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Expression of Acid-Sensing Ion Channel 3 (ASIC3) in Nucleus
Pulposus Cells of the Intervertebral Disc Is Regulated by p7SNTR and
ERK Signaling

Yoshiyasu Uchiyama,'? Chin-Chang Cheng,'? Keith G Danielson,! Joji Mochida,2 Todd J Albert,! Irving M Shapiro,’
and Makarand V Risbud®

ABSTRACT: Although a recent study has shown that skeletal tissues express ASICs, their function is un-
known. We show that intervertebral disc cells express ASIC3; moreover, expression is uniquely regulated and
needed for survival in a low pH and hypoeromsotic medium. These findings suggest that ASIC3 may adapt
disc cells to their hydrodynamically stressed microenvironment.

Introduction: The nucleus pulposus is an avascular, hydrated tissue that permits the intervertebral disc to resist
compressive loads to the spine. Because the tissue is hyperosmotic and avascular, the pH of the nucleus
pulposus is low. To determine the mechanisms by which the disc cells accommodate to the low pH and
hypertonicity, the expression and regulation of the acid sensing ion channel (ASIC)3 was examined.
Materials and Methods: Expression of ASICs in cells of the intervertebral disc was analyzed. To study its
regulation, we cloned the 2.8-kb rat ASIC3 promoter and performed luciferase reporter assays. The effect of
pharmacological inhibition of ASICs on disc cell survival was studied by measuring MTT and caspase-3
activities.

Results: ASIC3 was expressed in discal tissues and cultured disc cells in vitro. Because studies of neuronal cells
have shown that ASIC3 expression and promoter activity is induced by nerve growth factor (NGF), we
examined the effect of NGF on nucleus pulposus cells. Surprisingly, ASIC3 promoter activity did not increase
after NGF treatment. The absence of induction was linked to nonexpression of tropomyosin-related kinase A
(TrkA), a high-affinity NGF receptor, although a modest expression of p75NTR was seen. When treated with
P75NTR antibody or transfected with dominant negative-p7SNTR plasmid, there was significant suppression
of ASIC3 basal promoter activity. To further explore the downstream mechanism of control of ASIC3 basal
promoter activity, we blocked p7SNTR and measured phospho extracellular matrix regulated kinase (pERK)
levels. We found that DN-p7SNTR suppressed NGF mediated transient ERK activation. Moreover, inhibition
of ERK activity by dominant negative-mitogen activated protein kinase kinase (DN-MEK) resulted in a
dose-dependent suppression of ASIC3 basal promoter activity, whereas overexpression of constitutively active
MEKT1 caused an increase in ASIC3 promoter activity. Finally, to gain insight in the functional importance of
ASIC3, we suppressed ASIC activity in nucleus pulposus cells. Noteworthy, under both hyperosmotic and
acidic conditions, ASIC3 served to promote cell survival and lower the activity of the pro-apoptosis protein,
caspase-3.

Conclusions: Results of this study indicate that NGF serves to maintain the basal expression of ASIC3 through
p75NTR and ERK signaling in discal cells. We suggest that ASIC3 is needed for adaptation of the nucleus
pulposus and annulus fibrosus cells to the acidic and hyperosmotic microenvironment of the intervertebral
disc.

J Bone Miner Res 2007;22:1996-2006. Published online on August 13, 2007; doi: 10.1359/JBMR.070805

Key words: intervertebral disc, acid sensing ion channel, nucleus pulposus cells, p7SNTR, extracellular
matrix-regulated kinase, signaling

INTRODUCTION

plate cartilages of adjacent vertebrae and a circumferential
ligamentous structure, the annulus fibrosus. Contained

r I HE INTERVERTEBRAL DISC is a specialized biomechanical
structure that permits motion between vertebrae and
absorbs mechanical loads. The disc is bounded by the end-

The authors state that they have no conflicts of interest.

within the disc are cells of the nucleus pulposus; there cells
secrete matrix macromolecules, which by elevating the os-
motic pressure, serve to accommodate applied mechanical
forces. Whereas the nucleus pulposus cells are metaboli-
cally active, the vascular supply to the intervertebral disc is
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Surgery, Surgical Science, Tokai University School of Medicine, Bohseidai, Isehara, Kanagawa, Japan: *Department of Orthopaedic
Surgery, Chang Gung Memorial Hospital, Chang Gung University, Taoyuan, Taiwan.
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limited. As a result, the nucleus pulposus cells generate
almost all of their metabolic energy through the glycolytic
pathway.>* One consequences of the reliance on anaero-
bic metabolism is that the disc pH is low. How nucleus
pulposus cells adapt to, and function in, an acidotic and
hyperosmotic microenvironmental niche is not understood.

The mechanism by which tissues adapt to a low pH is
tissue specific. In neural tissues, cells adjust to variations in
the extracellular pH by regulating the activities of acid sens-
ing ion channel (ASIC) proteins. These proteins are mem-
bers of the amiloride-sensitive Na*-channel/degenerin fam-
ily. Four distinct genes encoding six ASIC isoforms have
been identified. These polypeptides form both homo-
meric and heteromeric functional membrane channels,
most likely a tetramer, each with distinct electrophysiologi-
cal characteristics.’%'? Of these channel proteins, ASIC3s
have been shown to be needed for maintenance of a num-
ber of physiological functions and are implicated in pain
transduction associated with ischemic or inflamed tissue
acidosis.®>” In general, these channel proteins respond to
extracellular acidification by regulating transmembrane
Na*, K*, or Ca?* flux.

Because the nucleus pulposus can be regarded as a closed
tissue compartment with a limited vascular supply, we ex-
plored the possibility that ASIC was expressed by interver-
tebral disc cells. Using cells of both the annulus fibrosus and
nucleus pulposus, we show that there is expression of both
ASIC3 and ASIC2b. Whereas in other tissues, ASIC3 ex-
pression is responsive to nerve growth factor (NGF), me-
diated by the high affinity receptor tropomyosin-related ki-
nase A (TrkA), effects mediated through the low-affinity
neurotrophin receptor, p7SNTR, and mitogen activated
protein kinase kinase (MEK)/extracellular matrix-
regulated kinase (ERK) signaling were observed in cell
from the intervertebral disc. Moreover, ASIC function is
needed for survival at a low pH and at a high osmotic
pressure. These new findings suggest that the activity of this
channel protein may serve to adapt disc cells to their
unique, hydrodynamically stressed microenvironment.

MATERIALS AND METHODS

Isolation of nucleus pulposus and annulus
fibrosus cells

Rat nucleus pulposus and annulus fibrosus cells (male
Wistar rats, 250 g) were isolated from the spine using a
method reported earlier by Risbud et al.® and was ap-
proved by the Institutional Animal Care Committee of
Thomas Jefferson University. Harvested cells were main-
tained in DMEM and 10% FBS. When confluent, the cells
were lifted using a trypsin (0.25%) EDTA (1 mM) solution
and subcultured in 10-cm dishes (2.0-3.0 x 10° cells/plate).

Immunohistological studies

Freshly isolated discs from adult rats were immediately
fixed in 4% paraformaldehyde in PBS, whereas whole
mouse embryos (E15.5) were perfusion fixed. Discs or em-
bryos were embedded in paraffin. Transverse and coronal
sections, 68 pm in thickness, were deparaffinized in xy-
lene, rehydrated through graded ethanol, and stained with
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Alcian blue and with eosin and propidium iodide. For lo-
calizing ASIC3, sections were incubated with the anti-
ASIC3 antibody (Neuromics) in 2% BSA in PBS at a di-
lution of 1:100 at 4°C overnight. After thoroughly washing
the sections, the bound primary antibody was incubated
with biotinylated universal secondary antibody at a dilution
of 1:20 (Vector Laboratories) for 10 min at room tempera-
ture. Sections were incubated with a streptavidin/
peroxidase complex for 5 min and washed with PBS, and
color was developed using 3'-3-diaminobenzidine (Vecta
Stain Universal Quick Kit; Vector Laboratories). Negative
control for staining included use of isotype IgG (1:100).
Some sections were counterstained with H&E and Alcian
blue.

