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Abstract

Purpose The ratio of notochordal (NC) cells to mature

nucleus pulposus (MNP) cells in the nucleus pulposus

varies with species, age and health. Studies suggest that

loss of NC cells is a key component of intervertebral disc

degeneration. However, few studies have examined the

phenotypes of these two cell populations. Therefore, this

study aimed to isolate NC and MNP cells from the same

intervertebral disc and study phenotypic differences in

extracellular matrix production and cell morphology in 3D

culture over 7 days.

Methods Sequential mechanical dissociation and enzy-

matic digestion were used to isolate NC cell clusters and

single MNP cells from bovine caudal discs. Cells were

cultured in alginate beads and subsequently analysed for

viability, cytokeratin-8 expression, GAG production and

extracellular matrix gene expression.

Results Mechanical dissociation allowed NC cells to be

extracted as intact cell clusters. NC cells represented 8 %

of the NP cell population and expressed both cytokeratin-8

and vimentin. MNP cells expressed vimentin, only. Both

cells types were viable for 7 days. In addition to morpho-

logical differences, NC cells produced up to 30 times more

total proteoglycan than MNP cells. NC cells had signifi-

cantly higher aggrecan and brachyury expression.

Conclusions NC and MNP cells can be isolated from the

same bovine disc and maintain their distinct phenotypes in

3D culture.

Keywords Bovine � Cytokeratin 8 � Alginate �
Intervertebral disc degeneration � Notochord ontogeny

Introduction

The mammalian spinal column develops from the embry-

onic notochord and its surrounding somites [17, 21]. The

nucleus pulposus (NP) contains two distinct populations of

cells, notochordal (NC) and chondrocyte-like mature

nucleus pulposus (MNP) cells. NC cells are the remnants of

the embryonic notochord; these large vacuolated cells form

dense clusters/islands within the NP matrix [10, 11, 21,

22]. In some animals such as rats and mice, the NP is

composed of exclusively notochordal cells [17]. However,

in animals such as cattle, and in humans, the NC cell

population gradually decreases throughout life [25]. MNP

cells are small, chondrocyte-like cells that are sparsely

distributed throughout the NP. The origin of MNP cells is

currently contentious; histological studies have suggested

that they are of mesenchymal origin and infiltrate the NP

from the surrounding annulus and/or the cartilaginous

endplates [14]. The alternative hypothesis is that these cells

are derived from the NC cell population [17]. A review by

Rodrigues-Pinto et al. [26] provides an in-depth discussion

around this debate.

Species that retain a full complement of NC cells

throughout life maintain a proteoglycan-rich NP and gen-

erally do not develop disc degeneration [8]. Conversely,

species that show a reduction in the NC cell population

with age show a gradual loss of proteoglycan within the NP

becoming more fibrous and prone to structural failure [6, 8,

25]. This correlation suggests that the reduction in NC cells

with age is the underlying cause of disc degeneration.

However, the exact role that each of these cell types play in
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both the physiology and pathology of the intervertebral

disc is poorly understood.

Until recently, there has been a lack of specific markers

for NC cells. Instead cells are classified by morphology/

size alone (e.g. flow cytometry) or on species assumptions

(e.g. non-chondrodystrophoid dogs) [3, 23]. Recent pro-

teomic and transcriptional studies identified cytokeratin-8

(CK8) as the most robust NC-specific marker [7, 18],

suggesting that NC cells are of non-mesenchymal lineage

[28]. Healthy human adult discs have been shown to have

up to 50 % CK8-positive cells, with the amount being

inversely proportional to disc degeneration grade [29, 30].

These findings show that NC cells persist into adulthood,

but it is still unclear whether NC loss is a cause or con-

sequence of disc degeneration.

The morphological differences between NC and MNP

cells in situ have been well described [10–12]. However,

the few studies that have examined NC and MNP cell

function and gene expression profiles have used cells from

different species, e.g. porcine NC cells and bovine MNP

cells [3, 6, 9, 23]. Furthermore, flow cytometry and 2D

culture methods drastically alter the microenvironment and

architecture of the cells, a caveat when studying substrate-

dependant connective tissue cells [4].

