
60°C. The papain-digested samples were then used for GAG and DNA measurement.
Briefly, GAG content was measured with the modified dimethylmethylene blue assay
(pH 1.5). 16). The DNA measurement was performed with bisbezimid fluorescent dye
(Hoechst 33258, Sigma-Aldrich) at 355/460 nm. 17

Relative gene expression of NC markers and genes related to matrix production and
remodelling
Gene expression analysis was performed for the native NC-rich NP tissue and
for three alginate beads from each time point per condition. RNA was isolated from
the NP tissue using the Qiagen Mini Kit for fibrous tissues according to the
manufacturer’s instructions; for the cell culture samples, after dissolution of the
alginate by a 3-min treatment with sodium citrate, the Qiagen Micro Kit was used
according to the manufacturer’s instructions. The quantity of RNA was determined
using Nanodrop ND-1000 (Isogen Life Science). The RNA samples were reversetranscribed to cDNA using the iScript cDNA Synthesis Kit (Biorad).
Gene expression was analysed using the CFX384 Real-Time PCR Detection
System (Biorad). The qPCR reactions were performed in duplicate in 384-well plates
in a final volume of 10 μl, using IQ SYBR Green Supermix (Biorad). Relative gene
expression was measured for the reference genes ribosomal protein S19 (RPS19),
TATA box binding protein (TBP) and glyceraldehydes-3-phosphate dehyrdrogenase
(GAPDH), and for the target genes: 1) NC markers: brachyury
cytokeratin 18

21

18,19

, cytokeratin 8 20,

; matrix production-associated genes: collagen type 2 alpha 1

(COL2A1), aggrecan, and collagen type 1 alpha 1 (COL1A1); and (4) matrix
remodelling-associated genes: matrix metalloproteinase 13 (MMP13), a disintegrin
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and metalloproteinase with thrombospondin motif 5 (ADAMTS 5), and tissue inhibitor
of matrix metalloproteinase 1 (TIMP 1) (Table 3). For each experimental sample, the
expression of reference genes was determined to control the template quality/quantity
to normalize expression.

22

Relative expression was calculated by the efficiency-

corrected delta-delta Ct (ΔΔCt) method. 23
Data and statistical analysis
The GAG content was normalized to the DNA content (GAG/DNA ratio). The
parameters DNA content, GAG/DNA ratio, and ΔCt values for the investigated target
genes were statistically compared between different time points in culture and
different culture conditions using a mixed linear model. The fixed effects
incorporated in the mixed models were ‘time in culture’ (1, 7, 14, 21, and 28 days,
and NP tissue), ‘culture condition’ (DMEM/F12, α-MEM, and α-MEM 400
mOsm/L), and the interaction between these factors; in the random part of the mixed
models, the factor ‘dog’ (dogs 1-6) was incorporated to take the correlation within
each dog into account. The Akaike’s Information Criterion (AIC) was used for model
selection. Conditions for the use of mixed models, including normal distribution of
the data, were assessed by analyzing the residuals (PP- and QQ plots) of the acquired
models; no violations of these conditions were observed. Benjamini-Hochberg
correction was applied to correct for multiple comparisons. P-values were calculated
to assess differences between different time points in culture (reference: day 1 in
culture) and different culture media. For all statistical analyses a significance
threshold of P < 0.05 was used.