RT-PCR analysis

RNA was isolated from fresh tissue and cultured cells
using Trizol reagent (Invitrogen) following the manufactur-
er’s instructions. Briefly, 3 pg of total RNA was reverse
transcribed into cDNA using Superscript 1I RT enzyme
(Invitrogen) and oligo (dT) primers. PCR reactions were
performed using cDNA samples (1 wl) with Superscript
DNA polymerase (Invitrogen). Primers for rat genes were
custom designed and synthesized by Integrated DNA Tech-
nologies (Coralville, 1A, USA). The PCR product was run
on a 1.2% agarose gel, and the amplicon was visualized on
a Kodak 440 imaging station.

Immunofluorescence microscopy

Cells were plated in flat bottom 96-well plates (5000 cells/
well) and maintained in complete medium for 24 h. After
incubation, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% triton-X 100 in PBS for 10 min,
blocked with PBS containing 5% FBS, and incubated with
anti-ASIC3 antibody (1:200; Alpha Diagnostics) at 4°C
overnight. As a negative control, cells were reacted with
mouse isotype IgG under similar conditions. After washing,
the cells were incubated with Alexa fluor-488 conjugated
anti-mouse secondary antibody (Molecular Probes) at a di-
lution of 1:50 for 1 h at room temperature. Cells were
washed and imaged using a laser scanning confocal micro-
scope (Olympus Fluoview).

Nuclear and membrane protein extraction and
Western blotting

Nuclear and membrane proteins from nucleus pulposus
cells were isolated using CellLytic NuCLEAR extraction
kit (Sigma-Aldrich) or Mem-PER eukaryotic membrane
protein extraction reagent kit (Pierce), respectively, follow-
ing manufacturer’s instructions. To examine the glycosyla-
tion of ASIC3, total cell protein (50 png) was denatured at
100°Cin 0.5% SDS and 0.04 M DTT and treated with 2500
U of peptide N glycosidase F (PNGase F, New England
Biolabs) in 0.05 M sodium phosphate buffer containing 1%
NP-40 for 3 h. Protein extracts or total cell lysates were
resolved on 10% SDS-polyacrylamide gels and electroblot-
ted to PVDF membranes. The membranes were blocked
with 5% nonfat dry milk in TBST (50 mM Tris, pH 7.6, 150
mM NaCl, 0.1% Tween 20) and incubated overnight at 4°C
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in 3% nonfat dry milk in TBST with the anti-ASIC3 anti-
body from two different manufacturers (Alpha Diagnostics
and Alamone Laboratories) at a dilution of 1:500, ASIC2b,
1:500 (Alpha Diagnostics), pERK and ERK, 1:1000 (Cell
Signaling), p75NTR, 1:1000 and TrkA, 1:1000 (Abcam),
pTrkA; and 1:1000 (Cell Signaling). Immunolabeling was
detected using the ECL reagent (Amersham Biosciences).

Cloning of rat ASIC3 promoter

Genomic DNA was prepared from rat liver. PCR ampli-
fication of a 2925-bp fragment containing 2831 bp of the
upstream promoter sequence linked to 94 bp of exon 1 (ie.,
—-2831 to +94) of the ASIC3 gene (17, NCBI accession no.
AF527125) was done using the following primers: forward
5'-GAGACGCGTCCTAGCCTTTGTGAGAGTC-
TGCCCCA -3', Mlul site underlined; reverse 5'- GGT-
CTCGAGAGTGAAGACCGAGTAGGGCAC -3', Xhol
site underlined) with the addition of GC buffer 1 and LA
Tag polymerase (Takara Mirus Bio). Similarly, DNA se-
quences of 1571 bp (-1477 to +94) and 1065 bp (971 to +
94) were amplified using one of the following forward prim-
ers: 5'-GAGACGCGTGGACTGATTGGTTGGTGG-
GATTATGTCC-3' or 5'-GAGACGCGTCCCCAAA-
GCTCTCTCCTCATCTTCCT-3', Mlul sites underlined)
and the same reverse primer noted above. The resulting
DNA fragments were subcloned into pCR2.1 TA vector
(Invitrogen), isolated by restriction digestion with Miul and
Xhol, and ligated into the luciferase basic expression vec-
tor, pGL3 (Promega). The identity of each ASIC3 pro-
moter sequence was confirmed by sequencing.

Plasmids

Plasmids were kindly provided by Dr Takahiro Suzuki,
Tokyo Institute of Technology (TH-Luc reporter),® Dr
Susan Meakin, Robarts Research Institute (pCMX-
TrkA),® Dr Ramesh Ray, University of Tennessee, and
Dr Natalie Ahn, University of Colorado (CA-MEK1, DN-
MEK1).?® Ecdysone inducible dominant negative
p7SNTR vector (DN-p75NTR) and ecdysone receptor ex-
pression plasmid pVgRxR were provided by Dr Daniel
Djakiew, Georgetown University.®? Gal4-ELK1-TAD
and pFR-Luc reporter were from Stratagene. As an internal
transfection control, vector pRL-TK (Promega) containing
the Renilla reniformis luciferase gene was used.

Transfections and dual luciferase assay

Nucleus pulposus cells or PC12 cells (rat adrenal pheo-
chromocytoma cells that respond to NGF) were transferred
to 24-well plates at a density of 7.5 x 10* cellsiwell 1 day
before transfection. Lipofect AMINE 2000 (Invitrogen) was
used as a transfection reagent. For each transfection, de-
sired concentrations and combination of the plasmids were
premixed with the transfection reagent. In some experi-
ments, 24 h after transfection, cells were treated with NGF
(100 ng/ml), anti-NGF (R&D Systems; 2 pg/ml), anti-TrkA
(2 pg/ml), anti-p75NTR (2 pg/ml), or anti-NGF followed by
NGF. When ecdysone-inducible DN-p75NTR plasmid was
used, cells were treated with 1 g pronesterin (a synthetic
ecdysone analog; Invitrogen). The next day, the cells were

UCHIYAMA ET AL.

harvested, and a Dual-Luciferase reporter assay system
(Promega) was used for sequential measurements of firefly
and Renilla luciferase activities. Quantification of luciferase
activities and calculation of relative ratios were carried out
using a liminometer (TD-20/20; Turner Designs).

Flow cytometry

Nucleus pulposus cells were analyzed for the expression
of TrkA and p75NTR receptor. At 70% confluence, cells
were detached from the tissue culture plates using a non-
enzymatic digestion solution and washed twice with PBS.
Cells were suspended in PBS supplemented with 5% FCS
and treated with antibodies against TrkA and p75NTR
(Abcam). After 1 h at 37°C, cells were washed twice with
PBS and incubated with Alexa fluor 488 conjugated sec-
ondary antibody for 45 min in blocking buffer. After incu-
bation, cells were washed thoroughly and subjected to flow
cytometry using a Beckman Coulter XL setup equipped
with a 488 argon ion laser and a four-color detector. Cells
incubated with isotype antibody and a fluorescent second-
ary antibody were used as a negative control.

Measurement of cell survival

To measure cell viability, the MTT assay was carried out.
Briefly, after pH or osmotic treatments, MTT diluted in
PBS was added to the culture medium to a final concentra-
tion of 0.5 mg/ml. At the end of the incubation period (24
h at 37°C), the medium was removed, and the precipitated
formazan crystals were solubilized in dimethyl sulfoxide.
Product formation was measured by reading the absor-
bance at 560 nm in a microplate reader (Tecan; Spectra
Fluor Plus).

Measurement of caspase-3 activation after
ASIC inhibition

To determine if treatment of nucleus pulposus cells with
the ASIC inhibitor amiloride in hypertonic media pro-
moted cell death, we evaluated caspase-3 activation. Cells
were cultured in isotonic (330 mosmolkg) or hypertonic
medium (450 mosmol/kg) and treated with amiloride (10-
100 wM) for 24 h. After treatment, cleavage of the PhiPhi-
Lux-G,D, substrate (Oncolmmune) was visualized follow-
ing the manufacturer’s protocol. Cells were imaged using a
laser scanning confocal microscope (Olympus Fluoview).
Quantitative image analysis was performed using 10 ran-
dom fields of cells per experimental group. The 36-bit color
images were recorded by confocal microscopy using the
green channel. Image Proplus software (Media Cybernet-
ics, Silver Spring, MD, USA) was used to calculate the
threshold for all cells in the field. The mean density of
PhiPhi Lux fluorescence was then plotted as a histogram.

