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Fig. 1. Relative mRNA expression in human NP, AF, and AC cells.

Expression levels were normalized to 18S rRNA as the endoge-

nous control. *P < 0.05 in pair-wise comparison of NP with corre-
sponding AF or AC; N =9—11.

expression levels of GPC3 and cartilage oligomeric matrix
protein (COMP) were higher in the AF compared to the
NP, whereas COMP, MGP, and pleiotrophin (PTN) were ex-
pressed more highly in the AC than in the NP cells. No dif-
ferences in vimentin (VIM) and Cluster of Differentiation 24
antigen (CD24) expression were noted between NP and AF
or AC cells (Fig. 1).

While the KRT19 expression of AC and AF cells did not
change throughout age groups, its expression in the NP
cells showed a decrease with age (P =0.032; Fig. 2). How-
ever, in spite of this decrease, KRT19 was still more highly
expressed in the NP compared to the AF and AC cells even
in older individuals. A correlation between age and gene ex-
pression in NP cells was also found for MGP mRNA, which
increased with increasing age (P = 0.003; Fig. 3). In the AF
cells, increasing levels of PTN mRNA were noted with aging
(P =0.023; data not shown). The expression of MGP in NP
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Fig. 2. Relative mRNA expression for KRT19 in NP cells of 11 indi-

viduals between 22 and 81 years of age. Gene expression was nor-

malized to the 188 ribosomal RNA. A decrease in the KRT19
expression level with increasing age is noted.

419
5+ pr
9,/
61 -~
a o
£
[+ % <7 o 5 o
(V]
= S
< -8 /
g e
Eol
g [
104,
-11
20 @ 60 80
age

Fig. 3. Relative mRNA expression for MGP in NP cells of 11 individ-

uals between 22 and 81 years of age. Gene expression was nor-

malized to the 188 ribosomal RNA. An increase in the MGP
expression level with increasing age is noted.

cells was also positively correlated with the degree of de-
generation (P =0.007). The relation between KRT19 level
in the NP and degeneration grade was found to be almost
significant (P=0.061). No association between age or de-
generation grade and the level of expression was detected
with any of the other genes analysed. However, in agree-
ment with previous reports, there was a strong relationship
between age and degeneration grade of the disc
(P <0.001).

IMMUNOHISTOCHEMISTRY

KRT19 was chosen for immunohistochemical analysis,
since this molecule showed most pronounced differences
between NP and AF or AC with respect to mRNA expres-
sion, whereas MGP was selected for analysis at the protein
level because of its apparent age- and degeneration-depen-
dent increase in the NP cells, which are of main interest in
this study.

In the NP of juvenile discs (<5 years of age), clusters of
large cells with a notochordal morphology were identified.
These cells were positive for KRT19 [Fig. 4(A)], while nei-
ther cells within the AF nor cells of the cartilaginous end-
plate revealed any positive labelling [Fig. 4(B), Table IiI].
In the NP of young discs with Thompson score 1 but with-
out apparent existence of notochordal cells (age range
6—25 years), KRT19 positive cells were observed in 60%
(n=6/10) of the individuals. Labelling was located predom-
inantly intracellular and was limited to a small number of
cells that had a somewhat chondrocytic appearance with
no morphological evidence of a notochordal cell phenotype
[Fig. 4(C, D)]. On the other hand, the majority of healthy
adult discs did not reveal any immunoreactivity for
KRT19 [Fig. 4(E)]. In two degenerate discs however (pa-
tients with sepsis), positive cells were detected adjacent
to fissures associated with degenerative changes of the
cartilaginous endplate [Fig. 4(G)]. These cells exhibited
a characteristic chondrocyte-like morphology, were located
at the border between cartilaginous endplate and NP and
were not regarded as NP cells.

The number of MGP positive cells in general was higher
than the number of KRT19 positive cells, but non labelled
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Fig. 4. Immunolabelling characteristics for KRT19. (A) Cells within the NP of a 3-year-old human female label positive for KRT19. (B) No

KRT19 positive cells are detected in the inner annulus of a 21-year-old male individual. (C) A group of KRT19 positive cells in the NP of

a 14-year-old male. (D) Small group of KRT19 positive cells from the NP of a 21-year-old male (same individual as in B). (E) NP of

a 47-year-old female with Thompson grade 3. No positive labelling can be detected. (F) Control from same individual as in E. (G) 72-

year-old male donor with disc degeneration grade 4. The image shows the edge of the NP region. The cartilaginous endplate is at the bottom
of the image. Several KRT19 positive cells with a chondrocyte-like morphology can be detected. All scale bars = 100 pm.

cells clearly constitute the largest cell fraction. However, in
juvenile and young adult discs positive cells could be de-
tected in the NP (Table 1ll). MGP positive cells were found
in distinct clusters of NP. cells in young individuals [Fig. 5(A,

B)]. In older more degenerated discs (grade 3 and higher) -

positive cells  were found adjacent to"clefts and- cracks
[Fig. 5(D)]. Furthermore, the outer AF was often immuno-
positive [Fig. 5(E)], with a decreasmg intensity towards the
inner AF [Fig. 5(F)]. Labelling was limited to the cells and
to a very small portion of the pericellular matrix.in their im-
mediate vicinity. The cells and extracellular matrix of the
mineralized cartilage of the endplate often  demonstrated
a positive reaction for MGP, especially at the tidemark
[Fig. 5(G, H)]. The non-mineralized cartilage of the endplate
was always negative [Fig. 5(G, H)]. The fibrocartilaginous
attachment of the outer AF frequently labelled positive
[Fig. 5(1)].

Discussion

Degenerative changes occurring in the IVD. have been
extensively described and mechanisms, including genetic
variations that may cause a predisposition to IVD. degener-
ation are being elucidated. However,;:the molecular profile
that characterizes the normal disc, and in particular the
NP cell is still unknown. Previous investigations have sug-
gested potential markers for IVD cells and more specifically
for NP cells”®'®"7. The present study is a further contribu-
tion to the 1dentmcat10n of molecules expressed in human
disc cells. It was undertaken to validate potential NP marker
molecules identified by large scale gene expression

screening in the rat and dog for their potential use with hu-
man cells.

Looking at genes previously identified as markers for the
rat NP, the expression of KRT19 could be confirmed for hu-
man cells. However, a decrease in KRT19 expression with
age was noted in the NP, while the expression in AF and
AC remained constant. As KRT19 has also been associ-
ated with notochordal cells and chordoma, its expression
in healthy adult human NP cells may be unexpected'®"®.
Indeed, immunohistochemical analysis confirmed its pres-
ence in cells with a notochordal phenotype and further sup-
ported “the suggestion of an age-dependent expression
pattern. At the protein level, KRT19 was barely detectable
in the NP after the third decade, although mRNA expression
was still clearly measurable. Possible explanations for this
finding may include differences in the detection limit be-
tween mRNA and protein expression, instability of the
mRNA, short protein half-life, or inhibition at the transla-
tional level.

In contrast to KRT19, the expression pattern of the other
genes that had been found to be expressed more highly in
the NP than in the AC in rat specimens, including CD24,
was not confirmed in human samples”'. However, GPC3
and PTN expressmn profiles were similar to observations
in beagle dogs®. This might be related to the comparable
development of the NP with respect to cell phenotype in hu-
man individuals- and . chondrodystrophoid dogs, which
clearly differs from the development in rats. Looking at the
genes evaluated for the beagle dog; the human samples
generally showed a similar expression pattern, with higher
levels of KRT18, A2M, and NCAM1 in NP vs AF and/or
AC. Besides KRT19, only NCAM1 was expressed more
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Fig. 5. Immunolabelling characteristics for MGP. (A) Cells within the NP of.a 6-year-old human female label positive for MGP. (B) Group of
MGP positive cells in the NP of a 17-year-old male. (C) Control from same individual and same region as shown in B. (D) Small group of MGP
positive cells from the NP of a 60-year-old male individual with disc degeneration Thompson grade 5. Note that the cells are forming a cluster
like structure in the neighbourhood of a fissure. (E) Outer and (F) inner annulus of a 35-year-old female with Thompson grade 2. Several pos-
itive cells can be detected. The surrounding extracellular matrix is negative. (G) Endplate cartilage from a 72-year-old male with Thompson
grade 5. Note the strong positive labelling at the tidemark (arrow) and in the calcified cartilage. Cells in non-calcified cartilage are all negative.
(H) Endplate cartilage from a 35-year-old female individual with Thompson grade 2. The positive labelling at the tidemark (arrow) is clearly
visible. Cartilage cells form clusters (*) but are all negative. (1) Fibrocartilaginous attachment of the outer annulus of a 35-year-old female in-
dividual (same as in H). The fibrocartilage cells are arranged in characteristic rows and label positive for MGP. Scale bar in G =200 um, all
_ other scale bars = 100 um.

highly in NP than both AF and AC cells in this study. meéhanical properties between the NP and cartilage tis-