Results
Cell morphology and matrix deposition
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Morphological examination of the freshly isolated cells, collected on cytospins,
revealed that the cell population primarily consisted of NCs and occasionally of
chondrocyte-like cells (< 5% of the total population; size 10-15 μm in diameter)
(Fig.1). NCs were organized mostly in large clusters, with only few single NCs
present. Almost the entire NC volume was occupied by vacuoles, which were
unstained or filled with eosinophilic material. NC nuclei appeared quite irregular in
shape and size, and occasionally two nuclei were present in one NC. Unlike the NCs,
chondrocyte-like cells had a relatively uniform phenotype with a round nucleus. NCs
remained visible during the entire 28-day culture period (Fig. 1). However, evaluation
of cell morphology within the clusters was not accurately possible in cytospins
because the clusters contained multiple layers of cells obscuring their morphological
characteristics (Fig. 1A). Therefore, the morphology of the cultured cells in culture
was also evaluated using formalin-fixed paraffin embedded sections on day 1 and 28
in culture (Fig. 1B). Three different types of cells were visible, mostly situated in
clusters of variable size. The majority of the cell culture population consisted of
clusters of cells with a relatively large amount of vacuolated cytoplasm, i.e.
characterized as NCs. Occasionally, smaller spindle-shaped cells partly with hyaline
eosinophilic cytoplasm were visible. The third population of cells was characterized
by small cell clusters with a relatively small amount of cytoplasm (Fig. 1B). When
comparing the different culture conditions, on day 28 in culture, the cell population
cultured in α-MEM 400 mOsm/L appeared to contain more vacuolated cells (NCs)
compared to the DMEM/F12 and α-MEM and hence fewer spindle and polygonal
cells (Fig. 2).
With respect to extracellular matrix deposition after 28 days in culture,
safranin O-staining showed that the amount of matrix varied between and within the
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alginate beads of the same medium. Nevertheless, NCs cultured in α-MEM 400
mOsm/L appeared to consistently have the highest extracellular matrix deposition
compared with the other culture media, which was in line with the quantitative
measurements as described below.

DNA content and GAG/DNA of NCs in culture
The DNA content was not significantly different between different time points in
culture or between the three culture conditions (Fig. 3; Supplementary Table 4).
The GAG/DNA ratio remained constant on day 7 and 14 in culture compared to
day 1, but significantly increased on day 21 and 28 (Fig. 3; Supplementary Table
4). A significantly higher GAG/DNA was found for NCs cultured in α-MEM and
α-MEM 400 mOsm/L compared with DMEM/F12 for all time points in culture.
No significant differences in GAG/DNA were found between NCs cultured in αMEM and α-MEM 400 mOsm/L.

Gene expression
NC markers
Compared with day 1 in culture, gene expression of brachyury significantly
decreased in all three culture conditions on day 7. Thereafter, brachyury gene
expression significantly increased and recovered to values comparable to day 1 at day
21 and 28 (Fig. 4; Supplementary Table 5). No significant difference was found in
brachyury gene expression between DMEM/F12 and α-MEM at all time points, but
NCs cultured in α-MEM 400 mOsm/L showed a significantly higher brachyury
expression compared to DMEM/F12 and α-MEM. From day 1 in culture, gene
expression of cytokeratin 8 significantly decreased in all three culture conditions up to
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day 14 in culture, and did not change significantly thereafter. No significant
differences were found between the different culture media. Cytokeratin 18 gene
expression significantly decreased on day 7 compared to day 1 in culture and
remained at this level up to day 28 in all three culture conditions. NCs cultured in αMEM 400 mOsm/L showed a significantly higher cytokeratin 18 expression
compared to DMEM/F12 and α-MEM.