The hypothesis that NC cells are responsible for pro-

teoglycan-rich discs still remains difficult to prove. The

challenge arises from the variability between species and

age of the animals, as well as the varying culture con-

ditions used between studies (10, 20, 21). We believe

that to understand the function of these cells, NC cells

should be compared to MNP cells from the same animal

and examined in their native cluster formation. Therefore,

in this study, we present a procedure that isolates NC

cells as intact clusters together with individual MNP cells

from the same disc, and a characterisation of their

phenotypes.

Materials and methods

Culture medium

Low glucose (5 mM) DMEM (Sigma-Aldrich, Auckland,

New Zealand) supplemented with 1 % penicillin/strepto-

mycin (Life Technologies, Auckland New Zealand), 0.5 %

fungizone (Life Technologies), 85 lM ascorbate (Sigma-

Aldrich), 1.85 g/L NaHCO3 (Sigma-Aldrich), and 10 %

foetal bovine serum (Sigma-Aldrich). To give a final

osmolality of 400 mOsm, 19 g/L mannitol (Sigma-

Aldrich) was added; finally pH was adjusted to 7.2 with

HCL.

Extraction of isolated nucleus pulposus cell populations

To determine the number of NC and MNP cells in the

bovine nucleus pulposus, cells were isolated and separated

using a combination of mechanical dissociation and enzy-

matic digestion. The schematic in Fig. 1 shows the pro-

cedures used to generate three different groups: full NP cell

population, NC-rich cell fraction and MNP-rich cell frac-

tion. Single-cell suspensions of each group were assessed

for DNA and cytokeratin-8 expression.

Bovine tails were obtained from a local abattoir and the

two most proximal discs (ccy4-5 and ccy5-6) were

removed. Nucleus pulposus tissue was separated from the

surrounding annulus and finely minced. The tissue was

enzymatically digested in pronase solution (8 units/mL;

Sigma-Aldrich) for 45 min, then in collagenase (245 units/

mL; Life Technologies) for 2.5 h at 37 �C to generate a

single-cell suspension of the total NP cell population

(n = 8 discs from 4 animals). To isolate NC and MNP cell-

rich fractions, at total of eight NPs from four animals were

finely minced and mechanically dissociated by manually

triturating the tissue in a large volume of media to separate

the NC cell clusters from the surrounding tissue. The

mixture was then strained through a stainless steel sieve

(pore size 0.5 mm) to separate liquid from undigested tis-

sue. To allow the NC cells to be easily labelled and

counted, the strained medium was enzymatically digested

as above to yield a single-cell suspension. The remaining

tissue was enzymatically digested to yield a single-cell

suspension of MNP cells. The three preparations of isolated

cells were each washed, centrifuged at 2,000g for 5 min

and resuspended in 1 mL of medium.

Cell yield by DNA assay

Aliquots of cell suspension were mixed 1:5 with papain

digest buffer (PBS, 150 mM NaCl, 55 mM sodium citrate,

5 mM EDTA, 5 mM cysteine hydrochloride and 0.6units/

ml papain) and digested overnight at 60 �C. DNA was

extracted by isopropanol precipitation and quantified using

a SYBR green (Life Technologies) microplate assay [16,

20]. Calf thymus DNA (Sigma-Aldrich) was used to gen-

erate a standard curve. Given one bovine cell contains 7 pg

DNA [15]; the number of cells per sample was calculated.

To determine fraction purity, cells were first seeded in

alginate beads for immunocytochemistry. An equal volume

of cell suspension was mixed with 2.5 % w/v alginate

solution and expelled drop-wise through a 22G needle into

a 100 mM CaCl2 solution. Beads were polymerised for

10 min at 37 �C, washed twice in serum-free medium and

incubated overnight at 37 �C, 5 % CO2 to equilibrate.
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Fluorescent immunocytochemistry

Following overnight culture, alginate beads were cross-

linked in 100 mM BaCl2 for 10 min and fixed in 4 %w/v

paraformaldehyde for 20 min at 37 �C. Beads were perme-

abilized in 0.5 % v/v Triton (Sigma Aldrich) for 10 min,

washed in PBS containing 0.1 % (w/v) bovine serum albu-

min and 10 mM CaCl2, blocked in 5 % donkey serum

(SigmaAldrich) for 30 min and incubated in goat polyclonal

vimentin primary antibody (1:200; Santa Cruz Biotechnol-

ogy Inc) overnight at 4 �C. The following day beads were

washed, incubated at room temperature for 2.5 h in donkey

anti-goat Alexa-488 (1:500; Life Technologies), washed

again, blocked in 5 % goat serum (Sigma Aldrich) and

incubated with mouse monoclonal cytokeratin-8 primary

antibody (1:200; Acris Germany). The following day beads

were washed and incubated in goat anti-mouse Alexa-594.