NCAM1 is an integral membrane glycoprotein that can reg- sues®. The main molecular functions of COMP include
ulate both cell—cell and cell—substrate interactions, primar- binding other matrix proteins and catalyzing polymerization
ily through - polysialic acid®®?'. Although it is expressed of type Il collagen fibrils. Furthermore, COMP is reported to
primarily in the nervous system, NCAM1 has been identified . prevent vascularization of cartilage and this could also be
in various tissues in the adult rat®2, In development NCAM1 the case in the VD tissues®®.
plays a significant role in cell differentiation, including di- Commonly, work that addresses the disc cell profile leads
verse functions in osteogenesis and chondrogenesis®®. to the conclusion that disc cells express a predominantly
However, the fact that NCAM1 was expressed at a low level chondrocytic phenotype®®~28, Investigations on mature bo-
in all cell types analysed depreciates this molecule as a use- vine IVD cells agreed that NP cells produce more proteogly-
ful marker for human NP cells. cans and less collagen than AF and cartilage cells, which is
The matrix protein COMP showed consistently lower ex- consistent with the higher hydration of the NP tissue®?®. In
pression in NP than in AF and AC cells in all species. This rat spinal units it was demonstrated that NP can be distin-
differential expression of COMP in cartilage and disc adds guished from adjacent tissues by the expression of proteins
to earlier observations of variations in the relative amounts that are synthesized in response to restriction in oxygen
of distinct matrix molecules in these two tissues®. While and nutrient supply'”. Additional studies in the rat revealed
COMP has been identified and localized in the IVD, its rel- other potentially NP specific markers” 2. However, a major
atively lower expression may reflect differences in the disadvantage of using rat NP is the presence of cells with
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a notochordal phenotype. In fact several studies have used
rat cells to explore the notochordal molecular phenotype in
the disc®*3', Therefore, results from the rat, as well as
mouse or rabbit have to be extrapolated with care to the hu-
man situation. Apart from the different developmental path-
ways of the NP cell populations the large deviations in IVD
size and thus nutrition and mechanical conditions are also
likely to influence the molecular characteristics of NP cells.
Nevertheless, the expression profile of KRT19 demon-
strates that selected genes may be valuable as markers
even in different species.

When comparing the present study with previous studies
on beagles, it also has to be noted that the human samples
in this study are very heterogeneous with respect to age,
while the animals all had the same age. This may explain
the less pronounced differences between NP, AF, and car-
tilage cells in human individuals compared to the dog spe-
cies, while general trends were identical in both species.
Consequently, the age of the animal always has to be taken
into consideration for the interpretation of results from an
animal model. Moreover, although a study in the rat did
not reveal major differences in gene expression pattern be-
tween RNA extracted from isolated cells and RNA extracted
directly from the tissues, enzymatic cell isolation might have
contributed to the reduced tissue-related differences ob-
served in human specimens’. Besides, it is sometimes dif-
ficult to clearly distinguish human NP from AF tissue,
especially in aged discs, which can also result in lowered
gene expression differences between NP and AF cells. In
view of these difficulties and the observed age-related alter-
ations, young individuals are clearly preferred for the study
of the phenotype of the healthy human NP cell.

Age-related changes have been detected regarding matrix
composition, expression of matrix degrading enzymes, and
other processes®®%234  Although differences between ag-
ing and (early) degeneration were recently described in
rabbits, a strong correlation exists between age and degen-
eration grade in human patients®®*¢, which is confirmed
in this study. Thus, itis not possible to clearly separate the in-
fluence of aging from that of degeneration mechanisms. Ac-
cordingly, Adams and Roughly defined a degenerate disc as
one with structural failure combined with accelerated or ad-
vanced signs of aging®”. This has recently been demon-
strated also for the cervical spine, where in a longitudinal
study no other factor except for age was related to the pro-
gression of degeneration®®. Although cases of early disc de-
generation have been described and are of particular value
for specific investigation of degenerative processes, the
present study evaluated individuals with “natural” disc devel-
opment, where aging is accompanied with a certain degree
of degeneration. This is particularly reflected in the mRNA
expression of MGP in the NP, which strongly correlated
with both aging and degree of degeneration. MGP is
a Bone morphogenetic protein-2 (BMP-2) regulatory protein
that is known as a calcification inhibitor in cartilage and in ar-
teries®%“°, Interestingly, MGP serum levels of community-
based cohorts were also elevated with increasing age and
were associated with individual risk factors for coronary heart
disease®'. It was suggested that induction of MGP expres-
sion may be a feedback mechanism to prevent mineraliza-
tion of calcium deposits in the arteries*'. Similarly, one
could speculate that induction of MGP in the NP may be an
attempt to prevent calcification processes that have been ob-
served in the aging disc*?*%, The presence of MGP in areas
of mineralized cartilage in the endplate and in cells adjacent
to sites of degeneration would support this hypothesis. The
same is true for the expression at the fibrocartilaginous

attachment of the outer AF where ectopic ossification (i.e.,
exophyte growth) would be prevented. Interestingly MGP ex-
pression in non-calcified AC is restricted to the superficial re-
gions in monkeys and is barely detectable in senile human
cartilage tissue*, In chondrocytic cells, both over-expres-
sion of MGP in maturing chondrocytes and under-expression
of MGP in proliferative and hypertrophic chondrocytes may
induce apoptosis*®. As it has been reported that some cells
of the IVD may differentiate towards the hypertrophic chon-
drocyte phenotype with age, MGP might function to prevent
apoptosis in these cells*®. Further studies are required to
clarify the role of MGP expressed in the disc.

The observed rise in PTN gene expression in the AF with
aging may result from a cellular attempt to restore a slowly
degrading tissue. PTN functions as a growth and differenti-
ation factor in many cell types and has been shown to in-
duce the synthesis of matrix molecules in articular
chondrocytes*’. In cartilage, elevated PTN levels have
been related to both osteoarthritis and rheumatoid arthri-
tis*®*°, Interestingly, an increased amount of PTN-immuno-
positive cells was observed in degenerated and in
prolapsed disc samples and was associated with vascular-
ization of diseased or damaged tissue®. Since blood ves-
sels are mostly localized in the outer AF and rarely
penetrate into deeper zones of the IVD, an increasing ex-
pression of PTN in the AF with aging would support the sug-
gestion that PTN may function as an angiogenic factor in
the degenerating IVD®°. Age- or degeneration-associated
changes might become clinically useful markers to deter-
mine the “juvenileness” or the regenerative capacity of
IVD tissues sampled from discectomies or nucleotomies.
More extended studies will be required to validate the po-
tential of such markers to individually evaluate the most ap-
propriate treatment of an VD disorder.

In conclusion, from a selection of NP phenotype markers
identified in animal studies, KRT19 and NCAM1 expression
were found to be more pronounced in NP than AF and AC
cells in human individuals. Whereas NCAM1 levels are rel-
atively low even in NP cells, KRT19 may be regarded as
a marker for human NP cells, being highly expressed in
NP and at significantly lower levels in AF and AC cells.
This observation on the subject of gene expression is at
least partially reflected at the protein level, where KRT19
positive cells are almost exclusively identified in the NP of
juvenile and young adult discs. This suggests that KRT19
transcripts are translated into detectable amounts of protein
primarily in notochordal-like cells of juvenile NP and occa-
sionally in young chondrocyte-like NP cells. MGP is found
in a variety of human IVD tissues and thus cannot serve
as a characteristic NP marker.
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Abstract

Low-intensity pulsed ultrasound (LIPUS) stimulation has
been shown to effect differentiation and activation of human
chondrocytes. A study involving stimulation of rabbit disc
cells with LIPUS revealed upregulation of cell proliferation
and proteoglycan (PG) synthesis. However, the effect of
LIPUS on human nucleus pulposus cells has not been
investigated. In the present study, therefore, we investigated
whether LIPUS stimulation of a human nucleus pulposus
cell line (HNPSV-1) exerted a positive effect on cellular
activity. HNPSV-1 cells were encapsulated in 1.2% sodium
alginate solution at 1x10° cells/ml and cultured at 10 beads/
well in 6-well plates. The cells were stimulated for 20 min
each day using a LIPUS generator, and the effects of LIPUS
were evaluated by measuring DNA -and PG synthesis.
Furthermore, mRNA expression was analyzed by cDNA
microarray using total RNA extracted from the cultured
cells. Our study revealed no significant difference in cell
proliferation between the control and the ultrasound treated
groups. However, PG production was significantly
upregulated in HNPSV cells stimulated at intensities of 15,
30, 60, and 120 mW/cm? compared with the control. The
results of cDNA array showed that LIPUS significantly
stimulated the gene expression of growth factors and their
receptors (BMP2, FGF7, TGFBR1 EGFRF1, VEGF). These
findings suggest that LIPUS stimulation upregulates PG
production in human nucleus pulposus cells by the
enhancement of several matrix-related genes including
growth factor-related genes. Safe and non-invasive
stimulation using LIPUS may be a useful treatment for
delaying the progression of disc degeneration.

Keywords: LIPUS, ultrasound, intervertebral disc, growth
factor.
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Introduction

Lower back pain is a common medical and social problem
in the modern world. Therefore, there is an increasing
interest in the development of new techniques for treating
this problem. Since degeneration of the intervertebral disc
is thought to have a close relationship with lower back
pain, any strategy for delaying this degenerative process
is of considerable clinical relevance (Gruber and Hanley,
1998; Phillips et al., 2003).

Based on the fact that loss of cells and cell function in
the nucleus pulposus is one of the most significant factors
in disc degeneration, several studies have been reported
with the aim of developing therapeutic techniques for this
condition. These methods have included administration
of bone morphogenetic protein-2 (BMP-2) and osteogenic
protein-1 (OP-1; BMP-7) to increase the ability of disc
cells to synthesize proteoglycans and collagen (Yoon et
al., 2003; Masuda et al., 2003), transfer of the
transforming growth factor-betal (TGF-B1) gene into
nucleus cells using a viral vector (Nishida et al., 1998),
direct injection of collagen or a proteoglycan-like
construct into the discs (Klein ef al., 2003), implantation
of an artificial nucleus pulposus or disc (Mizuno et al.,
2004; Alini ef al., 2003) and implantation of mesenchymal
stem cells into the discs (Sakai et al., 2006).