Matrix production-associated genes
Compared to day 1 in culture, the gene expression of COL2A1 expression
decreased at day 7, and significantly increased thereafter up to day 21 (Fig. 5;
Supplementary Table 5). NCs cultured in α-MEM showed a significantly lower
COL2A1 gene expression compared to DMEM/F12. No significant differences were
found between DMEM/F12 and α-MEM 400 mOsm/L nor between α-MEM and αMEM 400 mOsm/L. The gene expression of aggrecan was significantly decreased on
days 7, 14, and 21 in culture compared to day 1, with the lowest expression found on
day 7. Thereafter, aggrecan gene expression increased, with the gene expression on
day 28 being comparable to the levels found on day 1 in culture. Aggrecan gene
expression was significantly higher in α-MEM 400 mOsm/L compared with α-MEM
and DMEM/F12 for all time points. For all culture conditions, COL1A1 gene
expression was significantly upregulated on day 7, 14, and 21, and decreased
significantly thereafter. Compared to DMEM/F12, NCs cultured in α-MEM and αMEM 400 mOsm/L showed significantly lower COL1A1 expression for all time
points in culture. NCs cultured in α-MEM 400 mOsm/L showed a significantly lower
COL1A1 expression than NCs cultured in α-MEM.
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Matrix remodelling-associated genes
ADAMTS 5 gene expression significantly increased in culture, and remained
constant from day 14 in culture. NCs cultured in α-MEM 400 mOsm/L had
significantly higher ADAMTS 5 gene expression than DMEM/F12 and α-MEM during
the entire culture period. No difference was found between NCs cultured in
DMEM/F12 and α-MEM. Gene expression of MMP13 increased significantly in NCs
for all culture conditions, with the highest gene expression found on day 28. Gene
expression levels of MMP 13 were significantly higher in NCs cultured in
DMEM/F12 and α-MEM 400 mOsm/L compared with α-MEM. TIMP 1 gene
expression was significantly upregulated compared to day 1 during the entire culture
period. TIMP 1 gene expression increased up to day 14 in culture and remained
constant thereafter. NCs cultured in DMEM/F12 and α-MEM 400 mOsm/L showed
significantly higher levels of TIMP 1 gene expression compared with NCs cultured in
α-MEM.

Gene expression of NCs on day 1 in culture compared with NP tissue
The relative gene expression of NCs embedded in alginate beads on day 1 in
culture was compared with the expression in native NC-rich NP tissue (Fig. 6). The
relative gene expression of brachyury, cytokeratin 8 and 18, aggrecan, and COL2A1
was significantly decreased in NCs after isolation, whereas COL1A1 gene expression
was significantly increased. Gene expression of ADAMTS 5 and MMP 13 was not
detected in NC-rich NP tissue. The expression of TIMP 1 was not significantly
different between NC-rich tissue and NCs after isolation.

Discussion
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The present study showed that the type of culture medium and its osmolarity
have significant effects on the matrix production and the expression of various
phenotype-related and matrix-related genes of NCs in culture. Biochemical and
morphological investigation and gene expression profiling of NCs cultured in alginate
beads showed that while preserving their cluster-like conformation, NCs cultured in
α-MEM preserved their native phenotype more in comparison to NCs cultured in
DMEM/F12. Moreover, increasing the osmolarity of α-MEM to 400 mOsm/L had an
additional beneficial effect with respect to preserving the NC phenotype in culture.

Several differences were observed between NCs cultured in standard
DMEM/F12 and NCs cultured in α-MEM. NCs cultured in α-MEM produced
significantly more extracellular matrix, expressed significantly higher levels of
COL2A1, and lower levels of COL1A1, TIMP 1, MMP 13 compared to NCs cultured
in DMEM/F12. NCs in vivo are known to express high levels of aggrecan and
COL2A1, but low levels of COL1A1, TIMP 1, and MMP 13 compared with other IVD
cell types.

24,25

Therefore, NCs cultured in α-MEM seem to retain their phenotype

better than NCs cultured in DMEM/F12. Several differences exist between the
composition of DMEM/F12 and α-MEM culture media: α-MEM contains a lower
concentration of D-glucose (dextrose) than DMEM/F12 (5.5 vs. 17.5 mM,
respectively) but contains a higher concentration of sodium pyruvate as an additional
energy source for the cells. Since IVD cells are subject to low glucose concentrations
in vivo

26

, the relatively low glucose content in α-MEM may facilitate NCs to retain

their phenotype. Moreover, hyperglycemia has been positively correlated with IVD
degeneration in diabetic rats

27

and recently it has been shown that a high glucose

environment stimulates apoptosis and inhibits proliferation of NCs in vitro.