Statistical analysis

All measurements were made from three independent
experiments performed in triplicate. Data are presented as
mean = SD. Differences between groups were analyzed by
Student’s -test at p < 0.05.
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FIG. 1. Expression of ASICs in the rat intervertbral disc. Sagittal sections of the intervertebral disc of embryonic (A and B) and
mature rat (C-F) spines. Sections were treated with anti-ASIC3 antibody (B, D, and F) or counterstained with Alcian blue, eosin, and
hematoxylin (A, C, and E). Note that nucleus pulposus cells expressed ASIC3 protein (B; arrow; magnification, x20). ASIC3 expression
was also evident in mature rat disc in the inner annulus zone (D; arrows). These cells are surrounded by an Alcian blue—positive matrix
and display a round morphology (C, arrows), whereas the outer annulus fibrosus cells are surrounded by eosinophilic collagen rich
matrix (C, arrowhead). ASIC3 expression was not detectable in the endplate chondrocytes of mature rat discs (F), which exhibit a round
hypertrophic phenotype (E, arrows; magnification, x20). (G) Expression of ASIC3 and ASIC2b in the intervertebral disc. nRNA was
extracted from the nucleus pulposus (NP), the annulus fibrosus (AF), and the brain of adult rats and subjected to RT-PCR analysis.
There was expression of ASIC3 and ASIC2b in both the discal tissues. Brain maximally expressed both ASIC isoforms. (H) Western
blot analysis of ASIC3 and ASIC2b from adult rat discal tissues. Both nucleus pulposus and annulus fibrosus expressed ASIC3 and
ASIC2b. (I) Immunofluorescent detection of ASIC proteins in discal cells. Cells were treated with antibodies to ASIC3 and ASIC2b.
Both nucleus pulposus and annulus fibrosus cells expressed ASIC3 and ASIC2b (magnification, x20). (J) Western blot analysis of ASIC
proteins in cell lysates of discal cells. Western blots were performed using antibodies to ASIC3 (two separate antibodies for ASIC3)
and ASIC2b. Both ASIC3 antibodies recognized a band at 60 kDa and an additional high molecular weight band at 90 kDa. (K) ASIC3
protein expression in the nuclear, cytosolic, and membrane fractions of disc cells. Fractionated protein extracts of the nucleus pulposus
and annulus fibrosus cells were probed by Western blot for the expression of ASIC3. Note the prominent expression of this protein in
the all the fractions. (L) Effects of deglycoslylation on ASIC3 protein molecular weight. Cell lysates were deglycosylated using PNGase
F for 3 h at 37°C and probed for expression of ASIC3. The molecular weight of ASIC3 peptides were unchanged by treatment with
the enzyme. (M) Immunoprecipitation (IP) analysis of ASIC3 and ASIC2b in disc cells. IP analysis was performed on tissue and cell
lysates using anti-ASIC3 antibody. Immune complexes were separated by SDS-PAGE and probed with anti-ASIC2b antibody. Note
the presence of ASIC2b in the ASIC3 immunoprecipitate of both the nucleus pulposus and annulus fibrosus tissue and nucleus pulposus
cells.

RESULTS

Sagittal sections of the embryonic and mature rat disc
were stained with Alcian blue (Figs. 1A, 1C, and 1E) or
with an antibody to ASIC3 (Figs. 1B, 1D, and 1F). ASIC3
is expressed by cells of both the nucleus pulposus (Fig. 1B)

and the annulus fibrosus (Fig. 1D). In both cases, staining is
localized to the plasma membrane. However, some staining
is also seen in the cytosol of the nucleus pulposus cells of
the embryonic discs (Fig. 1B). There is also a prominent
expression of ASIC3 protein in the inner annulus fibrosus
cells of the mature rat disc (Fig. 1D). In contrast to the
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FIG.2. Cloning of rat ASIC3 promoter and its activity in disc cells. (A) Cartoon showing map of successive PCR generated 5’ deletion
constructs of the rat ASIC3 promoter. The ASIC3 promoter contains three distinct domains: proximal, middle, and a distal activating
domain. The ASIC3-D construct consists of a 2925-bp fragment containing 2831 bp of the upstream ASIC3 promoter sequence linked
to 94 bp of exon 1 (i.e.. —2831 to'+94), whereas ASIC3-M and ASIC3-P constructs contain a 1571- (-1477 to +94) and a 1065-bp (-971
to + 94) fragement, respectively. (B) Agarose gel electrophoresis showing PCR amplicons corresponding to different size fragments of
the rat ASIC3 promoter. PCR was performed on rat liver genomic DNA using a set of nested forward primers containing a Mlul site
and a common reverse primer with a Xkol site. The resulting DNA fragments were ligated into Mlul and Xhol digested luciferase basic
expression vector, pGL3. (C and D) Basal activities of ASIC3 promoter constructs relative to full-length construct ASIC3-D in nucleus
pulposus (C) and annulus fibrosus cells (D). Both the cell types showed maximal luciferase activity for the ASIC3-P construct, whereas
the longest construct, ASIC3-D, containing all three promoter domains, showed minimal activity. Values shown are mean + SE of three

independent experiments. *p < 0.05.

other disc tissues, the endplate chondrocytes showed little
or no ASIC3 staining (Fig. 1F). Western blot and RT-PCR
analyses of the nucleus pulposus and annulus fibrosus tissue
of the adult rat indicated that the cells express ASIC3 and
ASIC2b proteins (Fig. 1G) and mRNA (Fig. 1H). Other
ASIC isoforms could not be detected in the discal tissues.
As expected, ASIC3 mRNA expression in the brain was the
highest of all the tissues analyzed.

We studied the localization and expression levels of
ASICs in cultured disc cells. Similar to the native tissues,
cells of the nucleus pulposus and annulus fibrous expressed
both ASIC3 and ASIC2b proteins (Figs. 11 and 1J). The
ASIC isoforms were present in the plasma membrane and
nuclear and cytosolic fractions. When probed with an anti-
body from Alpha Diagnostics, an ASIC3 band with a mo-
lecular weight of ~60 kDa was seen; a similar band, with a
higher molecular weight (90 kDa), was evident when the
blots were treated with an antibody from Alamone Labo-
ratories (Fig. 1J). A second ASIC isoform was observed
when the blots were probed with an antibody to ASIC2b.
This protein has a molecular weight of 55 kDa and was
present in extracts of the nucleus pulposus; in the annulus
fibrosus, there was a low level of expression of ASIC2b. To
further characterize their cellular localization, we probed
the subcellular fractions for the presence of ASIC proteins.
We found that the ASIC3 peptide with a molecular weight
of 90 kDa was present in the nuclear, membrane and cyto-

solic fraction of the nucleus pulposus; this protein was
weakly expressed by cells of the annulus fibrosus (Fig. 1K).
To determine whether the different ASIC3 products ex-
pressed by disc cells were caused by variations in glycosyla-
tion status, we deglycosylated the protein using PNGase F.
Western blot analysis, after deglycosylation, showed that
there was no change in the molecular weight of the ASIC3
peptides before or after enzyme treatment. To further ex-
plore whether there was interaction between ASIC3 and
ASIC2b, we immunoprecipitated ASIC3. Figure 1M shows
that the immunoprecipitated protein complex from both
nucleus cells and the native tissue contained ASIC2b. A
second immunoprecipitation assay using an antibody to
ASIC2b resulted in pulldown of ASIC3 (data not shown).