Finally beads were counterstained with Hoechst (1:500;

Sigma-Aldrich) for 15 min, washed and mounted by firmly

pressing onto a slide under a coverslip with Prolong Gold

(Life Technologies). A minimum of 200 cells per condition

were imaged using a Leica DMR fluorescence microscope.

Histology and immunohistochemistry on intact bovine

IVD

Whole bovine caudal IVDs were fresh-frozen in liquid

nitrogen and cryo-sectioned to give 14 lm transverse

sections. The sections were stained with haematoxylin and

eosin or fluorescently labelled using antibodies against

cytokeratin-8 and vimentin.

Phenotypic characterisation of NC cell clusters

and MNP cells in culture over 7 days

In a separate set of experiments, NP tissue from IVDs

was removed from tails as described above. The tissue

was mechanically dissociated and strained to isolate intact

NC cell clusters. Note, NC cell clusters were not enzy-

matically digested. The remaining tissue was incubated in

pronase solution (8 units/mL; Sigma-Aldrich,) for 45 min,

then in collagenase (245 units/mL; Life Technologies) for

2.5 h at 37 �C to isolate MNP cells. For each time point

(day 1 and day 7) within an individual experiment, a total

of six discs from three tails were examined and cell

fractions from the six discs were pooled. The experiment

was conducted a total of three times (N = 3). The MNP

cell suspension volume was adjusted to give a concen-

tration of 8 9 106 cells/ml. The NC fraction was then

resuspended in the same volume to maintain in situ cell

ratios. Cell fractions were mixed with an equal volume of

2.5 %w/v alginate solution, formed into beads and cul-

tured for 1 and 7 days in 5 % CO2 at 37 �C in DMEM

plus 10 % FBS. On days 1 and 7, beads were assayed for

cell viability, DNA and GAG content and gene

expression.

Fig. 1 Schematic illustrating

the mechanical dissociation and

enzymatic digestion procedures

to generate three different

populations from ccy4-5 and

ccy5-6 bovine discs; total

Nucleus Pulposus (NP),

Notochordal (NC) and Mature

Nucleus Pulposus (MNP) cells.

A total of 16 discs were

examined from a total of 8

separate animals
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Cell viability

Cell viability was assessed using an Apoptotic, Necrotic

and Healthy Cells Quantification Kit (Huntingtree Biosci-

ence Supplies). Beads were labelled with FITC-Annexin

antibody, Ethidium homodimer and Hoechst according to

manufacture instructions. Beads were firmly pressed down

onto a microscope slide under a coverslip and imaged

immediately on a Nikon TE2000 widefield fluorescence

microscope using a 209 objective. Cells from three fields

of view per group were examined.

DNA and GAG quantification

Two beads per condition were digested in 1 mL of papain

buffer at 60 �C overnight. The 1,9-dimethylmethylene blue

(DMMB) dye binding assay was used to measure total

sulphated GAG content [5]. Bovine chondroitin sulphate

(Sigma Aldrich) was used to generate a standard curve.

Since alginate is a polyanionic polysaccharide that can

react with DMMB, digests of cell-free beads were used for

background subtraction. GAG content within each sample

was normalised to DNA content, data expressed as lg
GAG/ng DNA per lL of digested sample.