28
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However, it has also been suggested that NC demand more energy and are less
resistant to nutritional deprivation. 29 In addition, in contrast to DMEM/F12, α-MEM
contains ascorbic acid. Ascorbic acid is known to be involved in sulfate-incorporation
of connective tissues

30

and to promote procollagen secretion by cells

11,31

. Ascorbic

acid may therefore be a supportive factor for the functionality of NCs in culture.
Apart from these components, α-MEM and DMEM/F12 differ regarding the
concentration of other vitamins (e.g. biotin), various inorganic salts, and amino acids.
However, the function of these constituents in cells of the IVD has been largely
unexplored, and therefore the effects of these factors on NC physiology in vitro
remain speculative.
Increasing the osmolarity of α-MEM to 400 mOsm/L by addition of NaCl/KCl
in a physiologic ratio further facilitated the preservation of NC phenotype during the
28-day culture period. NP tissue rich in NCs shows a clear expression of brachyury
and cytokeratin 8 and 18 compared with degenerated NP tissue.

24

When using α-

MEM 400 mOsm/L, the highest proportion of NCs, the highest gene expression of
brachyury and cytokeratin 18, and the lowest levels of COL1A1 gene expression were
found, which may indicate that NCs retain their native phenotype in culture better in
an environment with high osmolarity. In addition, with regard to extracellular matrix
production, NCs cultured in α-MEM 400 mOsm/L showed the highest extracellular
matrix deposition as based on safranin O staining, the highest aggrecan gene
expression and the highest GAG/DNA ratio, and the lowest COL1A1 expression.
These results may indicate that the physiological phenotype of NCs and their matrixproduction properties are retained more, and less fibrocytic differentiation occurs
when using specific culture medium adjusted for osmolarity.

13

NCs, with their

intracellular vesicles, are known to function as ‘osmometers’, in that the intracellular
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vesicles change in size dependent on the osmolarity of the extracellular environment.
32

Therefore, NCs may be particularly sensitive to hyper- or hypo-osmolar stresses,

and the differences observed when using α-MEM adjusted to 400 mOsm/L may be
because NP tissue in vivo has an osmolarity of approximately 430 mOsm/L.

33

However, reports measuring the osmolarity of the NP in vivo have only investigated
NP tissue rich in chondrocyte-like cells and devoid of NCs. Tissue osmolarity is
calculated on the basis of the fixed charge density and the extracellular salt
concentration (interstitial ion concentration) of a tissue. 33 The exact osmolarity of the
NC-rich NP tissue is difficult to estimate since the cellular density (high in NC-rich
NP), the extracellular matrix/GAG content (high in NP rich in chondrocyte-like cells)
and the extracellular matrix composition significantly differ between the NP rich in
NC and rich in chondrocyte-like cells.

6,34,35

Future studies should further investigate

this matter.
In the present study, NCs were cultured under three-dimensional, normoxic
conditions, while preserving the cluster-like conformation of the cells. In all three
culture media, NCs retained their intracellular vesicles and produced extracellular
matrix up to 28 days in culture, even under normoxic conditions, which is in
accordance with previous studies describing culture of rat NCs for 10 days
contrast with other studies

10

11

, but in

, in which canine NCs were cultured for 5 months and

were shown to thrive only under hypoxic culture conditions. These differences may
be explained by differences in cell isolation and culture methods. In the present study,
NCs were collected and cultured preserving their native cluster-like conformation,
whereas in other studies

10

NCs were collected as single cells. These findings may

highlight the importance of the cell clusters for the physiology of NCs: in vivo, NCs
are interconnected through desmosomes, actin filaments, tight junctions, and
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functional gap junctions
survival.

38

36-38

, the latter which are known to be significant for NC

Furthermore, when preserving the cluster-like conformation, extracellular

matrix may remain present within these clusters. It has been shown that the matrix can
play an important role in presenting growth factors to cells.