To determine whether there was a disc-specific regula-
tion of ASIC3 expression, we cloned the 2.8-kb rat ASIC3
promoter into promoterless pGL3 basic luciferase plasmid
and generated a series of 5'-3’ deletion fragments corre-
sponding to different promoter domains (Figs. 2A and 2B).
The activity of these promoter constructs was analyzed by
transfection into nucleus pulposus and annulus fibrosus
cells. In both cell types, deletion of the distal (-2832) and
middle (—1477) fragments resulted in the highest level of
luciferase activity, whereas constructs that contained all
three domains showed minimal relative activity. A frag-
ment bearing both proximal and middle domains displayed
an intermediate level of activity (Figs. 2C and 2D).
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sponsiveness to NGF treatment in nucleus
pulposus, annulus fibrosus, and PC12 neuro-
nal cells. Cells were transfected with full-
length ASIC3 plasmid (ASIC3-D) and pRL-
TK control vector and luciferase activity was
measured 24 h after treatment with NGF
(100 ng/ml). Note, in the nucleus pulposus
(A) and annulus fibrosus cells (B), ASIC3
promoter activity did not change after NGF
treatment, whereas in the PC12 cells (C),
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there was a 3- to 4-fold induction in promoter

*

FOLD (LUCIFERASE ACTIVITY)
FOLD (LUCIFERASE ACTIVITY)

activity. NGF-mediated increase in ASIC3
promoter activity was suppressed to its basal
level when PC12 cells were treated with anti-
TrkA or anti-NGF antibody before addition
of NGF. A similar experiment was per-
formed using cells transfected with tyrosine
hydroxylase (TH) promoter construct, a
known NGF responsive gene. In both
nucleus pulposus (D) and annulus fibrosus
(E) cells, TH promoter activity did not
change after NGF treatment. In contrast, in

*

We evaluated the ASIC3 promoter activity of discal cells
treated with NGF. Figure 3A shows that, when nucleus
pulposus and annulus fibrosus cells were treated with rat
NGF, ASIC3 promoter activity did not change. As a posi-
tive control, NGF responsive rat PC12 cells were used.
These cells display a 4- to 5-fold increase in ASIC3 pro-
moter activity after NGF treatment (Fig. 3C). Moreover,
addition of anti-NGF or anti-TrkA antibody, before treat-
ment with NGF, completely inhibited NGF-mediated in-
duction of ASIC3 promoter activity. To further examine
NGF responsiveness, we measured the promoter activity of
tyrosine hydroxylase, a known NGF responsive gene. Fig-
ure 3 shows that, in both nucleus pulposus (Fig. 3D) and
annulus fibrosus cells (Fig. 3E), NGF treatment did not
upregulate tyrosine hydroxylase promoter activity. In con-
trast, in PC12 cells, there was a 3-fold induction in promoter
activity; this response was completely inhibited by prior
treatment with anti-NGF or anti-TrkA antibody (Fig. 3F).

We examined the expression of TrkA, a high-affinity
NGF receptor, and p75NTR, a low-affinity NGF receptor,
in untreated controls and in cells treated with NGF. West-
ern blot analysis showed that nucleus pulposus cells have
almost undetectable levels of TrkA protein under basal and
stimulated conditions (Fig. 4A). However, there was a high

PC12 cells (F), a significant induction in ac-
tivity was seen. The increase in TH promoter
activity by NGF was suppressed by treatment
with anti-TrkA or anti-NGF antibody. Val-
ues shown are mean + SD of three indepen-
dent experiments. *p < 0.05.

expression of p75SNTR under both conditions (Fig. 4A).
Flow cytometric analysis confirmed that there was high ex-
pression of p7SNTR (Fig. 4B). Because TrkA expression is
low, we transfected nucleus pulposus with a full-length rat
TrkA expression plasmid (Fig. 4C). Whereas Western blot
analysis showed that transfected cells expressed high levels
of TrkA protein and there was evidence of receptor phos-
phorylation, there was no substantive alteration in the level
of p7SNTR expression in nucleus pulposus cells,®®

To learn if p7SNTR was involved in maintenance of basal
ASIC3 promoter activity in untreated nucleus pulposus
cells, we suppressed its function using a function blocking
anti-p7SNTR antibody. Figure SA shows that the anti-
p7SNTR antibody suppressed ASIC3 promoter activity by
almost 40%. In a parallel experiment, nucleus pulposus
cells were co-transfected with plasmid encoding ecdysone-
inducible dominant negative form of p7SNTR (DN-
P7SNTR), an ecdysone receptor plasmid pVgRxR and
ASIC3 luciferase reporter. When treated with prones-
terin-A (synthetic analog of ecdysone) to initiate expression
of DN-p75NTR, there was a 40% decrease in ASIC3 basal
promoter activity (Fig. SB).

Because ERK is one of the key downstream effectors of
p75NTR, we evaluated the role of this signaling molecule in
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phorylation were analyzed by Western blot analysis over a 60-min time period. TrkA expression in nucleus pulposus cells was very low,
and there was no indication of TrkA phosphorylation after NGF treatment. In contrast, nucleus pulposus cells showed robust expres-
sion of p7SNTR. (B) Flow cytometric analysis of TrkA and p75NTR expression in nucleus pulposus cells. Cells were treated with
anti-TrkA or p75NTR antibodies, and expression was analyzed by flow cytometry. Expression of TrkA in nucleus pulposus cells was
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expression plasmid robustly expressed TrkA and showed phosphorylated TrkA. There was a slightly higher level of TrkA phsophory-

lation in cells treated with NGF (100 ng/ml) after transfection with the pCMX-TrkA plasmid.

the maintenance of basal ASIC3 promoter activity in
nucleus pulposus cells. Figure 6A shows that, after NGF
treatment, there was a rapid increase in pERK1/2 levels.
Expression was maximum at 5 min and declined rapidly
thereafter, returning to basal levels by 3 h. To confirm that
NGF-dependent transient activation of ERK signaling was
mediated through p75NTR, we measured ELK1 transacti-
vation (TAD function) in the presence of the DN-p75NTR
plasmid. Figure 6B shows that NGF treatment significantly
increased the activity of ELK-1; this activity was suppressed
when DN-p75NTR expression was activated by prones-
terin. We used a gain or loss of function approach to ascer-
tain whether ERK was needed for maintenance of ASIC3
basal activity. When nucleus pulposus cells were co-
transfected with the DN-MEK expression plasmid (Fig.
6C), there was a dose-dependent suppression in ASIC3 pro-
moter activity. Inhibition of the ASIC3 reporter was evi-
dent even when the DN-MEK plasmid concentration was
reduced to 50 ng. Furthermore, when cells were co-
transfected with constitutively active (CA)-MEK1 expres-
sion plasmid, a dose-dependent increase in ASIC3 pro-
moter activity was observed. At a CA-MEK plasmid dose
of 50 ng, there was a 50% increase in ASIC3 promoter
activity (Fig. 6D).

To explore the functional role of ASIC proteins, nucleus
pulposus cells were treated with amiloride. A profound de-

crease in cell viability was observed in both hypertonic me-
dium (Fig. 7A) and acidic culture conditions (Fig. 7B). To
ascertain whether death was mediated by apoptosis,
caspase-3 activity was measured in cells treated with amilo-
ride under hypertonic conditions. Inhibition of ASIC func-
tion caused a significant increase in the fluorescence of the
caspase-3 substrate PhiPhiLux G1D2, indicating that inhi-
bition of the ASIC function promoted apoptosis (Figs. 7C
and 7D). To further determine whether ASIC expression
was mediated through the ERK pathway, nucleus pulposus
cells were treated with the inhibitor PD98059 under hyper-
tonic conditions. Figure 7E shows that, when cells are
treated with the ERK inhibitor, there is dose-dependent
loss of cell viability compared with amiloride treatment
alone.