Low-intensity pulsed ultrasound (LIPUS) has been
shown clinically to be an effective noninvasive method
for the stimulation of bioactivity (Duarte, 1983; Warden,
2000; Mayr ef al., 2000; Nolte ef al., 2001; Gebauer et
al., 2005). In an attempt to prevent disc degeneration and
to find new techniques for maintaining disc function, we
performed an experiment to determine whether LIPUS
stimulation has any effect on the biological properties of
disc cells, and found that LIPUS stimulation upregulates
cell proliferation and proteoglycan (PG) synthesis in rabbit
disc cells (Iwashina et al., 2006). However, no study has
yet confirmed the influence of LIPUS on human disc cells.
The present study was therefore performed to verify
whether LIPUS could stimulate disc cell proliferation and
PG production in human nucleus pulposus cells using
HNPSV-1, a cell line derived from human nucleus
pulposus cells which maintains the original three-
dimensional architecture of the cells and their gene
expression profile (Sakai et al., 2004). Furthermore, if
LIPUS does upregulate cell proliferation and PG
production in HNPSV-1 cells, changes in the expression
of growth factor-related and matrix interaction-related
genes were examined by cDNA microarray, in order to
clarify the factors participating in LIPUS-induced
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upregulation, while real-time PCR was used to quantify
the changes in growth factor related gene expression.

Materials and Methods

Cell isolation and culture
The HNPSV-1 cells, cryopreserved in hqmd nitrogen, were

quickly thawed. The isolated cells were seeded in 6-well -

culture plates (Primaria, BD, Franklin Lakes, NJ, USA) at
cell densities of 3.2x10%ells/cm? in Dulbecco’s modified
Eagle medium (DMEM, Gibco, Life Technologies,
Carlsbad, CA, USA) with 10% fetal bovine serum (FBS,
Gibeo), penicillin (100 wg/ml) and streptomycin (250 ng/
ml) at 37°C, in a 5% CO, atmosphere.

Culture of HNPSV-1 cells in alginate

After three passages, the cultured cells were detached with
trypsin-EDTA solution (0.05% trypsin, Gibco) and counted
using a haemocytometer. The cells were collected by
centrifugation and resuspended in 1.2% low-viscosity
alginate (Clonetics; Lonza, Basel, Switzerland) in 0.15 M
sodium chloride at a concentration of 1x10° cells/ml. The
cell suspension was gently expressed through an 18-gauge
needle attached to a 1-ml syringe into a 102 mM calcium
chloride solution (Clonetics) to form drops of semisolid
beads. After 10 min of polymerization, the beads were
washed three times with normal saline, and then three more
times with DMEM. Ten beads were placed in each well of
a 6-well plate (non-treated, Iwaki, Japan) and then
incubated in DMEM (4.5 ml/well) supplemented with 10%
FBS and penicillin (100 pg/ml) and streptomycin (250 ng/
ml) at 37°C, in a 5% CO, atmosphere.

Ultrasound stimulation

We upgraded SAFHS (Sonic Accelerated Fracture Healing
System; Tejin Pharma Ltd, Tokyo, Japan) as a special US
generator, and it was used to deliver an ultrasound (US)
signal with a spatial and temporal average intensity of 7.5,
15, 30, 60, or 120 mW/cm?. The frequency was 1.5 MHz
with a 200-ps tone burst repeated at 1.0 kHz. Each 6-well
plate of the LIPUS group was placed on an ultrasonic
transducer (Iwabuchi et al., 2005). The volume of culture
medium in each well was reduced to 4 ml to avoid spillage.
After the plate cover had been removed, an anti-reflection
chamber was placed in each well while taking care to avoid
intoducing air bubbles. It was confirmed that the alginate
beads were not compressed by the chamber. Coupling gel
(Sono Jelly, Toshiba, Tokyo, Japan) was dripped onto all
the transducers, and the output was confirmed using an
output checker. Then the culture plate and chamber unit
were set on the transducer, and stimulation: with LIPUS
was started. For cell proliferation and PG production
studies, the cells in the US group were stimulated for 20
min each day at a multiple range of intensity (7.5, 15, 30,
60, 120 mW/cm?) for five or twelve days, starting on the
third day after seeding in alginate. Later, to evaluate the
effect of LIPUS on gene expression, the intensity of LIPUS
was fixed at 30 mW/m?, which was the level confirmed to
provide the greatest production of proteoglycan. The
control plates were handled in the same manner without
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LIPUS, i.e., the cover of each plate was removed, a
chamber was placed in each well, and the plate was left to
stand at room temperature for 60 min under the same
conditions.

Measurement of DNA synthesis

DNA synthesis was examined by uptake of PH]-thymidine.
Atdays5-and 12 after the daily ultrasonic stimulation, the
medium in each plate was changed to complete ‘medium
containing [*H}-thymidine at a concentration of 2 1Ci/ml.
At 18 h after the start of the labelling, the beads were
washed twice in PBS and added to sodium citrate solution
(55 mM, in 90 mM NaCl). The beads were dissolved and
the two compartments [cell-associated matrix (CM) and
further removed matrix (FRM)] were separated by mild
centrifugation at 100 x g for 10 min at 4°C. Then 10%
trichloroacetic acid (TCA) was added to each fraction. The
fractions were centrifuged (3000 rpm for 10 min), and the
supernatant (TCA) was removed. This procedure was
repeated 5 times, and TCA-insolvable material was
collected and dried with 70% ethanol. The dry material
was treated overnight with 1 ml of solvent (Solvable™;
Packard, Meriden, CT, USA) at 45°C, and 10 ml of liquid
scintillation cocktail (AtomlightTM; Packard) was added
for counting of emissions (Beckman LS4800, Fullerton,
CA, USA). Radioactivity [in disintegrations per minute
(dpm)] was divided by the amount of DNA calculated using
the Hoechst33258 dye method. All the isotope experiments
were repeated more than two times.

Measurement of PG synthesis

Incorporation of [**S]-sulphate was used to measure PG
synthesis. At the indicated times, cultures were labelled
by transfer to complete medium containing [**S]-sulphate
at a concentration of 40 pCi/ml for 18 h. Subsequent PBS
washes, dissolution of alginate, TCA treatment, drying,
and scintillation counting were carried out using the same
procedure as those for [*H]-thymidine uptake.

Measurement of DNA content

DNA content was measured using the fluorometric method
as described previously. On days 0, 5 and 12 after US
stimulation, beads in each well were collected and
dissolved in sodium citrate solution (55 mM, in 90 mM
NaCl) for 10 min at 4°C. After centrifugation, separated
CM fractions were digested for 18 h at 55°C in papain
solution (20 pg/ml in 50 mM EDTA, 5 mM L-cystein).
Then 100 pl of Hoechst 33258 dye solution (1 pg/ml,
pentahydrate, Molecular Probes, Eugene, OR, USA) was
mixed with the digested sample, and 2 h later the emission
spectrum of the mixture was determined for excitation at
365 nm by measuring the fluorescence emission of 460
nm using a plate reader (FL500, Bio-Tek, Highland Park,
VT, USA). The standard curve was determined using
known concentrations of calf thymus DNA (Slgma St.
Louis, MO, USA).

Measurement of PG content -

PG content was measured by dimethylmethylene blue
(DMMB, Polysciences, Warrington, PA, USA) assay. On
days 5 and 12 after starting US, the beads were harvested,
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dissolved, and the two matrix compartments, CM and
FRM, were separated as described above. Each fraction
was digested with papain (concentration of papain: CM;
20 pg/ml, FRM; 40 pg/ml) at 55°C for 18 h. The digested
sample solution (75 pl) was mixed with 25 pl of 2.88 M
GuHCI solution and 200 pl of DMMB reagent in a 96-
well plate and immediately the absorbance at 530 nm and
595 nm was measured using a plate reader (SPECTRA
MAX250, Molecular Devices, MDS, Toronto, Canada).
Purified bovine nasal septum-D1 PG (Sigma) was used as
a standard, and the 530 nm/595 nm ratio was calculated.
The total amount of PG per well was normalized versus
the total amount of DNA per well.

Harvesting of cells for RNA isolation

After completing the LIPUS treatmént, 10% FBS was
injected into each well twice to wash out the medium. Then
the beads in each well were transferred to a conical tube
with a spoon, stirred with 55 mM sodium citrate in 90M
NaCl, and cooled to 4°C. The tube was centrifuged after
30 min to separate three layers, which comprised a white
bottom layer and a middle layer composed of alginate beads
with cells, as well as a top layer composed of alginate beads
without cells. The top layer was discarded and then the
same procedure was repeated to collect the cells in the
beads.

SV Total RNA Isolation System

Total RNA was isolated using an SV Total RNA Isolation
System (Promega R, Madison, WL, USA) according to the
protocol provided by the manufacturer. An SV RNA lysis
buffer was added to the harvested cells, and the mixture
thus obtained was homogenized by repeated pipetting with
a 20-gauge needle. The homogenate was mixed with SV
RNA dilution buffer, centrifuged, and then heated at 70°C
for 3 min. The supernatant thus obtained was collected,
mixed with 95% ethanol, and centrifuged with a spin
column to extract total RNA. After the RNA was isolated,
genomic DNA was removed using DNAse (Qiagen, Venlo,
The Netherlands).