39

Therefore, preservation

of the NC clusters may facilitate the presentation of growth factors to the cultured
NCs, and may be an important factor for optimal culturing of these cells.
Although significant differences were found between the tested culture media,
the cultured cells still showed considerable changes in the expression of several target
genes compared to the native NP tissue. NP tissue rich in NCs shows a clear
expression of brachyury and cytokeratin 8 and 18 compared with degenerated NP
tissue.

24

In all three culture media evaluated, the NP cells showed initially a

significantly lower expression of these NC-related genes compared to native NP
tissue, indicating some loss of NC phenotype of the cultured NP cells. Over time, the
gene expression of brachyury seemed to recover toward the expression levels found
on day 1 in culture, with α-MEM adjusted to 400 mOsm/L being superior to α-MEM
300 mOsm/L and DMEM/F12. These results may indicate that NCs require a period
of adaption in culture to restore their phenotype.
This study had some limitations. Morphological examination showed that in
all culture conditions the proportion of NCs decreased in time, whereas the proportion
of spindle-shaped cells increased (Figs. 1 and 2). The decrease in NCs and increase in
the other cell types may be the result of 1) proliferation of chondrocyte-like cells and
spindle-shaped cells and concurrent apoptosis of NCs, 2) the differentiation of NCs
into cells with a more chondrocyte-like/fibroblast-like cell character

24,40

or 3) the

differentiation of nucleus pulposus stem/progenitor cells into chondrocytelike/fibroblast-like cells.

44

41

Recent studies have indicated that, apart from NCs, the
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healthy canine NP also contains stem/progenitor cells (approximately 1% of the NP
cell population). 41 As these progenitor cells are present within the NP, it is likely that
with the current NC isolation technique NP progenitor cells were co-isolated and
possibly activated under these circumstances. To investigate whether NP progenitor
cells were present in culture, we analyzed relative gene expression of NP stem cell
markers, including OCT4, NANOG, CD133, and SOX2.

41

Gene expression of all

these NP stem cell markers was detected in all culture conditions at all time points in
≤30% of all samples, indicating the presence of NP progenitor/stem cells among the
isolated NCs (Supplementary Figure 1). However, relative expression was highly
variable and was not statistically different between the different culture conditions.
This high variability may have been caused by the relatively low proportion of
nucleus pulposus progenitor cells within the NP, leading to an unequal distribution of
NP stem cells over the different alginate beads. Therefore, only limited conclusions
can be drawn regarding the influence of these cells in culture. In this respect, the
effects of NP progenitor cells on NCs in culture require further investigation.
In conclusion, variations in the type of culture medium and its osmolarity
induce significant effects on the morphology, gene expression of NC markers and
matrix-related genes of NCs in culture. In comparison to using DMEM/F12 (300
mOsm/L) culture medium, the use of α-MEM (300 mOsm/L) culture medium for
culturing NCs has a beneficial effect on preserving the NC phenotype in culture,
which is further facilitated by increasing the culture medium osmolarity to
physiological levels (400 mOsm/L). These findings provide additional information
concerning the maintenance of NCs in vitro that may set the stage for further
mechanistic inquiry into the biology of NCs and their potential role in designing new
regenerative strategies.
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Figure Legends
Figure 1. A) Cytospins of notochordal cells (NCs) after tissue digestion (H&E) and
after 28 days in three-dimensional culture (Hemacolor staining), showing large,
vesicle-containing cells organized in clusters. In freshly isolated cells the population
consisted of > 99% NCs; small rounded cells were seldom observed. B)
Histopathological slides (H&E) of NCs after 1 and 28 days in culture. One day after
culture the complete cell population consisted of almost exclusively NCs; at 28 days
in culture, both NCs (top right image) and spindle-shaped cells (bottom left image),
organized in clusters, were observed. Occasionally, small groups of rounded cells
were observed (bottom right picture).