DISCUSSION

The experiments described in this study indicated that
cells of the nucleus pulposus and inner annulus fibrosus
contained ASIC channel proteins. This observation was
surprising because the disc cells are notochordal in origin,
and in the healthy state do not ¢ontain either sensory or
motor neurons. We found that there was expression of
ASIC3 and ASIC2b transcripts in both nucleus pulposus
and annulus fibrosus tissue. Moreover, immunohistocheni-
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p75SNTR in nucleus pulposus cells. (A) Effect of blocking
p7SNTR expression on ASIC3 promoter activity. Cells trans-
fected with ASIC3-D plasmid were treated with anti-p75SNTR an-
tibody or isotype antibody (Ctr), and luciferase activity was mea-
sured 24 h after the treatment. When p7SNTR function was
blocked, there was a significant suppression in ASIC3 basal pro-
moter activity. (B) Effect of expression of DN-p75NTR on ASIC3
promoter activity. Nucleus pulposus cells were co-transfected with
ecdysone-inducible DN-p75NTR and ecdysone receptor pVgRxR
plasmids along with ASIC3-D reporter. The cells were treated
with 1 ug pronesterin-A for 24 h, and reporter activity was mea-
sured. Pronesterin-A-induced expression of DN-p75NTR re-
sulted in ~50% suppression of ASIC3 promoter activity. Data
shown are mean + SD of three independent experiments per-
formed in triplicate (n = 3). *p < 0.05.

cal and Western blot analysis revealed that there was ex-
pression of ASIC3 protein in nucleus pulposus cells of both
the embryonic and adult rat discs; the protein was also ex-
pressed by cells of the inner annulus fibrosus. The presence
of these ASIC isoforms in disc tissue lends strength to an
earlier report that these proteins are functional components
of connective tissues including both bone and cartilage.®
It would not be unreasonable to assume that the functional
activity of these channel proteins is linked to the glycolytic
status of these tissues. In the disc, the limited vascularity
would be expected to result in an accumulation of glycolytic
byproducts, which would lower the discal pH and also in-
crease the osmolarity of the extracellular matrix. pH-
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dependent Na* flux through the ASIC channel would serve
to elevate the cation concentration and thereby promote
restoration of the osmotic status of the tissue. From this
perspective, rather than primarily serving a neurosensory
function in the disc, the ASIC proteins function as “osmo-
sensors” concerned with cell survival in a hydrodynamically
stressed microenvironmental niche.

We evaluated the cellular localization of ASIC proteins
using immunoblot and immunostaining assays. We noted a
strong expression of both ASIC3 and ASIC2b proteins by
the cultured disc cells. Western blot analysis of ASIC3 in rat
nucleus pulposus cells indicated the existence of two bands:
one at 60 kDa and one at 90 kDa. The 60-kDa band cor-
responded to the ASIC3 gene product reported in osteo-
blasts® or the 59 kDa, in vitro translated, nonglycosylated
human ASIC3 protein.®® With respect to the higher mo-
lecular weight protein (90 kDa), Alvarez de la Rosa et
al.® and Leonard et al.®*® have reported an ASIC3 prod-
uct with a molecular weight of 70-90 kDa. Our studies per-
formed with the deglycosidase PNGase F indicated that the
90-kDa protein band does not represent an overglycos-
ylated form of ASIC3. Whether the different molecular
weight products is caused by alternate slicing or represents
a separate gene product has not been determined. To learn
if ASIC3 formed a heteromeric channel with ASIC2b, we
performed immunoprecipitation assays, and in each case,
evaluated the pulled down proteins. It was clear from this
study that the ASIC proteins formed heteromeric channels
in nucleus pulposus cells. In a parallel study, we observed
expression of both ASIC proteins in the nuclear envelope.
The possible functional importance of this latter finding is
not known, but based on their physiological role in neural
tissue, we cannot rule out the possibility that the channels
maintain the charge balance between the nucleoplasm and
cytoplasm in a pH-dependent manner.

Whereas details of the neuronal importance of the
ASIC3 proteins are limited, Mamet et al.’”*® have re-
ported that, in rat dorsal root ganglion, the ASIC3 pro-
moter is responsive to NGF through activation of the TrkA
receptor. To ascertain if a similar regulatory system exists in
disc cells, we examined ASIC3 promoter activity by trans-
fection assays. In agreement with previous reports, the
proximal domain construct exhibited maximal activity in
both cell types,?® whereas the full-length (2.8 kb) pro-
moter with all three domains showed minimal activity.
However, unlike neuronal cells, full-length promoter activ-
ity was not induced by NGF treatment of nucleus pulposus
cells. Similarly, the tyrosine hydroxylase promoter, a known
NGF-responsive gene promoter, did not respond to NGF
treatment. In contrast to the nucleus pulposus, when PC12
cells were treated with NGF, there was a significant induc-
tion in both promoter activities.*® This observation raised
the following question: do cells of the nucleus pulposus
possess functioning NGF receptors? To address this issue,
we evaluated disc cells for the expression of high-affinity
TrkA and low-affinity p7SNTR receptors. These studies re-
vealed that the p75SNTR receptor was present in the nucleus
pulposus cells.

Because the nucleus pulposus cells were refractory to
NGF treatment, but showed expression of p7SNTR, we ex-
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transactivation was measured. NGF treatment significantly increased ELK1-TAD activity; the increase in activity was suppressed by
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with NGF. (C) Effect of ERK inhibition on ASIC3 promoter activity. Cells were co-transfected with ASIC3-D reporter plasmid along
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concentration (up to 400 ng) suppressed basal reporter activity by almost 80%. (C) Effect of overexpression of MEK1 on ASIC3
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When the dose of MEK1 plasmid was 400 ng, there was a 2.25-fold increase in ASIC3 reporter activity. Values shown are representative

of three independent experiments, performed in triplicate; mean + SD. *p < 0.05.

plored the possibility that this receptor was needed for
ASIC3 expression. Using both a function blocking antibody
and forced expression of the ecdysone inducible DN-
p7SNTR, we observed significant suppression in ASIC3
basal promoter activity. Although suppression was incom-
plete, indicating involvement of other factors in the regu-
lation of basal ASIC3 promoter activity, these observations
provide a basis for considering that the intervertebral disc
cells possess a functionally active NGF-p75NTR signaling
system that serves to regulate ASIC3 gene expression. In
support of this notion, it has recently been observed that
intervertebral disc cells express functionally active NGF
protein‘®”; moreover, in an immunohistochemical study of
cartilage tissue, Gigante et al.®® reported the presence of
NGF and p75NTR. Based on these findings, it is concluded
that NGF binding to p75NTR, in autocrine or paracrine
fashion, may serve to maintain basal ASIC3 expression in
the discal tissues.

We explored the downstream regulation of ASIC3 activ-
ity in nucleus pulposus cells. One clue to the mechanism of
transduction was the previous observation that all members
of the neurotrophin family including NGF stimulate

p7SNTR-mediated rapid activation of ERK1/2®%; this
stimulation also occurs in cells that do not express TrkA.
Our data confirmed that nucleus pulposus cells respond to
NGF treatment by rapidly activating ERK1/2 and that this
activation was mediated through p75SNTR. To ascertain if
p75NTR-mediated ERK signaling regulated the basal ex-
pression of ASIC3 promoter, both loss and gain of function
approaches were used. As expected, forced expression of
CA-MEK resulted in a dose-dependent induction of ASIC3
reporter activity. Co-transfection with DN-MEK, signifi-
cantly suppressed basal ASIC3 promoter activity in a dose-
dependent manner. In this case, because suppression was
incomplete, there is the possibility that there is involvement
of other signaling components. Based on these findings, it
was concluded that MEK/ERK signaling is needed to main-
tain the basal promoter activity of ASIC3 in nucleus pulpo-
sus cells. Noteworthy, our previous studies have shown that
the activities of this signaling pathway are responsible for
maintenance of nucleus pulposus cell survival in hypoxic
and hypertonic environments.®*%*9