Complementary DNA microarray

RNA extracted from the cells of the LIPUS group treated
with 30 mW/m? of ultrasound for three days and from the
cells of the control group was used to synthesize cDNA.
The targets were prepared using the Atlas Glass Fluorescent
Labelling Kit (Clontech Laboratories, Mountain View, CA,
USA). This kit provides for indirect, “two-step” labelling
of the target cDNA. Two-step labelling typically
incorporates higher levels of label than direct, single-step
procedures that directly incorporate fluorescently tagged
nucleotides during cDNA synthesis. Target preparation
began with 20 pg of total RNA. Aminoallyl-dUTP was
incorporated during first-strand cDNA synthesis.
Fluorescent dye (Cy3 or Cy5) was covalently coupled to
aminoallyl-dUTP in the first-strand cDNA. The resulting
labelled cDNA was purified using the Atlas NucleoSpin
Extraction Kit (Clontech). The absorbance of each target
was determined by optical density measurements at 260
nm (DNA) and either 550 nm (Cy3) or 650 nm (Cy5). The
total dye content (pmoles), amount of probe (ng), and
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specific activity (number of Cy molecules incorporated/
number of bases) was calculated for each target
synthesized. The optimal incorporation of dye ranged from
20 to 50 covalently linked dye per 1000 nucleotides.
Hybridization of the targets was performed using the
Atlas™ Glass Array Human 1.0K Microarray (Clontech)
technique to analyze the expression of 1101 spotted genes
based on their fluorescence intensity. The slides were
hybridized overnight at 50°C. Following hybridization,
slides were washed, dried and then scanned using a
ScanArray 5000XL laser scanner (PerkinElmer LAS, Inc.,
Shelton, CT, USA). The images were analyzed using
QuantArray Microarray Analysis Software, Version 3.0
(Packard BioChip Technologies). Because the microarray
analysis was performed in order to find factors
upregulating cell proliferation and PG production, attention
was focused on changes in expression of growth factor-
related and matrix interaction-related genes.

Real-time PCR

Real-time PCR was performed to assess changes in
expression quantitatively focusing on growth factor genes
whose level of expression that showed differences of more
than 1.5 fold mean signal ratio between the treated and
control cultures in the above microarray analysis.
Customized TagMan probes for the designated genes
whose 5'-3' ends were hybridized with a fluorescence-
labelled oligonucleotide were purchased from Applied
BioSystems (Carlsbad, CA, USA). In brief, cDNA was
synthesized from total RNA. When the target DNA was
annealed with specific oligonucleotide primers and
TaqMan probes, hydrolysis occurred at the 5' end, followed
by release of the dye, generating fluorescence. This
fluorescence was used to detect and measure the expression
of the genes. The sequences of the primers were obtained
from the GeneBank database (National Center for
Biotechnology Information Gene Bank database). Table
1 shows the sequences of the probes. ABI PRISM 7700™
Sequence Detector (Applied BioSystems) software was
used for analysis, and a Gene Pix (Molecular Devices)
scanner was used to measure fluorescence. The thermal
cycler was set for the following conditions: 50°C for 1
min during Stage 1, 60°C for 30 min during Stage 2, and
95°C for 5 min during Stage 3. The number of cycles was
set at 40. To provide an internal standard for correcting
RNA purity, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene. Array Gauge
diagnostic software (FujiFilm, Tokyo, Japan) was
employed for analysis. This software automatically drew
the amplification curve of each gene, which was combined
with a threshold line to measure the threshold cycle of
each gene. Then the comparative delta-delta Ct technique
was used to quantify the relative initial concentration of
each gene from the number of cycles required for
amplification in relation to the logarithmic value of the
initial concentration of the GAPDH standard.

Statistical analyses

All experiments were performed in triplicate. Results were
expressed as mean * standard deviation of three
experiments. Significance of differences was assessed
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using two-way analysis of variance (ANOVA) with
Fisher’s PLSD test as a post hoc test for cell proliferation
and PG production analysis, with the level of significance
set at p<0.05. For microarray analysis, the Mann-Whitney
U test was chosen to evaluate the significance of
differences in expression levels because of the size and
distribution of the samples in this expression study. This
non-parametric two-tailed test is not based on assumptions
about the distribution of expression values (e.g., normal
distribution) or the equality of variance. For all tests,
differences at p<0.05 were considered significant.

Results

['H]-Thymidine incorporation

DNA synthesis, measured as the incorporation of [*H]-
thymidine (Fig. 1), was significantly increased in the 60
mW/cm?® and 120 mW/cm? groups compared with the
control group on Day 5 of ultrasound treatment (60 mW:
34.42 x10° dpm/pg DNA, p=0.0071; 120 mW: 33.10 x
10° dpm/pg DNA, p=0.0340). However, no significant
difference was noted between the control and treated
groups on Day 12.

Hoechst 33258 assay

A gradual increase of DNA through the 14-day culture
period was confirmed in all of the groups (Fig. 2). There
was a significant increase of DNA in the 120 mW/cm?
group as compared with the control group on Days 5 and
12 of ultrasound treatment (5 days: 120 mW, 1.37 ug/well,
»=0.0162; 12 days: 120 mW, 2.66 pg/well, p=0.0162). As
observed with respect to the incorporation of [*H]-
thymidine (see above), there was a significant increase of
DNA due to ultrasound treatment in the 120 mW/cm?

group.

[*S]-Sulphate incorporation

Synthesis of proteoglycans, measured as the incorporation
of [**S]-sulphate, was significantly increased on Day 14
compared with Day 7 (Fig. 3). Incorporation of [*S]-
sulphate was significantly increased in the 7.5, 15, 30, 60
and 120 mW/cm? groups compared with the control group
on Days 5 and 12 of ultrasound (Fig. 3). In particular, the
synthesis of proteoglycans was markedly increased in the
30 mW/cm? group compared with the other groups on both
Days 5 and 12. ,

DMMB assay

Proteoglycans were quantified by the DMMB assay. The
proteoglycan level increased as the culture period was
prolonged (Fig. 4. It was significantly increased in the 15,
30, 60 and 120 mW/cm? groups compared with the control
group on Day 5 of ultrasound treatment (Fig. 4). It was
also significantly increased in the 7.5, 15, 30, 60 and 120
mW/cm? groups compared with the control group on Day
12 (Fig. 4). Although the proteoglycan level was increased
in all of the treated groups, there were no significant
differences between any of them.
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Figure 1. Cell proliferation rate is expressed as [*H]-
thymidine incorporation divided by DNA content per
well. [*H]-thymidine incorporation is significantly
increased in the 60 and 120mW groups compared with
the control group on Day 5 of LIPUS group.
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Figure 2. Cell number is represented as the DNA content
per well. There was a gradual increase of DNA content
through the 14-day culture period. On Day 5 and 12
after the start of ultrasound stimulation, there was a
significant increase of DNA in the 120mW groups
compared with the control group.
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Figure 3. PG synthesis per DNA in control and LIPUS
group cultures. PG synthesis is expressed as [S]-
sulphate incorporation per culture over a period of 18h,
divided by DNA content. PG synthesis significantly
increased on Day 14 compared with Day 7. Regarding
intensity of ultrasound, positive effect of PG synthesis
was at its best at stimulation of 30mW.
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<Zt Table 1. Microarray analysis results for growth factor and
[ matrix related genes. Mean signal ratio in LIPUS treated
oy group versus the control is indicated.
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Table 2. Real-time PCR probe sequences and fluorescence intensities of the amplified genes

Gene Sequence (5°-3%) Intensity
GAPDH GGGCGCCTGGTCACCAGGGCTGCTT 1.000

BMP2 TTCCACCATGAAGAATCTTTGGAAG 1.975 (p=0.013)
TGF-pR1 CAGGTTCTGGCTCAGGTTTACCATT 1.643 (p=0.013)
FGF7 TCTATGCAAAGAAAGAATGCAATGA 1.345 (p=0.002)
EGFR GAGCGAAGTTTTATGCAAGGGTAAC 1.628 (p=0.002)
VEGF CACCATGCCAAGTGGTCCCAGGCTG 1.532 (p=0.034)

Oligonucleotide primers and Taq man probes were designed based on sequences from the Gene Bank database.
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Microarray analysis ‘

Analysis of 1101 genes showed that the expression of 846
genes in the LIPUS group was increased in comparison
with the control group. Among these 846 genes, 114 (spot
intensity >70 x control) had fluorescence intensity above
the threshold value, and these included genes relating to
growth factors and matrix interaction, such as TGF-p
receptor type 1 (TGF-B R1), BMP2, fibroblast growth
factor 7 (FGF7), endothelial growth factor (EGFR), and
vascular endothelial growth factor (VEGF). An increase
of expression was also observed for the heparan sulphate
and biglycan genes, whose products are extracellular
matrix components, as well as the type IV and VI collagen
genes. Among the genes with increased expression, genes
categorized in growth factors that had the mean signal
difference of greater than 1.5 fold in LIPUS treated group
were compared. As a result, it was confirmed that the
fluorescence intensity of the BMP2, TGF-B R1, FGF7,
EGFR, and VEGF genes was significantly increased in
the LIPUS group compared with the control group (Fig.
5; Table 1).

Real-time PCR

Results of real-time PCR confirmed quantitatively that
there were significant changes in the expression of the
TGF-p R1, BMP2, FGF7, EGFR, and VEGF genes after
LIPUS stimulation. RNA was extracted in order to
synthesize cDNA, and the fluorescence intensities of the
amplified genes measured with TagMan probes are given
in Table 2.