Quantitative RT-PCR

At each time point, *25 beads per group were placed in

500 lL RNA Later (Life Technologies) and stored at

-20 �C. To extract RNA, beads were dissolved in ice-

cold buffer containing 55 mM sodium citrate, 30 mM

EDTA and 150 mM NaCl, mixed by inversion for 10 min

at 4 �C then centrifuged at 2000 g for 10 min. The

resultant cell pellet was washed in ice-cold PBS,

homogenised in 1 mL Trizol using a 22G needle and

frozen overnight at -80 �C, to ensure cell lysis. RNA was

isolated using chloroform extraction and isopropanol

precipitation, according to the manufacturer’s instructions

(Life Technologies). DNAse treatment was performed

using ‘‘Turbo DNAse kit’’ (Life Technologies) followed

by reverse transcription and cDNA synthesis using

Superscript III kit (Life Technologies).

Gene expression levels of notochordal marker, brachy-

ury; anabolic matrix proteins, type II collagen and aggre-

can; and catabolic matrix enzymes, matrix

metalloprotease-3 and ADAMTS5 were assessed using

Taqman gene expression assays (Life Technologies;

Table 1). The tyrosine activation protein, YWHAZ, and

ribosomal 18S were used as reference genes. Expression

was calculated relative to mean expression of r18S and

YWHAZ in each sample. If gene expression was not

detected, the Ct value was set to 40 to conduct statistical

analysis.

Statistics

All data were expressed as mean and standard deviation

(SD) from a minimum of three biological repeats. All

molecular assays were conducted with C2 technical

Table 1 Taqman gene expression assays

Gene name Gene symbol Taqman assay

gene reference

Collagen type II COL2A1 Bt03251861_m1

Aggrecan ACAN Bt03212186_m1

Brachyury T Bt04313978_m1

Matrix metalloprotease 3 MMP3 Bt04259490_m1

ADAMTS-5 ADAMTS5 Bt04230785_m1

Ribosomal RNA 18 sa r18 s 4319413E

14-3-3 Proteina YWHAZ Bt03216375_g1

a Reference gene

Fig. 2 Nucleus pulposus cell sub-populations. a Cell yield: number

of cells per disc for each of the cell fractions; total NP, MNP and NC.

b Percentage cytokeratin 8 (CK8)-positive cells in each fraction. Each

bar represents the mean ± standard deviation from eight discs

acquired from four separate animals
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repeats. Statistical significance within and between cell

types was determined using two tailed t-tests with Holm-

sidak post hoc correction and a p value of \0.05 was

considered significant.

Results

Isolation of nucleus pulposus cell sub-populations

The mean number of nucleus pulposus cells per disc was

684 9 103 (Fig. 2a). The MNP cell-rich fraction yielded

597 9 103 per disc and the NC cell-rich fraction yielded

40 9 103 NC cells per disc. This gives a ratio of 15 MNP

to 1 NC cell (approximately 7 % of cells were notochordal)

(Fig. 2a). This proportion was confirmed using immuno-

cytochemistry, where 9 ± 2 % of the total NP cells

expressed the notochordal marker, cytokeratin-8 (Fig. 2b).

The purity of the separated cell fractions was verified using

this approach, which showed that 3 ± 1.9 % of cells in the

MNP-rich fraction and 89 ± 1.4 % were cytokeratin-8

positive (Fig. 2b).

Figure 3 shows that in situ CK8 expressing NC cells

were located in dense clusters/islands of cells that appeared

loosely attached to the NP matrix. Mechanical extraction

and 3D culture preserved the cluster arrangement in vitro

(Fig. 4). Individual NC cells had an elongated fibroblast-

like morphology but were encapsulated in a gel-like matrix

(arrow; Fig. 4) and expressed both vimentin and CK8. In

contrast, in situ MNP cells were singular cells embedded in

NP matrix and expressed only vimentin (Fig. 3). In vitro,

they showed a spherical morphology with no visible peri-

cellular matrix, and did not express CK8 (Fig. 4).

Viability

Both MNP and NC cell-rich fractions showed C80 %

viability for up to 7 days (Fig. 5a). There was no signifi-

cant difference between MNP and NC cell viability at

either time point or within cell type. Cell death was mainly

due to necrosis with no differences across cell types (data

not shown).

DNA content

MNP cells were seeded at 4 9 106 cells/ml, with an

approximate bead volume of 10 lL. Figure 5b shows that

MNP beads contained 41,000 and 45,000 cells on day 1

and 7, respectively. NC beads contained 3,600 and 3,500

cells, respectively, indicating no significant change in DNA

content over time for either cell type.