Finally, it should be noted that, in nonskeletal tissues,
one important consequence of reduced Na*/H"* exchange
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concentrations of amiloride in hypertonic media for 24 h, and viability was measured by the MTT assay. An increase in tonicity from
330 (isotonic) to 450 mosmol/kg had no effect on nucleus pulposus cell viability. When cells were treated with amiloride (10-100 uM),
a significant decrease in viability was observed. (B) Survival of rat nucleus pulposus cells treated with the ASIC inhibitor, amiloride,
at different pH. Cells were treated with amiloride (10 nM) in different pH media for 24 h, and cell viability was measured by the MTT
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evaluated by confocal microscopy. Note, a high number of amiloride-treated cells exhibit green fluorescence, showing increased
activation of caspase-3, a proapoptotic molecule (magnification, x20). (D) Quantitative image analysis of caspase-3 activity in nucleus
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increased the fluorescence yield, indicating increased caspase-3 activation leading to accelerated cell death by apoptosis, *p < 0.05. (E)
Importance of the ERK pathway in mediating the ASIC response to hypertonicity. Nucleus pulposus cells were treated for 24 h with
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performed in triplicate. *p < 0.05.
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ABSTRACT: Transplantation of mesenchymal stem cells (MSCs) is effective in decelerating disc
degeneration in small animals; much remains unknown about this new therapy in larger animals or
humans. Fas-ligand (FasL), which is only found in tissues with isolated immune privilege, is
expressed in IVDs, particularly in the nucleus pulposus (NP). Maintaining the FasL level is
important for IVD function. This study evaluated whether MSC transplantation has an effect on the
suppression of disc degeneration and preservation of immune privilege in a canine model of disc
degeneration. Mature beagles were separated into a normal control group (NC), a MSC group, and
the disc degeneration (nucleotomy-only) group. In the MSC group, 4 weeks after nucleotomy, MSCs
were transplanted into the degeneration-induced discs. The animals were followed for 12 weeks after
the initial operation. Subsequently, radiological, histological, biochemical, immunohistochemical,
and RT-PCR analyses were performed. MSC transplantation effectively led to the regeneration of
degenerated discs. FACS and RT-PCR analyses of MSCs before transplantation demonstrated that
the MSCs expressed FasL at the geneticlevel, not at the protein level. GFP-positive MSCs detected in
the NP region 8 weeks after transplantation expressed FasL protein. The results of this study
suggest that MSC transplantation may contribute to the maintenance of IVD immune privilege by
the differentiation of transplanted MSCs into cells expressing FasL. © 2008 Orthopaedic Research
Society. Published by Wiley Periodicals, Inc. J Orthop Res
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INTRODUCTION

It has been reported that 80% of the human
population experiences low back pain at least
once in their lifetime; the consequent pressure
of medical costs and occupational injuries on
the economy has been a major social problem.
Although most low back pain is believed to be
caused by disc degeneration, for which various
causes have been reported,®* the details of the
mechanism of disc degeneration have not yet
been clearly identified. Histologically, a normal
disc consists of a central nucleus pulposus (NP)
surrounded by the annulus fibrosus (AF), and
upper and lower endplates. The NP mainly con-
sists of water and a proteoglycan (PG)-rich
extracellular matrix with type II collagen fibers.
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DISCOVER SOMETHING GREAT

In contrast, the AF is composed primarily of
concentric collagen type I-rich annular lamella.®®
To treat disc disorders, fusion techniques have
been widely used, but postoperative problems,
such as instability of adjacent intervertebral discs
(IVDs), often occur.”® Therefore, motion preserva-
tion through the development of new treatments
for the control of disc degeneration is desirable,
and various biological strategies aimed at the
repair and regeneration of degenerated discs
have been suggested.? ¢

Recently, in the field of regenerative medicine,
mesenchymal stem cells (MSCs) have received
widespread attention because, depending on their
environment, they have multilineage potential
(bone, cartilage, and fat), and in addition, they are
immune tolerant.!”!® MSCs are found in small
numbers, about 0.125% of the cells, in the bone
marrow stroma.’® Although there are no specific
markers for the phenotypes of NP and AF cells,
they share cell characteristics. similar to those
of chondrocytes.?’ Because the chondrocytic
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phenotype can be induced in MSCs, it is believed
that the chondrocyte-like cells among NP and AF
cells may be derived from MSCs. Sakai et al.?!~23
reported that disc degeneration can be decelerated
following MSC transplantation in a degenerative
disc model, and that it may be possible to induce
site-dependent differentiation of MSCs into NP
cells. Crevensten et al.?* demonstrated that MSCs
injected into the rat disc, using a hyaluronan gel as
a scaffold, maintained viability and proliferated. In
that study, viable cells were detected, using cell
labeling, over a 28-day period and the disc height
was maintained.? Other research groups, who
have conducted additional tests on MSC trans-
plantation in a degenerative disc model, have
reported the potential of cell-based transplantation
therapy.?®?® However, many factors involved in
the transplantation of MSCs, such as the environ-
ment in the IVD after MSC transplantation and the
induction of MSCs by NP cells, remain unknown. In
addition, all the studies thus far have been done in
small laboratory species whose NP cells differ from
those of humans and larger animals. Therefore, to
investigate the future usefulness of MSC trans-
plantation in humans, it is essential to study its
effects in larger animals.

IVDs, particularly the NP, are considered by
their anatomical properties to be avascular tissues
surrounded by a thick AF and endplates. Because of
their isolation from the immune system of the host,
IVDs are included among the tissues that have a
so-called immune privilege. Tissues that have this
type of immune privilege include the retina,?’
testes,?® and brain.?® It has been shown that FasL,
a transmembrane protein of the tumor necrosis
factor (TNF) family, plays an important role
in maintaining immune privilege.?° Cytotoxic
T lymphocytes (CTLs) and natural killer (NK) cells
show cytotoxic activity after being activated,3® and
are thought to cause apoptosis by stimulating
the Fas of the target cells (transplanted cells or
virus-infected cells), which act as foreign bodies to
the host.3! Protection from exposure to CTL or NK
cells, in which cytotoxic substances (such as TNF-«
or perforin) are released through the expression
of FasLi by target cells, constitutes an immune
response reaction that exists in the immune-
privileged tissues mentioned above, including the
IVD. Takada et al.3? have reported that FasL is
expressed in normal IVDs as well. In arecent study,
it was reported that the number of cells expressing
FasL, which is involved in immune privilege,
is reduced by disc degeneration; the molecular
mechanism of FasL for controlling disc degenera-
tion has been a recent focus of research. However,
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no studies have been conducted on the generation
of FasL by IVD cells following MSC transplanta-
tion. When transplanted, MSCs act as foreign
bodies to the host IVD cells. It is believed that the
IVD cells, which have immune privilege, eliminate
the MSCs via the Fas—FasL system. Along
with immune tolerant nature of MSCs, it is
unpredictable what will happen at the molecular
level when MSCs are transplanted to the IVD. In
this study, we investigated whether it was possible
for MSC transplantation to limit the IVD degenera-
tion induced by nuclectomy in a larger animal
(the dog), as well as to examine how MSC trans-
plantation affects immune privilege, including
Fas—FasL, in the processes of degeneration and
regeneration of discs.

MATERIALS AND METHODS

Animal experiments were carried out according to a
protocol approved by the Animal Experimentation
Committee at our institution. Mature beagle dogs (10—~
13 months old; n = 18; mean weight about 10 kg; Nosan
Beagle, Nosan Corporation, Kanagawa, Japan) were
separated into three groups: a normal control (NC)
group, a group that received a MSC transplantation
following nucleotomy to induce disc degeneration
(MSC), and a disc degeneration-only group (nucleotomy
only). Lateral radiographs and magnetic resonance
imaging (MRI) were performed before the surgical
treatment, and parameters, such as disc space narrow-
ing and vertebral abnormalities, were determined.
No vertebral or disc abnormalities were found in the
animals used in this study.

Degenerative Disc Model

After the intramuscular administration of atropine
sulfate (0.05 mg/kg, Tanabe Pharmacy, Inc., Osaka,
Japan) and xylazine (2.0 mgkg, ROMPUN, Bayer
Health Care, Inc., Leverkusen, Germany), disc degen-
eration was induced under inhalation anesthesia with
2.5% isoflurane (Abbott Laboratories, North Chicago,
IL). The discs to be punctured were carefully exposed at
regions L3/4, L4/5, and L5/6. An 18-gauge needle was
inserted at the center of the disc through the AF into the
NP. To induce disc degeneration, the NP was aspirated
using a 10-mL syringe, as previously described.3?3¢ The
mean weight of NP aspirated from a single disc was
16.6 & 3.5 mg. None of the animals had problems related
to the surgery, and all regained full function.