Figure 2. Representative examples of H&E and safranin O-stained histopathological
slides of notochordal cells after 28 days in culture in DMEM/F12 (300 mOsm/L), αMEM (300 mOsm/L) and α-MEM (400 mOsm/L) culture media. After 28 days in
culture, both notochordal cells (*) and spindle-shaped cells (arrowhead) were
observed irrespective of culture medium. However, the largest proportion of
notochordal cells (H&E images) and extracellular matrix deposition (safranin-O
staining) was found when using α-MEM (400 mOsm/L) culture medium.

Figure 3. DNA and glycosaminoglycan (GAG)/DNA content of notochordal cells
cultured in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L
(black bars) on different days in culture. ** = significant (P<0.01) difference between
culture media.

Figure 4. Relative gene expression for notochordal cell markers brachyury,
cytokeratin 8, and cytokeratin 18 in DMEM/F12 (white bars), α-MEM (grey bars) and
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α-MEM 400 mOsm/L (black bars) on different days in culture. Day 1 in culture
served as reference. # indicates a significant difference (P<0.01) in gene expression of
one culture medium compared with the other culture media.

Figure 5. Relative gene expression for matrix production-associated genes collagen
2α1, collagen 1α1, and aggrecan, and matrix remodeling-associated genes a
disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS 5), tissue
inhibitor of metalloproteinase 1 (TIMP 1), and matrix metalloproteinase 13 (MMP
13) in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L (black
bars) on different days in culture. Day 1 in culture served as reference. # indicates a
significantly different gene expression of one culture medium compared with the
other culture media. ** indicates a significant difference (P<0.01) between two
culture media.

Figure 6. Relative gene expression of target genes in notochordal cell-rich nucleus
pulposus tissue compared with notochordal cells after 1 day in culture (reference).**
(P<0.01) and * (P<0.05) indicate a significant difference between NP tissue and
cultured cells at day 1 in culture. ND = no detectable gene expression levels in native
NP tissue.

Supplementary Figure 1. Scatterplot of the relative gene expression of stemness
target genes of NC clusters cultured in alginate beads for 28 days in three difference
culture media DMEM/F12 (dark grey), α-MEM (red) and α-MEM 400 mOsm/L
(green) and in bone marrow derived MSCs at passage 2 (yellow).
Table 1 – Sample population used for collection of canine nucleus pulposus tissue
rich in notochordal cells.
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Donor nr

Gender

Weight (kg)

Age (years)

1

male

18.0

2.2

2

female

19.0

1.2

3

female

47.8

0.7

4

female

19.0

1.6

5

female

20.0

1.2

6

female

18.0

1.7

Table 2 – Composition of the different culture media
Composition

Osmolarity

DMEM/F 12 glutamax +10% v/v FCS +1% v/v p/s

300 mOsm/L

α-MEM (Invitrogen 22561) + 10% v/v FCS + 1% v/v p/s

300 mOsm/L

α-MEM + 10% v/v FCS + 1% v/v p/s + 1% v/v 5M NaCl

400 mOsm/L

(Merck 6404) + 1% v/v 0.4M KCl (Sigma P4505)
DMEM = Dulbecco’s Modified Eagle Medium;
α-MEM = α-Minimal Essential Medium;
FCS = fetal calf serum;
p/s= penicillin/streptomycin
Table 3 – Primers used for qPCR
Gene name