Real-time PCR

NC cells expressed brachury (T) at significantly greater

levels than MNP cells on both days (p = 0.015 and

p = 0.028, Fig. 6a). Both MNP and NC cells expressed

high levels of type II collagen and aggrecan. On day 1,

Fig. 3 Histology and immunohistochemistry on sequential sections

of a bovine nucleus pulposus (NP). a, b H&E stained NP tissue

showing islands of NC cells under 950 and 9100 magnification.

c, d Immunohistochemical labelling against CK8 (red) and vimentin

(green), showing the CK8 expressing NC cells in situ
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collagen II expression was approximately equal for MNP

and NC cells. There was a non-significant increase in

collagen II expression on day 7 for MNP cells (Fig. 6b). In

contrast, NC cells expressed significantly more aggrecan

than MNP cells on day 1 (p = 0.0036). However, by day 7,

aggrecan expression in NC cells was dramatically reduced

(p = 0.014); while MNP aggrecan expression increased,

leaving no measurable difference between cell types

(Fig. 6c). MMP3 and ADAMTS5 were expressed at very

low levels in both cell types (Fig. 6d, e). However, there

Fig. 4 Immunocytochemistry on primary MNP and NC cells in vitro

(day 1). Cells were labelled against both vimentin (green) and CK8

(red) and counterstained with Hoechst (blue). Phase contrast images

show the morphology of each cell type in vitro is similar to observed

in situ. Arrow and dotted line indicates pericellular material. Scale

20 lm
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was a significant increase in MMP3 expression at day 7 in

MNP cells (p = 0.008).

GAG

Figure 7 shows that NC cell cultures had significantly

higher GAG/DNA ratios than MNP cell-rich cultures on

day 1 (p = 0.009) and day 7 (p = 0.0126), respectively.

There was an increase in GAG content for NC beads over

time (p = 0.042), but no change in MNP GAG levels over

the culture period.

Immunocytochemistry

Both MNPs and NCs maintained their distinctive mor-

phologies over 7 days (Figs. 4, 8). MNP cells remained as

singular spherical cells and expressed vimentin (green) but

not CK8. NC cells in clusters had an elongated morphology

(white arrow) and expressed both vimentin and CK8.

Pericellular material was often present surrounding the cell

clusters (Fig. 4, dashed line).

Discussion

The phenotypic differences between NC and MNP cells

have to date been poorly understood, with many studies

giving conflicting results. Aguiar et al. [1] compared cells

from bovine and canine discs. The paper shows a gelati-

nous canine NP, and a fibrous bovine NP. However, they

found that MNPs from bovine tissue produced higher levels

of proteoglycan than the canine NC cells. In contrast, work

by Cappello et al. [2] found cells from non-chondrodys-

trophoid dogs (NC cell rich) to produce a more proteo-

glycan-rich matrix compared to cells from

chondrodystrophoid dogs (MNP cell rich). Furthermore

Miyazaki et al. [19] found that rat NC cells produced more

proteoglycan per cell than rabbit NC cells in vitro, even

though both cells were isolated from a gelatinous NC cell-

rich NP tissue. Such studies illustrate that the critical

importance of studying cells from the same species.

Studies by Chen et al. and Kim et al., examined isolated

MNP and NC cells from the same tissue but were hindered

by a historical lack of NC markers to confirm cell popu-

lations [3, 13]. These studies also dramatically altered the

micro-environment of the cells by digesting the clusters

before phenotypic characterisation. Given that the micro-

environment of the NC cells has been shown to be a major

determinant of cell behaviour [24], we aimed to examine

the phenotypes of NC and MNP cells from the same spe-

cies, to maintain the NC cells as native clusters and to

culture cells in the ratio they are found in situ.

We first mechanically dissociated the nucleus pulposus

tissue, which allowed ‘‘islands’’ of NC cells to be released

into culture medium, whereas MNP cells required enzy-

matic digestion to be released from the remaining fibrous

matrix. Following separation, we were able to assess cell

yield per disc and the relative purity of each cell fraction. In

agreement with Stosiek et al. and Gilson et al. [7, 28], we

found that NC cells expressed both CK8 and vimentin,

while MNP cells expressed vimentin only. Additionally,

confirming the work by Gilson et al. [7], we found that

CK8-expressing NC cells account for 7–9 % of the total

bovine NP cell population.