Bone Marrow Collection, Bone Marrow Analyses,
and Transplantation of MSCs

During the initial surgery, MSCs were also harvested
from the iliac crests. According to the method described
previously,Z2 the collected bone marrow was carefully
separated and mononucleated cells were seeded into
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100-mm dishes with Dulbecco’s modified Eagles
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 U/mL penicillin, and
100 ug/mL streptomycin) at 37°C, 5% CO,. After 2 days,
the adherent cells were considered to be autologous
MSCs. Every 48 h, the medium was changed and
nonadherent cells were removed. To facilitate analysis
of the survival of transplanted MSCs in the NP region,
the MSCs were then infected with AcGFP1, a retrovirus
vector expressing the green fluorescent protein (GFP)
gene (conditioning studies were performed, data not
shown). Vector incorporation was more than 90% (data
not shown) using FACS analysis. Following the second
passage in culture, the cells were cultured for 19.2+
4.1 days (12—27days), autologous MSCs were enzymati-
cally released from monolayer culture. The recovered
MSCs were stained with anti-FasL (sc-834, Santa Cruz
Biotech, Santa Cruz, CA) and anti-keratan sulfate (KS)
(MAB2022, Chemicon international, CA) antibodies,
and analyzed for differences in cell size and internal
composition using a FACS Vantage cell sorter prior to
transplantation. We also extracted total RNA from the
MSCs and used semiquantitative reverse-transcription
polymerase chain reaction (RT-PCR) to determine FasL
mRNA expression before transplantation. At 4 weeks
after the first operation, 1 x 10% autologous MSCs were
percutaneously transplanted into the IVDs in which
degeneration had been induced (L3/4, L4/5, and 1.5/6)
using a discogram needle (27-gauge) under fluoroscopic
imaging. To assure that the cells were placed into an
intact nucleus cavity and would not leak out through an
annular fissure, the intradiscal pressure was deter-
mined before introducing the cells.®

Evaluations
Radiological Assessment

Lateral radiographs were taken under inhalation
anesthesia in all groups before harvest at baseline
(0 weeks) and at 4, 8, and 12 weeks following the first
operation (n=18). A fluoroscopic imaging intensifier
(radiographs; 70 kV, 10 mA, distance 100 cm) was
used. The radiography images were scanned and stored
using digital photography, and all images were eval-
uated using image J software program (free online
software, Image Processing and Analysis). The meas-
urements included vertebral body height and IVD
height. The analyzed data were transferred to the
Excel software program (Microsoft, Excel 2003). The
disc height index (DHI), using the method of Masuda
et al.,3® was calculated for comparisons between groups.
The percent disc height index {%DHI = (postoperative
DHI /preoperative DHI) x 100} was subsequently calcu-
lated and the %DHI at each experimental level was
compared to that in the NC group.

MRI Assessment

MRIs were taken for evaluation of signal changes in
T2-weighted images in all groups at each time point.
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After the intramuscular administration of atropine
sulfate (0.05 mg/kg) and xylazine (2.0 mg/kg), MRIs
were taken under inhalation anesthesia in all dogs
(n=18). The MRIs were performed using only a spine
coil (Gyroscan, ACS-NT, Powertrak6000, Philips, Best,
The Netherlands). T2-weighted sections in the sagittal
plane were obtained using the following settings:
fast spin echo sequence with time to repetition (TR) of
4000 ms and time to echo (TE) of 150 ms; interslice
gap: 0.3 mm; matrix: 512 x 512; field of view (FOV):
200 x 200 mm; number of excitations: 4; TSE echo
spacing: 18.8). The MRIs were classified using the
Pfirrmann modification 12 weeks after the first opera-
tion.3”38 Three observers, blinded to this study, per-
formed the grading for each image; the average grade of
the three observers was used as the final grade for each
disc. The intraobserver reliability based on readings at
two time intervals 1 month apart was k = 0.90, showing
an excellent agreement.

Macroscopic Findings

The final radiographs and MRIs were obtained, the dogs
were euthanized with a lethal dose of sodium pentobar-
bital (120 mg/kg) (Abbott Laboratories), and the L3/4,
L4/5, and L5/6 spinal segments were harvested together
with their cranial and caudal vertebral bodies. The
spinal segments from two dogs from each group of six
dogs (n =6 IVDs) were fixed in 10% formalin neutral
buffer solution (Wako, Osaka, Japan) and decalcified in
Plank-Rychlo solution (Decalcifying Solution A; Wako).
Each specimen was cut longitudinally at the center of
the disc for macroscopic evaluation.

Histological Examination

After macroscopic evaluation, specimen discs (1.3/4, 1.4/
5, and L5/6) were excised from the lumbar spine of
different two dogs from each group and each IVD
was fixed in 10% formalin, decalcified, embedded
in paraffin, sectioned, and assessed by histology and
immunostaining (n =6 IVDs). These were stained with
hematoxylin and eosin and Safranin-O for evaluation.
Two observers blinded to this study and familiar with
human and animal IVD specimens performed the
evaluation of these sections. The intraobserver error
was very small. The kappa value for grading scale was
0.88, showing an excellent agreement.

Biochemical Analyses

Specimen discs (L3/4, L4/5, and L5/6) were removed
from lumbar spine of two dogs from each group (n =6
IVDs). Using a dissecting microscope, the tissue from
the NP region of each IVD in each group was detached
from the upper and lower endplates with careful
manipulation. These excised discs were then digested
for 48 h at 55°C in a papain solution (200 pg/mL in 0.1 M
Na acetate, 50 mmol/LL EDTA, 5 mmol/L. L-cysteine,
at pH 5.53). The papain digests were analyzed to
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determine the total sulfated glycosaminoglycan (GAG)
content, as an indicator of total PG content, using the
dimethylmethylene blue (DMMB) dye-binding method
as previously described.3? The total PG content of each
sample was normalized by its total DNA content
as measured by the bisbenzimidazole fluorescent dye
method (Hoechst 33258).%° The data were expressed as
micrograms of PG per microgram of DNA and were
compared among groups by calculating the percentage
of the normal control, using the mean data of the NC
group discs as the control value. All assays were
performed in duplicate.

Immunohistochemical Staining for FasL and Fas

Immunohistochemistry was performed using formalin-
fixed sections obtained from each group as described
above. Immunohistochemical staining was used to
evaluate the expression of FasL and Fas using the
streptavidin—biotin method. Although the anti-FasL
antibody used in this study was goat specific, it can be
used in dogs because of adequate crossreactivity (data
not shown). Briefly, after nonspecific binding was
blocked by incubating with 10% normal goat serum
for 1 h, the sections were labeled overnight at 4°C with
anti-goat FasLL and anti-Fas polyclonal antibodies
(immunoglobulin G) (sc-834, and sc-715: 1:50 and 1:50;
Santa Cruz Biotech, Santa Cruz, CA), prepared at an
optimum dilution of 1:100 in PBS. Biotinylated antigoat
IgG (VECTASTAIN, Vector laboratories, Inc., Burlin-
game, CA) and streptavidin were then added. After
washing and removing excess buffer, the sections were
covered with 3,3'-diaminobenzidine (DAB) substrate
until a brown color developed. Finally, the sections
were counterstained with hematoxylin. Two patho-
logists counted the total disc cells and FasL and
Fas-positive disc cells within 10 high power fields
(HPFs; magnification x400) for each of three sections
in each group. The percentage of FasL- and Fas-positive
disc cells to total disc cells was calculated.

Immunocytochemical Triple Staining

Immunocytochemistry was performed on formalin-
fixed sections from six discs that had received MSC
transplantation. The sections were stained with an anti-
GFP primary antibody (sc-5385: 1:50; Medical & Bio-
logical Laboratories, Nagoya, Japan) and an antigoat
FasL polyclonal antibody immunoglobulin G (sc-834:
1:50; Santa Cruz Biotech). Alexa 488 and 594 (1:100;
Molecular Probes, Invitrogen Corporation, Carlsbad,
CA) were used as secondary antibodies, respectively,
for anti-GFP and anti-goat FasL. Tissues on the
slides were mounted with VECTASHIELD mount-
ing medium with 4’,6’-diamino-2-phenylindole (DAPI)
(Vector Laboratories).