Discussion

The use of LIPUS to noninvasively increase bioactivity is
now widely applied to the treatment of fractures with non-
union. LIPUS has been reported to increase the ability of
cartilage cells to synthesize proteoglycans and to promote
aggrecan gene expression (Paravizi ef al., 1999; Zhang et
al., 2002). It has also been reported that Ca* signalling is
required to increase the synthesis of aggrecan (Paravizi et
al., 2002). Further, the ability of cartilage cells to synthesize
type II collagen is increased and the expression of type X
collagen is inhibited when cartilage cells in three-
dimensional culture (alginate bead encapsulation) are
treated with LIPUS (Zhang et al., 2003). Since it has often
been reported that apoptosis and reduced function of cells
in the nucleus pulposus may trigger intervertebral disc
degeneration, and it is clinically important to maintain or
to upregulate the biological activity of nucleus pulposus
cells, we treated nucleus pulposus cells with LIPUS to
examine its potential as a noninvasive therapy for
preserving the original structure and function of the
intervertebral discs. The present experiment was designed
to determine whether LIPUS increased the bioactivity of
human nucleus pulposus cells and to examine the optimum
conditions for performing LIPUS and the factors involved
in activation of the cells at the gene level using the HNPSV-
1 cell line established from normal human nucleus pulposus
cells.

LIPUS stimulation on human NP cell line
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Figure 6. Real time RT-PCR results confirmed
upregulation of multiple growth factors in the LIPUS
group compared to control group.
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There have been several reports that LIPUS stimulates
rabbit and bovine nucleus pulposus cells to synthesize
proteoglycans (Miyamoto et al., 2005; Iwashina et al.,
2006). Although LIPUS has a posmve effect in animals, 1t
is necessary to perform experiments on human nucleus
pulposus cells before clinical application can be
considered. A massive number of cells would be required
to examine the opﬂmum conditions for LIPUS. However,
it is difficult to obtain the necessary number of normal
human nucleus pulposus cells for such experlments
because it is d1fﬁcult to obtain nucleus pulposus tissue
during surgery, and such tissue is often damaged
Therefore, the HNPSV-1 clone obtamed by 1mmortahzmg
pormal human nucleus pulposus cells was used to examine
the effect of LIPUS and the optimum conditions for its
use. Since HNPSV-1 cells resemble normal human nucleus
pulposus cells with respect to gene expression and matrix
synthesis, use of this cell line should provide results
comparable to those obtained by treating actual human
nucleus pulposus cells with LIPUS.

The results of the present study showed that cell growth,
as measured by [*H]-thymidine incorporation, was
increased in the 60 and 120 mW/cm? groups on Day 5,
although the DNA content was increased only in the 120
mW/cm?® group. This may have been due to the fact that
culture in alginate was more suitable for matrix synthesis
than cell growth in monolayer culture. Another possible
reason may have been that the proliferative activity of
HNPSV-1 was already fully stimulated, in view of the
original report by Sakai et al. (2004) indicating that the
growth rate of HNPSV-1 cells was more than six times
faster than that of normal cells.

The synthesis of proteoglycans was significantly
increased in all of the treated groups compared with the
control group, and the increase was particularly marked
in the 30 mW/cm? group. Similarly, the DMMB assay
showed that the amount of proteoglycan synthesized was

 significantly increased in the 15, 30, 60 and 120 mW/cm?

20

groups on Day 5 and in all of the treated groups on Day 7,
relative to the control group. Accordingly, LIPUS may
significantly increase the ability of human nucleus
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pulposus cells to synthesize proteoglycans and also
augment the amount of proteoglycan synthesized by these
cells. A previous experiment using cartilage cells in three-
dimensional culture showed that LIPUS did not alter cell
growth, but increased proteoglycan synthesis at 50 or 120
mW/cm? (Iwashina ez al., 2006). The present study showed
that LIPUS stimulated the synthesis of proteoglycans,
which are important matrix components for nucleus
pulposus cells, consistent with earlier data for other cell
types.

Itis thought that LIPUS vibrates the extracellular matrix
and thus subtly alters the pericellular environment, thereby
stimulating various receptors and adhesion factors on the
cell surface. A previous report that stimulation of human
fibroblasts with LIPUS activated a cell adhesion factor
also supports the present finding that LIPUS increased the
capacity of HNPSV-1 cells to synthesize proteoglycans
and also increased the amount synthesized (Zhou et al.,
2004).

Iwashina ef al. (2006) performed a similar study in
which intervertebral disc cells from rabbits were treated
with LIPUS. They showed that the proliferative activity
of nucleus pulposus cells was increased only at a low
intensity, and that there was no significant difference of
proteoglycan synthesis between the treated and control
groups during the early stage of exposure to ultrasound.
In the present experiment with a human cell line, growth
was increased only at high levels of ultrasound intensity,
but proteoglycan synthesis was significantly increased at
all intensity levels from the early stage of treatment. Since
rabbit nucleus pulposus cells are heterogeneous and include
many cells derived from the immature notochord, they
show individual variation that tends to minimize any
difference from the control group. In contrast, HNPSV-1
cells are a monoclonal cell line, and thus may respond
uniformly to LIPUS.

Since it remains unknown how LIPUS stimulates the
capacity of nucleus pulposus cells to synthesize
proteoglycans, we investigated the mechanism responsible
by the microarray technique. We found an increase in the
expression of genes for small proteoglycans such as
heparan sulphate and biglycan, as well as genes for growth
factors that enhance disc cell activity, such as TGF-f R1,
BMP2,0FGF7, EGFR. VEGF was also found to be
increased, and this has recently been reported to play a
role in nucleus pulposus cell survival (Fujita et al., 2008).
As growth factors like BMP2 and TGF-$1 have already
been reported to increase the synthesis of proteoglycans
by nucleus pulposus cells (Yoon et al., 2003), the increased
expression of such factors and their receptors suggests
involvement of these genes in the increased bioactivity of
nucleus pulposus cells after LIPUS stimulation.

We have not examined the effect of timing on when to
apply LIPUS in this experimental series due to limited
sample size. The timing factor as well as the LIPUS
intensity may produce different effects.

Several studies have already investigated therapeutic
techniques for increasing the activity of disc cells. Although
LIPUS alone failed to provide a sufficient therapeutic
effect, the present results suggest that this treatment is still
worth considering for enhancement of growth factor
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expression, and that it in combination with other cell-
stimulating techniques, merits further research.
Furthermore, since there are limitations for an in vitro
experiment, it is to be noted that the effect may not be as
effective in vivo.

Conclusions

The present study has demonstrated that LIPUS treatment
stimulates cell proliferation and production of proteoglycan
in human nucleus pulposus cell line, possibly by
enhancement of growth factor-related genes. Although the
current experiment was based on in vitro research, LIPUS
may be a clinically effective therapeutic technique because
it is non-invasive, and can be combined with recently
developed therapeutic methods to inhibit disc degeneration,
possibly producing a synergistic effect.
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Discussion with Reviewer

S. Ferguson: Gene expression rates were quantified by
means of real-time PCR results. However, many of the
genes which were considered significantly up-regulated
had mean ratios of less than two. Generally, unless the
authors can demonstrate extremely tight control of their
PCR process, it is accepted practice to require at least a
two-fold increase in gene expression before considering a
difference significant.

Authors: Protocol and efficiency level of real-time PCR
in this experiment has been set with appropriate controls,
tight cycle condition and repeated measures. Therefore,
we believe that the results are valid to determine
significance.
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Intervertebral disc (IVD) degeneration, although in
many cases asymptomatic, is associated with low back
pain and diseases such as sciatica, disc herniation, or
prolapse.' It implies a decrease in disc height and alter-
ations in the mechanics of the spinal column, and in the
long term it can lead to spinal stenosis, a major cause of
pain and disability, especially in the elderly. The inci-
dence of IVD degeneration is increasing exponentially,
and it is increasingly recognized as a disorder that also
affects the younger population. In fact, about 20% of
people in their teens have discs with mild signs of degen-
eration.”*

In view of the fact that current treatment methods
may reduce pain but cannot repair the degenerated
disc, there is an increasing interest in novel cell-based
therapies. Their aim is to achieve cellular repair of the
degenerated disc matrix to ultimately restore disc
height and biomechanical function. One approach has
been to stimulate the disc cells to increase the rate of
matrix synthesis by application of growth factors or
gene therapy.””* However, because cell densities in
human discs are low and their vitality in degenerate
discs is impaired, stimulation of the remaining cells
may be insufficient.” Cell implantation may overcome
the paucity of cells in a degenerate disc. For cell ther-
apy, mesenchymal stem cells have been proposed, and
clinical procedures have been developed to inject these
cells into a degenerated disc.'®™* It has also been sug-
gested that, similar to chondrogenic differentiation,
mesenchymal stem cells can differentiate toward the
NP cell phenotype in vitro.'*™*°

Although experimental work and animal studies
have demonstrated the potential of cell-based ap-
proaches, there is still a deficiency of basic knowledge
about the cellular components residing in the IVD. In
a healthy disc, the cells of the nucleus pulposus (NP)
function to maintain its highly hydrated gelatinous
matrix, which is rich in proteoglycans and in collagen
and elastin fibers. The NP is surrounded by the anulus
fibrosus (AF), which is composed of a series of concen-
tric lamellae, consisting of collagen and elastin fibers.
Whereas the cells of the outer AF appear fibroblast-
like and elongated, the NP cells in human adults are
described as chondrocyte-like because of their
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rounded morphology and their phenotypic profile. e,

The NP and AF cells are generally referred to as IVD
cells or chondrocytes, although they markedly differ
from each other and from articular cartilage cells. Ap-
propriate molecular markers that define NP and AF
cells and differ from chondrocyte markers would be
instrumental in evaluating and monitoring a cell pop-
ulation with respect to the IVD-like phenotype.