Gene
Symbol

Temp

Product
size

Primer sequence

Brachyury

T

53

115

Forward: AGACAGCCAGCAATCTG

Cytokeratin 8

KRT8

63

149

Forward: CCTTAGGCGGGTCTCTCGTA

97

Reverse: GGGAAGCTGGTGTCTGAGTC
Forward: GGACAGCTCTGACTCCAGGT

Reverse: TGGAGGGAAGTGAGAGG

Cytokeratin 18

KRT18

60

Reverse: AGCTTGGAGAACAGCCTGAG
Collagen type I alpha1

COL1A1

61

111

Forward: GTGTGTACAGAACGGCCTCA
Reverse: TCGCAAATCACGTATCG

Collagen type II alpha 1

COL2A1

62

150

Forward: GCAGCAAGAGCAAGGAC
Reverse: TTCTGAGAGCCCTCGGT

Aggrecan

ACAN

61

110

Forward: GGACACTCCTTGCAATTTGAG
Reverse: GTCATTCCACTCTCCCTTCTC

A disintegrin and metalloproteinase
with thrombospondin motif 5

ADAMTS5

61

148

Forward: CTACTGCACAGGGAAGAG
Reverse: GAACCCATTCCACAAATGTC

55

Page 56 of 72

Tissue Engineering Part C: Methods
INCREASED OSMOLARITY AND CELL CLUSTERING PRESERVES CANINE NOTOCHORDAL CELL PHENOTYPE IN CULTURE (doi: 10.1089/ten.TEC.2013.0479)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

56
Tissue inhibitor of matrix

TIMP1

66

119

metalloproteinase 1
Matrix metalloproteinase 13

Forward GGCGTTATGAGATCAAGATGAC
Reverse: ACCTGTGCAAGTATCCGC

MMP13

65

250

Forward: CTGAGGAAGACTTCCAGCTT
Reverse: TTGGACCACTTGAGAGTTCG

Ribosomal protein S19 *

RPS19

61

95

Forward: CCTTCCTCAAAAAGTCTGGG
Reverse: GTTCTCATCGTAGGGAGCAAG

TATA box binding protein *

TBP

57

96

Forward: CTATTTCTTGGTGTGCATGAGG
Reverse: CCTCGGCATTCAGTCTTTTC

Glyceraldehyde 3-phosphate
dehyrdrogenase *

* housekeeping gene

56

GAPDH

58

100

Forward: TGTCCCCACCCCCAATGTATC
Reverse: CTCCGATGCCTGCTTCACTACCTT
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Figure 1. A) Cytospins of notochordal cells (NCs) after tissue digestion (H&E) and
after 28 days in three-dimensional culture (Hemacolor staining), showing large,
vesicle-containing cells organized in clusters. In freshly isolated cells the population
consisted of > 99% NCs; small rounded cells were seldom observed. B)
Histopathological slides (H&E) of NCs after 1 and 28 days in culture. One day after
culture the complete cell population consisted of almost exclusively NCs; at 28 days
in culture, both NCs (top right image) and spindle-shaped cells (bottom left image),
organized in clusters, were observed. Occasionally, small groups of rounded cells
were observed (bottom right picture).
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Figure 2. Representative examples of H&E and Safranin O-stained histopathological
slides of notochordal cells after 28 days in culture in DMEM/F12 (300 mOsm/L), αMEM (300 mOsm/L) and α-MEM (400 mOsm/L) culture media. After 28 days in
culture, both notochordal cells (*) and spindle-shaped cells (arrowhead) were
observed irrespective of culture medium. However, the largest proportion of
notochordal cells (H&E images) and extracellular matrix deposition (Safranin-O
staining) was found when using α-MEM (400 mOsm/L) culture medium.
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Figure 3. DNA and glycosaminoglycan (GAG)/DNA content of notochordal cells

cultured in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L

(black bars) on different days in culture. ** = significant (P<0.01) difference between

culture media.
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Figure 4. Relative gene expression for notochordal cell markers brachyury,
cytokeratin 8, and cytokeratin 18 in DMEM/F12 (white bars), α-MEM (grey bars) and
α-MEM 400 mOsm/L (black bars) on different days in culture. Day 1 in culture
served as reference. # indicates a significant difference in gene expression of one
culture medium compared with the other culture media.
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Figure 5. Relative gene expression for matrix production-associated genes collagen
2α1, collagen 1α1, and aggrecan, and matrix remodeling-associated genes a
disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS 5), tissue
inhibitor of metalloproteinase 1 (TIMP 1), and matrix metalloproteinase 13 (MMP
13) in DMEM/F12 (white bars), α-MEM (grey bars) and α-MEM 400 mOsm/L (black
bars) on different days in culture. Day 1 in culture served as reference. # indicates a
significantly different gene expression of one culture medium compared with the
other culture media. ** indicates a significant difference (P<0.01) between two
culture media.
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Figure 6. Relative gene expression of target genes in notochordal cell-rich nucleus
pulposus tissue compared with notochordal cells after 1 day in culture (reference).**
(P<0.01) and * (P<0.05) indicate a significant difference between NP tissue and
cultured cells at day 1 in culture. ND = no detectable gene expression levels in native
NP tissue.
Table 4: P-values after Benjamini-Hochberg correction for multiple comparisons
assessing the differences in DNA content and GAG/DNA during the different time
points in culture and the different culture media