Phenotypic differences between these cell types were

maintained in vitro for 7 days. Expression of the noto-

chordal marker brachyury was significantly greater in NC

cells compared to MNPs throughout the culture period.

Immunohistochemical expression of CK8 was also

Fig. 5 a Percentage viable cells within alginate beads after 1 and

7 days in culture. Cell viability was determined by live cell staining

with ethidium homodimer and Hoechst. b DNA content expressed as

cells per bead. Data shown represents the mean ± standard deviation

of three experiments, with a total of six discs from three animals

per timepoint
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maintained within the NC clusters for the 7 days, sug-

gesting that this approach is suitable for in vitro culture and

for the phenotypic stability of NC cells.

Using cells from the same disc ensures that cells are at

the same age and have similar mechanical/loading histo-

ries. We found that NC cells by themselves produce 20

times more GAG and have 4-fold higher aggrecan

expression levels compared to MNP cells on day 1,

showing a clear relationship between NC phenotype and

proteoglycan-rich tissue. On day 7, the cumulative GAG

content had increased yet the aggrecan expression was

reduced. This was also seen by Spillekom et al. [27], who

found a steady accumulation of GAG over 28 days, despite

decreasing aggrecan expression levels. This study also

found that brachyury gene expression decreased initially

but returned to day 1 levels with long-term culture [27].

Thus, it is likely that the slight reduction in gene expression

levels in this study is a response to culture conditions and

not a true phenotypic shift.

Despite the different cell seeding densities, both cell

types were viable over the culture period and there was no

change in cell number (DNA content), showing that the

extraction and culture environment does not induce cell

death or changes in cell growth rate, making this model a

closer approximation of in situ cell senescence.

Human studies show that NC cells persist into adult-

hood, and thus should not be ignored when studying IVD

pathology [29, 30]. This study shows that even in an animal

Fig. 6 Relative gene

expression of a T (brachyury),

b Col2a1 (collagen type II),

c ACAN (aggrecan), d matrix

metalloprotease 3 (MMP3), and

e ADAMTS5. Gene expression

normalised to averaged

expression of the reference

genes r18 s and YWHAZ. Data

shown represents the

mean ± standard deviation of

three experiments, with a total

of six discs from three animals

were at each timepoint.

*p B 0.05, **p B 0.01,

***p B 0.001. Hash within cell

type, asterisk between cell types
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that is considered chondrodystrophic (MNP cell rich), NC

cells are present and viable, and produce a more proteo-

glycan-rich matrix compared to their MNP cell neighbours.

Therefore, this study shows that our extraction and culture

methods are a suitable model to improve our understanding

of the genetic and molecular signature of healthy NC cells

and their suitability for future regenerative cell replacement

therapy.

Conclusion

This study has shown that NC cells can be isolated as intact

clusters from bovine caudal discs. The NC cells repre-

sented *8 % of the total bovine NP cell population. The

cell separation procedure detailed here maintained the NC

cluster arrangement in vitro. Over the 7 day culture period,

both cell types were over 80 % viable. In addition to being

morphological different, NC cells were distinguishable by

their expression of cytokeratin-8 and brachyury, as well

significantly higher proteoglycan levels. The model

Fig. 8 Cell morphology and

phenotype on day 7. Upper

panels show the phase contrast

images of MNP and NC cells

in vitro. Lower panels show

MNP and NC cells double

labelled against vimentin

(green) and cytokeratin 8 (red)

and counter stained with

Hoechst (blue). Scale bar

20 lm, arrow indicates the

fibroblast-like shape of the NC

cells

Fig. 7 GAG content in MNP and NC cell-rich beads after 1 and

7 days in culture. GAG content (lg) was normalised to DNA content

(ng) for each sample. Data shown represents the mean ± standard

deviation of three experiments, with a total of six discs from three

animals were at each timepoint. **p B 0.01. Hash within cell type,

asterisk between cell types
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described here provides a platform for studies into the

ontogeny and functional differences between these two cell

types.
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