In a previous study, we reported a number of genes
that were differentially expressed in NP, AF, and AC
cells in rats.'® Although distinct animal models are
useful to investigate specific associations, considerable
variations between species are evident, and findings
cannot be translated from one to another species with-
out careful consideration.'” The present study used discs
from dog of a chondrodystrophoid breed and microarray,
quantitative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) and immunohistochemistry to identify po-
tential new molecules with varying expression in NP and
AF. Furthermore, because caudal discs are often used as
models to study IVD biology and biomechanics, poten-
tial differences between caudal and lumbar discs were
assessed with respect to the molecules of interest. Finally,
the expression of the genes that had been found differ-
entially expressed in the rat was also analyzed in the dog
tissues. This allowed evaluating interspecies differences
and similarities between animals with notochordal ver-
sus chondrocytic nucleus, which is of fundamental im-
portance for the selection of a particular animal model to
study IVD degeneration and regeneration.!”

B Materials and Methods

Microarray Analysis

All animal experiments were carried out according to the
protocol approved by the Animal Experimentation commit-
tee at our institution (experiment #042015). Mature female
beagle dogs (16-18 months old; n = 3; mean weight approx-
imately 10 kg; Nosan Beagle, Nosan Corp., Kanagawa,
Japan) were used for tissue harvest for microarray analysis.
NP and AF were harvested from lumbar (L2-L3 to L5-L6)
and caudal (C1/2 to C4/5) discs in an aseptic environment.
Tissue samples were immediately placed in RNAlater (Am-
bion, Austin, TX) and sent for microarray analysis service to
Kurabo Industries Inc.; Biomedical Dept., Osaka, Japan.
This service included high-quality total RNA. isolation,
c¢DNA synthesis, biotin-labeled cRNA synthesis, cohybrid-
ization (NP/AF) to the Affymetrix GeneChip Dog Genome
Array (Affymetrix Inc., Santa Clara, CA), array imaging, and
analysis according to the protocol provided by the manufac-
turer (Affymetrix GeneChip Expressmn Analysis Technical
Manual).’®'? A total of 3 microarrays were prepared:
NP/AF cohybridizations, each with dye- -swap to exclude dye
bias. The relative expressmn of each gene in NP versus AF
was expressed as a ratio of fluorescence intensities.

Real-time RT-PCR
NP and AF were dissected from the lumbar (n = 9) and coccy-
geal (n = 4) discs as specified above. Articular cartilage was
harvested from femoral condyles (n = 9) of the same animals.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article
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Chopped tissue samples were placed in Isogen (Nippon
Gene, Toyama, Japan), frozen in liquid nitrogen, and ho-
mogenized with a Polytron homogenizer. Total RNA was
extracted by a modified TRISpin method,? using the SV
Total RNA Isolation System (Promega, Madison, WI). Re-
verse transcription was performed with TagMan reverse
transcription reagents (Applied Biosystems, Foster City, CA)
and random hexamer primers.

For real-time PCR, S genes were selected that showed a
high signal ratio in the NP versus AF microarray compari-
son: «-2-macroglobulin (A2M), annexin A4 (ANXA4), des-
mocollin 2 (DSC2), cytokeratin 18 (CK18), and neural cell
adhesion molecule 1 (NCAM1, CDS6 140-kDa isoform). In
addition, S genes, that had been found differently expressed
in NP versus AC in the rat, were evaluated'®: Cartilage oli-
gomeric matrix protein (COMP), glypican 3 (GPC3), matrix
Gla protein (MGP), pleiotrophin (PTN), and vimentin
(VIM). Dog primers (Invitrogen, Carlsbad, CA) and Tag-
Man probes (Sigma, St. Louis, MO) were designed using
Primer Express software, version 3.0 (Applied Biosystems)
(Table 1). The assay for amplification of 18S ribosomal RNA
was from Applied Biosystems. PCR was performed on a
7300 Real-Time PCR System (Applied Biosystems) with
TagMan Universal PCR Master Mix (Applied Biosystems),
900 nmol/L primers (forward and reverse), and 250 nmol/L
TagMan probe. Relative quantification of targer mRNA was
performed according to the comparative Cy method (ABI
PRISM User Bulletin 2, Applied Biosystems) with 18S ribo-
somal RNA as the endogenous control. Gene expression lev-
els of lumbar and coccygeal NP and AF were normalized to
the values of their corresponding AC.

Statistical significance was determined with SPSS 14.0 soft-
ware, using Kruskal-Wallis nonparametric analysis with
Mann-Whitney U post hoc testing, and P < 0.05 was defined as
significant.

Immunohistochemistry
Mouse anti-CD56 (NCAM1) (Clone 123C3) was purchased
from Spring Bioscience (Montigny le Bretonneux, FR) and
applied in the dilution 1:50; Rabbit anti-alpha 2 macroglob-
ulin from GeneTex, Inc. (San Antonio, TX) was applied in
the dilution 1:50; Rabbit anti-desmocollin 2 from Progen
Biotechnik (He1de1berg, Germany) was applied in the dilution
1:50; Rabbit anti-glypican 3 (aa 303—464) from Santa Cruz Bio-
technology (Santa Cruz, CA) was applied in the dilution 1:25;
Mouse anti-cytokeratin 18 (Clone C-04) from Novus Biologicals,
Inc. (Littleton, CO) was applied in the dilution 1:50.

Lumbar IVD, coccygeal IVD, and AC from the femoral
condyle were harvested from 12-month-old female beagle
dogs and fixed in 4% paraformaldehyde. Tissues were de-
calcified, embedded in paraffin; and cur into 3—-5 pm sagittal
sections. Sections were incubated with 0.005% proteinase
(Sigma) at 37°C for 10 minutes and probed with relevant
primary antibodies at 4°C for 16 hours. Subsequently, they
were treated with appropriate biotinylated secondary anti-
bodies at room temperature for 1 hour. Slides were then
processed using Vectastain ABC Kit (Vector Laboratories),
developed with 3,3'-diaminobenzidine (DAB) substrate and
counterstained with hematoxylin. ’

For detection of CK18, tissues were embedded in OCT
compound and cryosectioned into 6-um-thick sections. IVD
tissues were not decalcified and sectioned axially. Cryosec-
tions were incubated with primary antibody at 4°C for 16

is prohibited.
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Table 1. Oligonucleotide Primers and Probes Used for Real-Time PCR

Gene Probe
Name Gene Symbol Ref. Sequence Primer Fw (5'-3') Primer Rev {5'-3') (5'-FAM; 3'-TAMRA)
a-2-Macroglobulin A2M XM_534893 ACT TGG CTC ACT GCC GTT GAG CAG AGA CCC GGA ACT  AGC ACA CAT CAC CCA AGC
TIT GTACT CCT CAT G
Annexin A4 ANXA4 NM_001003039 CCC AGC GCC AGG CGA CTT CAG GTC GTC CAT CA ACG GCC TAC AAG AGC
AGATTAG ACC ATC GGC
Cartilage oligomeric ComP XM_533869 GCC GAG ACA CGG CAC GTC CTC TTG CCC TGA GT TTC CCC GAC GAG AAG CTC
matrix protein ATT TGG CGC
Desmocollin 2 DSC2 XM_537291 ACG ATG CAC ACA TGG TGA TCA CGC CTG TAG TTG  CCA TCA TCG AGC AGT TGC
CGT CTC AAA . CAG CGT A
Glypican 3 GPC3 XM_538178 CAG CCT CTT TCC AGT  CCC CTC GGA GGC ACT CAT AGC TCA TGA ACC CCG GCC
CAT CTA CAC TGC
Cytokeratin 18 CK18 XM_849849 AAG AAC CAC GAG CCC GGA TAT CTG CCATGA TC TCT ACA AAA CCA AAT CGC
GAG GAA GTA AAG CAACTC TGG G
Matrix Gla protein MGP XM_848662 CCA CCA AGC CCG GCG TAG CGT TCG CAA AGC CTC AAC CGG GAA GCC TGT
CCT AT GAT GAC TTC.
Neural cell adhesion NCAM1 NM_001010950 AAG ACT CTG GAC GGC GTC TGT GTA CTG GAT GCT  TGC GTA GCC ATG CCC GCG
molecule 1 {CD56 GGG CAC AT
140-kDa isoform)
Pleiotrophin PTN XM_532732 GTG CAG CAG CGT TGT CCA CAG CTG CCA AGA TG TGC AGC TGC CTT CCT GGC
CGA AAA ATT CAT
Vimentin VIM XM_844468 CAG GCG AAG CAG TCC CTT TGA GTG CAT CCA CTT CCG GAG CCA GGT GCA GTC
GAG TCA AC CCTC

Probes were labeled with the reporter dye molecule FAM (6-carboxyfluorescein) at the 5’ end and with the quencher dye TAMRA (6-carboxy-N, N, N’,

N'-tetramethylrhodamine) at the 3’ end.

hours. Subsequently, sections were treated with anti-mouse
Alexa Fluor 488 goat secondary antibody (1:200, Molecular
Probes, Invitrogen). Nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) and slides observed with
fluorescence microscopy.

B Results

Microarray
A comparative microarray analysis using the Af-
fymetrix GeneChip Dog Genome Array, which are
high-density oligonucleotide arrays (11-pum spots)
containing 2,383,625-mer probe-sets detecting 21,700
transcripts was performed to identify genes that may be
used to uniquely distinguish NP from AF cells. As we were
particularly interested in potential NP marker molecules,
the focus was laid on molecules with a high NP versus AF
expression ratio. While examining the signal ratios in the
NP versus AF microarray comparison, 45 genes with a sig-
nal log ratio of at least 1 were noted (Table 2). Furthermore,
77 genes had a signal log ratio of —1 or lower, 43 of which
showed a ratio of —3 or lower (Table 3).