Time point
0 vs 7
0 vs 14
0 vs 21
0 vs 28
7 vs 14
7 vs 21
7 vs 28
14 vs 21
14 vs 28
21 vs 28

DNA content
0.705
0.705
0.705
0.705
0.705
0.705
0.705
0.705
0.705
0.705

GAG/DNA ratio
0.813
0.904
0.009
<0.001
0.781
0.004
<0.001
0.011
<0.001
0.5774

Condition
DMEM/F12 vs α-MEM 400
mOsm/L
DMEM/F12 vs α-MEM
Α-MEM vs α-MEM 400
mOsm/L

DNA content

GAG/DNA

0.580

0.002

0.695

0.012

0.345

0.577
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Table 5: P-values after Benjamini-Hochberg correction for multiple comparisons for comparisons between different time points in culture and
culture media per gene
Time point (days)
NP tissue vs. 0
NP tissue vs. 7
NP tissue vs. 14
NP tissue vs. 21
NP tissue vs. 28
0 vs. 7
0 vs. 14
0 vs. 21
0 vs. 28
7 vs. 14
7 vs. 21
7 vs. 28
14 vs. 21
14 vs. 28
21 vs. 28
Condition
DMEM/F12 vs. αMEM
DMEM/F12 vs. αMEM 400 mOsm/L
ɑMEM vs. α-MEM
400 mOsm/L

BRACHYURY

CYTOKERATIN 18

COLLAGEN 2A1

AGGRECAN

COLLAGEN 1A1 ADAMTS5

0.434
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.002
0.002
0.042
0.342
0.052
0.041

*
*
*
*
*
<0.001
0.009
0.248
0.479
<0.001
<0.001
<0.001
0.210
0.006
0.326

TIMP 1 MMP 13

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.008
0.416
<0.001
<0.001
<0.001
<0.001
<0.001
0.022

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.028
0.001
0.019
0.050
0.446
0.121

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.055
0.150
0.395
0.378
0.124
0.282

0.047
<0.001
0.046
<0.001
0.002
0.005
0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.047
0.151

0.010
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.243
<0.001
<0.001
<0.001
<0.001
<0.001
0.003

BRACHYURY

CYTOKERATIN 8

CYTOKERATIN 18

COLLAGEN 2A1

AGGRECAN

0.449

0.512

0.436

<0.001

0.202

0.007

0.210

0.001

0.163

0.008

0.512

0.006

0.141

<0.001

<0.001

<0.001

0.166

0.051

0.003

0.512

0.002

0.053

<0.001

<0.001

<0.001

0.001

0.003

* no expression in NP tissue

68

CYTOKERATIN 8

0.166
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.003
0.214
0.370
0.174
0.040
0.397

0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.020
<0.001
0.004

COLLAGEN 1A1 ADAMTS 5 TIMP 1

MMP 13
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ADAMTS 5 = A disintegrin and metalloprotease with thrombospondin motif 5; TIMP 1 = tissue inhibitor of mettaloprotease 1; MMP 13= matrix metalloprotease 13
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Scatterplot of the relative gene expression of stemness target genes of NC clusters

cultured in alginate beads for 28 days in three difference culture media DMEM/F12

(dark grey), α-MEM (red) and α-MEM 400 mOsm/L (green) and in bone marrow

derived MSCs at passage 2 (yellow).
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