Fight genes were identified with an NP to AF signal
log ratio higher than 3: Wnt inhibitory factor-1,
CK18, A2M, desmoplakin, DSC2, UDP-glucose dehy-
drogenase, carbonic anhydrase I, and ADAMTS10.
Among these genes, CK18, A2M, and DSC2 were se-
lected for quantitative analysis by real-time RT-PCR,
as they appeared valuable candidate genes for the
characterization of NP cells. In addition, 2 genes with
a signal log ratio of 1.4, namely, ANXA4 and NCAM1
(CDS56), were further investigated.

Real-Time PCR
Data from lumbar discs are illustrated in Figure 1. In
correlation with the microarray results, A2M, DSC2,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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CK18, and NCAM1 (CD56) mRNA levels were higher
in NP compared to AF. The NP gene expression of
A2M, CK18, and NCAMI1 (CDS56) was also enhanced
when compared to AC, whereas no difference was
noted in DSC2 gene expression between NP and AC.
No differences in ANXA4 mRNA expression levels
were found between NP, AF, and AC.

In contrast to previous findings in the rat, the GPC3
mRNA expression was equally low in NP as in AC.
Hence, GPC3 expression was downregulated in the
dog compared to the rat NP, while its expression was
higher in dog AF than AC, which is similar to the rat
results. The COMP, MGP, and VIM expression levels
were lower in NP than in AF and AC, whereas PTN
was lower in NP compared to AC. Additionally, MGP,
PTN, and VIM mRNA values were lower in AF com-
pared to AC.

Results from the coccygeal discs are illustrated in
Figure 2, with data from the corresponding lumbar NP
and AF shown for comparison. Essentially, the expres-
sion profile of the genes analyzed was similar in lum-
bar and coccygeal discs, showing stronger expression
of A2M, CK18, and NCAM1 (CD56) in NP compared
with AF and AC and higher DSC2 expression in NP
than AF. In addition, GPC3 expression was signifi-
cantly higher in coccygeal AF than NP. The mRNA
expression of COMP, MGP, and PTN also demon-
strated a similar pattern in coccygeal as in lumbar disc,
showing lower expression levels in NP as compared to
AC and higher AF than NP levels of COMP mRNA.

Variations between coccygeal and lumbar disc were
noticed for NCAM1 (CDS56), which was expressed
more highly in coccygeal than in lumbar NP, and for
PTN and VIM, which were expressed more highly in
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Table 2. Genes With a Signal Log Ratio of 1 or Higher in the NP Versus AF Microarray Comparison

Signal Signal Log  Signal Log Change in  Representative
Log Ratio - Ratio Low Ratio High P Public ID Gene Title Gene Symbol
5.2 49 55 0 00002 €0629970 Similar to WIF-1 L0C481148

35 28
34 22
33 3

3.2 13
3 0.9
2.7 22
24 04
2 16
2 19
19 1

19 16
19 06
18 1

18 17
18 13
17 1

1.4 11
14 1.1
14 1

1.3 0.9
1.3 1

1.3 0.8
1.2 11
1.2 0.9
1.1 0.6
1.1 0.5
1.1 1

1.1 0.3
1 0.8
1 0.8
1 0.5
1 0.8
1 0.4
1 0.8
1 0.7
1 -0.1

4.1

4.6

35
5.1

5.2
3.3
4.3
2.4
2.1
2.8
2.1

3.2
2.5

2.3

13
2.1

@ 4
~0.00002

0.00002
0.000492

0.000692
0.00002
0.000189
0.00002
0.00002
0.00013
0.00002

0.000023
0.000027
0.00002

0.00002

0.000023

0.000241
0.000167
0.000068
0.00002
0.00002
0.00002

0.00003
0.00002
0.000273
0.000241
0.001336
0.00002

0.00002

0.00002
0.000023
0.001201
0.00002
0.000101

0.00002
0.00002
0.000027
0.00002
0.000492

0.000078

0.00002
0.00003

C0704199

€0614128

CF409351

CF409176

AB049597.1
C0593864
U16208.1
AB085580.1
€0585869
AF133250.1
C0697517

C0619157
AY305401.1
CF411593

£0698628

€0601750

C0696669
BM537581
C0710930
C0703865
AJ407826
C0715646

82
AF201729.1
BU751122
C0666324
C0635035
AF084483.1
£0584391

DG8-215h9-
939b11.rica
U52106.1
U52105.1
C0672418
(0675662
DG2-97k24-
149d4.r1ca
AF211257.1
AF525493.1
AF060562.1
€0603430
C0693021

BM538976

€0625323
CF407676

Similar to Desmoplakin (250/210 kDa paraneoplastic
pemphigus antigen)

Desmocollin type 2
At UDRgl g8l

Similar to carbonic anhydrase Il {carbonate
dehydratase [l) {CA-Il) (carbonic anhydrase C)

Similar to ADAMTS-10 (A disintegrin and .
metalloproteinase with thrombospondin motifs 10)
(ADAM-TS 10)

Epidermal growth factor

Somatostatin receptor 2

Fibronectin 1

Caspase-3

Dystonin -

Vascular endothelial growth factor 188

Similar to fibrinogen-like protein 1 precursor
(Hepatocyte-derived fibrinogen-related protein 1)
(HFREP-1) (Hepassocin) (HP-041)

Similar to basic beta 1 syntrophin

Somatostatin receptor 2

Similar to UDP-Gal:betaGlcNAc beta
1,4- galactosyltransferase 4

Similar to 78-kDa glucose-regulated protein precursor
(GRP 78) {Immunoglobulin heavy chain-binding
protein) {BiP)

Similar to DnaJ (Hsp40) homolog, subfamily C,
member 3

Similar to notch1 preproprotein

Translocation-associated membrane protein 1

Mucin

Similar to cyclin G1 (Cyclin G)

Similar to heat shock cognate 71 kDa protein

Similar to heat shock in1, b

Matrix metalloproteinase-13

Similar to junctional adhesion molecule 3 precursor

Similar to cyclin G2

Estrogen-regulated LIV-1 protein

Muscarinic acetylcholine receptor m2

Similar to osteopontin precursor (bone sialoprotein 1)
(Secreted phosphoprotein 1) (urinary stone protein)
(nephropontin) (uropontin)

Fibronectin 1

Fibronectin 1

Fibronectin 1

Dystonin

Metallothionein-1

Similar to pleiotrophin precursor—mouse similar to
pleiotrophin precursor-mouse

Fibroblast growth factor receptor 2

Heat shock 27-kDa protein 8

Basic fibroblast growth factor

Dystonin

Similar to chloride intracellular channel protein 4
(me3s5/mtCLIC)

Similar to 60-kDa heat shock protein, mitochondrial
precursor (60 kDa chaperonin) {heat shock protein
60) {mitochondrial matrix protein P1) (P60 lymphocyte
protein)

Similar to bone morphogenetic protein 6

Similar to crystallin, Z-like 1 isoform a

L0C488207
DSC2

LOC477928

LOC478077

CEGF
SSTR2

FNT .
CASP3
DST

VEGF
L0C475617

L0C482030
SSTR2
LOC487991

LOC480726

LOC476966

L0C480676
TRAM1

LOC404014
L0C479303
L0C479406
L0OC474919

MMP13
LOC489271
L0C478442
LIV-1
CHRM2
LOC478471

FN1

ENT
FN1

DST

LOC403800
LOC475509/L0C480079

FGFR2
HSPBS
BFGF

DST
L0C487367

L0C478854

L0C478715
LOC478408

Shaded boxes indicate genes analyzed by RT-PCR.
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Table 3. Genes With Signal Log Ratio of (—3) or Lower in the NP Versus AF Microarray Comparison

Signal Log  Signal Log  Signal Log Change in  Representative
Ratio Ratio Low  Ratio High P Public ID Gene Title Gene Symbol
-89 —12.4 -5.4 0.99998 C0702793 Phosphoenolpyruvate carboxykinase PEPCK
-13 -10 —-4.6 0.99997 0585446 Similar to Laminin -1 chain precursor {Laminin B1 chain)  LOC475883
~1.2 9.1 5.2 0.99998 AF099154.1 Von Willebrand factor VWF
~7.2 -9.2 -5.1 0.99998 0698338 MHC class Il DR alpha chain DLA-DRA1
—6.9 -85 -53 0.99998 M29611.1 MHC class || DLA DRB1 beta chain DLA-DRB1
~6.2 -7.2 —5.3 0.99998 AF153062.1 Type | collagen pre-pro-alphal(l) chain COL1A1
—6.1 -96 ~2.6 0.999562  C0613060 Similar to collagen type XV LOC475085
-6 —6.2 -5.8 0.99998 DG14-68n1- Type 1 procollagen pro-alpha 2 chain COL1A2
973g20.r1ca
-57 -19 3.5 0.99998 BU746128 Cathepsin S CTSS
-5.7 ~7.8 ~3.6 0.99998 DG14-67¢3- Similar to B-tropomyosin L0C481598
973h12.r1ca
~54 —15 —34 0.99998 AB011373.1 Aquaporin 1 AQP1
~5.4 =117 -3.1 0.999965  C0702048 Similar to CD163 antigen isoform a LOC477704
—5.2 -7 -34 0.99998 U66246.1 Von Willebrand factor VWF
~5.2 ~5.8 ~47 0.99998 C0709518 Similar to myosin light chain 3 LOCA478896
—52 -8.1 —24 0.999977  C0718911 Similar to caveolin 3 LOC484671
-5.1 —5.4 —4.7 0.99998 €0709482 Myosin, light polypeptide 2, regulatory, cardiac, slow MYL2
-5.1 —55 ~4.6 0.99998 BU745565 Slow myosin heavy chain MYH7
—5.1 —6.3 -39 0.99998 CoO7Ng97 Similar to myoglobin L0C481283
-5.1 —5.6 —4.6 0.99998 BU745233 Similar to troponin C, slow LOC476595
-5 —6.9 -31 0.993977  C0711833 Similar to Chloride intracellular channel 2 L0C492270
4.9 -5.3 —4.4 0.99998 C0657313 Similar to hemaoglobin beta chain-dog LOC480784
~4.8 —6.9 -2 0.999562  C0666771 Similar to integrin «-7 precursor (UNQ406/PR0O768) LOC481097
~4.8 -13 —-2.2 0.999954  C0598893 Similar to integrin 84 precursor (GP150) (CD104 antigen) 1.0C483318
—4.6 —6.8 —24 0.999911  BU749834 Cardiac titin TTN
—4.6 —5.3 -39 0.999932  CF412378 Myosin, light polypeptide 2, regulatory, cardiac, slow MYL2
—45 —-54 -37 0.99997 AF111100.1 Matrix metalloproteinase-2 MMP-2
—4.5 6.1 -3 0.99998 BU744374 Triadin TRDN
—4.5 -12 =17 0.99996 €0608832 Similar to collagen type XiV LOC475085
—4.4 -6 -2.9 0.99751 €0713963 Similar to neuropilin-1 precursor (Vascular endothelial LOC477955
cell growth factor 165 receptor)
—42 —6.5 -19 0.999977  AY156692.1 Cathepsin S CTSS
—-4.2 ~6.4 -19 0.999693  DG9-119a21- Similar to adenylate cyclase 2 1.0C480271
441b5.r1ca
—4.2 —-52 -3.2 0.99998 £0586808 Similar to fibulin 2, precursor L0C484634
-4 -5.6 ~2.5 0.999922  C0674494 Cathepsin S CTSS
—36 -5.1 -22 0.999781  CO701916 Similar to enolase 3, beta L0OC479469
—3.5 —46 -25 0.999308  BU748808 Similar to filamin LOC481084
-33 —5.1 -1.6 0.999965  U32086.1 Vascular cell adhesion molecule-1 VCAM1
-3.3 -5.3 -13 0.99998 BM539480 B-actin, similar to cytoplasmic B-actin ACTB/LOC479083
-3.3 -4.2 ~23 0.99996 AY134865.1 Cardiac titin TN
-33 -5.4 -1.2 0.999954  L08254.1 Phenylalanine hydroxylase PAH
-3.2 -36 -2.9 0.99998 DG2-59i4- Similar to alpha 1 type XlI collagen long isoform L0C481881
199b11.rica precursor
-3 -4.8 -1.1 0.999922  L31625.1 Intercellular adhesion molecule-1 ICAM-1
—~3 -35 -2.4 0.999977  BU744706 Collagen type 1V alpha 2 chain COL4A2
-3 —4.3 -1.7 0.993973  DG14-126(3- Uncoupling protein 3 UCP3
1074k14.r1ca

coccygeal than in lumbar AF. Comparing results ob-
tained from dog with rat tissues, the relative COMP
and MGP gene expression was similar in the dog and
the rat, whereas interspecies differences were evident
in the expression of GPC3, PTN, and VIM.

Immunohistochemistry
Basically, observations with respect to differences in gene
expression were confirmed at the protein level. A strong
immunopositive signal for A2M was observed in the coc-
cygeal NP. The staining was cell-associated and mainly in-
tracellular. Although some A2M-negative cells were seen,
the majority of the NP cell clusters reacted positive for
A2M. In lumbar NP, the A2M immunoreaction appeared
weaker than in the coccygeal NP. Nevertheless, most lum-
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bar NP cells also showed positive staining. However, A2M
immunoreactivity was not observed in lumbar and coccy-
geal AF and in AC (Figure 3).

Comparing DSC2 staining in NP, AF, and AC, most
immunopositive cells were noted among articular chon-
drocytes. Staining was cell-associated and was evident in
the middle and deep zones of the cartilage. Both lumbar
and coccygeal NP also had DSC2 positive cells, whereas
AF tissues were immunonegative (Figure 4).

Positive staining for NCAM1 (CD36) was noticed
in a small proportion of colonized lumbar NP cells.
Higher numbers of colonized NP cells that reacted
positively were seen in the coccygeal discs. Both AF
and AC were negative for NCAM1 (CD356) (Figure 5).
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The expression of CK18 was visualized by immu-
nofluorescence. A strong signal was associated with
the majority of both lumbar and coccygeal NP cells.
Articular chondrocytes also showed a positive reac-
tion, although numerous cells in AC were CK18 neg-
ative. Similar results were obtained for AF cells. Gen-
erally, the CK18 staining was weaker in AF than in NP
sections (Figure 6).

Immunoreactivity for GPC3 was observed only in the
coccygeal AF, where the staining was localized intracel-
lularly (Figure 7). GPC3 was not detectable in lumbar
AF, NP, and AC tissues (not shown).

B Discussion

With the aim to elucidate differences between different
cell types present in the IVD, previous studies have ad-

A2M ANX4 COMP DSC2 GPC3 KT18

MGP NCAM1 PTN  VIM

dressed phenotypic characteristics and matrix produc-
tion.”"** Whereas those investigations primarily focused
on the expression and synthesis of matrix molecules such
as collagens and proteoglycans, this extended study used
large-scale gene expression profiling to identify differ-
ences in the expression patterns of NP and AF cells. Car-
tilage was included into RT-PCR and immunohisto-
chemical examination because of the close similarities
between IVD cells and articular chondrocytes.?* We
have previously reported on a related study using rat cells
and tissues.'® In the present study, we opted for the bea-
gle dog because this breed is known as chondrodystro-
phoid, which — in contrast to the rat — lacks a notable
notochordal cell population in the NP after birth and is
therefore more similar to that found in humans.****

10007 Bne
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Nrar
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=
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£
2 Figure 2. Relative mRNA ex-
;“g pression of nucleus pulposus
x (TNP) and anulus fibrosus (TAF)
107 tissue isolated from interverte-
bral discs of beagle dog tail. Ex-
* * pression of the corresponding
+4 lumbar disc nucleus pulposus
g (LNP) and anulus fibrosus (LAF)
1 § is- shown for comparison. Data
] are expressed relative to the lev-
1 E-4 s 88 els of articular cartilage (AC).
+P < 0.05 vs. AC; #P < 0.05 vs.

A2M  ANX4 COMP DSC2 GPC3 KT18 MGP NCAM1 PTN  VIM
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TAF; *P < 0.05 vs. lumbar; n = 4.
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Alpha 2 Macroglobulin NCAM1 (CD 56)
Lambar

Lumbar NP

Coceygeal

Figure 3. Immunolocélizatioﬁ ofua-z-macroglobulin in lumbar Figure 5 Immunolocalization of neural cell adhesion molecule 1
and coccygeal nucleus pulposus (NP). The majority of NP cells ~ (CD56) in lumbar and coccygeal nucleus pulposus (NP). The ma-
stain positive, whereas lumbar and coceygeal anulus fibrosus  fority of coccygeal and a smaller proportion of lumbar NP cells

(AF) and articular cartilage (AC) cells are immunonegative.  Stain positive, whereas lumbar and coccygeal anulus fibrosus (AF)
Scale bars: 200 pm. and articular cartilage {AC)-cells are imlmunonegative. Scale bars:
200 um.

In this microarray analysis of mature female beagle
dogs, 45 genes were found with a high (=1) NP/AF signal
log ratio, whereas 77 genes had a low (=—1) NP/AF
ratio. Even though these data originate from 3 indepen-
dent microarray analyses, they can be considered neither
as comprehensive nor conclusive. The aim was to iden-
tify potential candidate genes that were further investi-
gated by quantitative RT-PCR. The selection for RT-
PCR was primarily focused on genes with a high NP/AF
signal ratio in the microarray. Generally, results from the
microarray analysis were confirmed at gene expression
and for the most part also at protein levels. However,
although ANXA4 was expressed significantly more
highly in NP compared to AF in the microarray analysis,
this difference could not be confirmed by real-time R'T- CK-18

PCR. It is important to consider that with the capability
to screen large proportions of a genome, microarrays
have the disadvantages of a certain lack in both sensitiv-
ity and specificity, which is associated with a consider-
able proportion of false positives.>**¢ Possible reasons
for the disagreement between microarray and quantita-
tive RT-PCR may include recognition of alternative tran-
scripts, cross-hybridization, and signal quantification
techniques, among others. Furthermore, different ani-
mals, although of the same age and sex, were used for
microarray and RT-PCR analysis, which may also ac-
count for the observed divergences. Taken together, this

Lumbar
Desmocollin 2
Lumbar NP

Coceygeal

Coceygeal

- - i Figure 6. Immunastaining of cytokeratin-18 in lumbar and coccy-
Figure 4. Immunolocalization of desmocollin-2 in lumbar and coccy- geal nucleus pulposus (NP) and anulus fibrosus (AF) and in artic-
geal nucleus pulposus (NP) and in articular cartilage {AC). Cartilage ular cartilage (AC) cells. The majority of lumbar and coccygeal NP
and a proportion of NP cells stain positive, whereas anulus fibrosus cells stain strongly positive, whereas AF and AC cell staining is
{AF) cells are immunonegative. Scale bars: 200 pm. weaker or negative. Scale bars: 100 um.
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