Expression of FasL Genes by RT-PCR

The RT-PCR technique was used to determine FasL
mRNA expression at 8 weeks after the MSC trans-
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plantation. Specimen discs (L3/4, L4/5, and L5/6) were
removed from the spines of two dogs from each group
and individually processed for RT-PCR (n =6 IVDs).
Total RNA was isolated after harvest by mincing
the discs using a sterile scalpel. The pieces were then
snap-frozen and pulverized in liquid nitrogen and the
tissue powder was homogenized with Isogen reagent
(Nippon-gene, Tokyo, Japan) and then further purified
using RNeasy spin columns (Qiagen, Valencia, CA).
Absorbances at 260 and 280 nm were measured for RNA
quantification and quality control. RNA samples were
then reverse transcribed to cDNA using oligo dT primer
and Multiscribe Reverse Transcriptase followed by the
SV Total RNA Isolation System (Promega corporation,
Madison, WI). PCR amplification was carried out
using a two-step protocol of a 10-min pre-PCR heat
step at 95°C for activation of AmpliTaq Cold DNA
polymerase (Applied Biosystems, Tokyo, Japan), fol-
lowed by 40 cycles of denaturing at 95°C for 15 s and
annealing at 60°C for 1 min. The PCR products were
separated electrophoretically using nondenaturing
1.2% TBE polyacrylamide gels and stained with ethi-
dium bromide. The upstream and downstream primer
sequences for each primer are as follows: FasL
(XM_848916:5'-caagatccatecctetggaa-3’ 5'-gettgttgttgea-
ggactga-3’ B-actin (270044:5'-ggcatectgaccctgaagta-3' 5'-
acgtacatggttggeetgtt-3'. The primers were designed
using the Primer3 software program (MIT, free down-
load at http:/www-genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi) using sequence data from the
National Center for Biotechnology Information Gen-
Bank database. The gels were scanned under UV light
with a Densitograph system (Atto Biotechnologies Inc,
Tokyo, Japan), and band intensities were semiquanti-
fied densitometrically and normalized to B-actin gene
values using a CS Analyzer (Version, 2.01, Atto
corporation, Tokyo, Japan).

Statistical Analyses

The significance of differences among means of data on
radiograph measurements, biochemical parameters, the
total score of the histological grading, and the RT-PCR
analyses were analyzed by two-way repeated measures
analysis of variance (ANOVA), or one-way ANOVA and
the Fisher’s PLSD post hoc test. The Kruskal-Wallis test
and Mann-Whitney U-test were used to analyze non-
parametric data (MRI and histology grading for
each parameter). The Statview program was used for
the statistical analyses. Significance was accepted at
p <0.05. Error bars were set to represent the standard
deviation (SD).

RESULTS
Results of Radiographic and MRI Analyses

Disc height, presented as %DHI that was measured
and calculated from plain radiographs, is shown in
Figure 1A. At 4, 8, and 12 weeks after the first
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Figure 1. Radiographic and MRI analyses. (A) No significant decrease in %DHI occurred at
any time point in the NC group. At 8 and 12 weeks, the MSC-transplantation group exhibited a
significant delay in the progression of disc degeneration compared to the nucleotomy-only group
(*p < 0.05, the Fisher’s PLSD post hoc test). (B) At 12 weeks after the first operation, representative
MRI (T2 images) of the nucleus pulposus (NP) in the MSC-transplanted group showed
stronger signal intensities than those in the nucleotomy-only group. (C) Analysis of signal changes
in T2-weighted images at 12 weeks after the first operation using the Phirrmann classification, based
on changesin the degree and area of signal intensity from grades 1 to 5. A significantly lower grading
of MRI in the MSC-transplanted group (2.72+0.70) compared to the nucleotomy-only group
(3.83 +0.62) was found (p = 0.0039, p < 0.01 Mann-Whitney test).

operation, the %DHI in both the MSC-transplanted
group and the disc degeneration group (nucleotomy
only) was significantly decreased compared to the
NC group (NC: 4w, 96.1 £ 2.9%; 8w, 96.0 + 3.6%;
12w, 96.0+3.6%. MSC: 4w, 82.0+2.9%; 8w,
79.7+0.5%, 12w, 80.6 +1.4%. Nucleotomy only:
4w, 87.9 £+ 2.0%; 8w, 68.1 + 3.0%, 12w, 67.0 £ 1.9%)
(Fig. 1A). At 8 and 12 weeks postinduction of disc
degeneration, the variation in %DHI between the
MSC-transplanted group and the nucleotomy-only
group was statistically significant (p <0.05. p=
0.0019 and p = 0.0005, respectively).

At 12 weeks after the first operation, the MRI (T2
images) of the NP in the MSC-transplanted
group showed stronger signal intensities than
those in the nucleotomy-only group (Fig. 1B). In
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the nucleotomy-only group, the NP area signal
intensity, as a percentage of preoperative values,
continued to decrease (data not shown). In contrast,
the MSC-transplanted group demonstrated a sig-
nificant increase in the NP area signal intensity
(data not shown). The MRI grading points, using
the Pfirrmann classification (from grades 1 to 5),
confirmed a significant (p <0.05) delay in the
progression of disc degeneration in the MSC-
transplanted group at 12 weeks after the first
operation. At 4 weeks after the induction of
disc degeneration and before the transplanta-
tion of MSCs, for the MSC-transplanted group,
the Pfirrmann grade mean value was 2.89 + 0.67.
There were no significant differences in the other
two groups. Comparing the MRI grading of the

JOURNAL OF ORTHOPAEDIC RESEARCH 2008



6 HIYAMA ET AL.

degree of disc degeneration at 12 weeks after the
first operation between the MSC-transplanted
group (2.72+0.70) and the nucleotomy group
(3.83+0.62), a significantly lower grading of
MRI in the MSC-transplanted group was found
(p =0.0039, p < 0.01 Mann-Whitney test). The MRI
grading of the degree of disc degeneration in the
MSC-transplanted group (2.72+0.70) was signi-
ficantly higher when compared to the NC group
(1.56 +£0.51) (p=0.0018, p <0.01 Mann-Whitney
test) (Fig. 10).

Results of Macroscopic Findings

Based on macroscopic evaluations, in the MSC-
transplanted group the discs showed a structure
similar to those in the NC group, whereas the discs
from the nucleotomy-only group showed disc space
narrowing and connective tissue invasion (Fig. 2).

Results of Histlogical Analyses

The histological analyses also demonstrated
noteworthy regenerative effects from MSC trans-
plantation. Normal-looking discs in the NC group
displayed an intact AF with a normal pattern
of fibrocartilage lamellas and a well-defined border
between the NP and AF (Fig. 3A). The MSC-
transplanted group discs showed a relatively well
preserved inner annulus structure compared to
discs from the nucleotomy-only group (Fig. 3B).
Safranin-O staining results revealed an increased
staining in the MSC-transplanted group, while a
remarkable decrease in staining could be seen in
the nucleotomy-only group (Fig. 3C).

NC MSC

Nucleotomy
only

Figure 2. Macroscopic views of intervertebral discs at
12 weeks after induction of disc degeneration by nucleotomy.
In the MSC group, 4 weeks after nucleotomy, autologous MSCs
were transplanted into the degenerated intervertebral discs
(IVDs). A representative disc of the MSC-transplanted group
shows an oval-shaped gel-like nucleus pulposus (NP) similar to
that of a representative disc from the NC group. A disc
representative of the nucleotomy-only group shows narrowing
of disc height and changes in the NP structure. Bar =5 mm.
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Results of Biochemical Analyses

The biochemical analysis showed that the PG
content of the MSC-transplanted group (5.92+
0.25 ug PG/ug DNA) was similar to that of the
NC group (6.17+0.49 ug PG/ug DNA), whereas
the PG content of the nucleotomy-only group
(5.44+0.17 pg PG/ug DNA) showed a significant
decrease, compared to the NC group (p <0.001).
The PG contents of the IVDs of the MSC-
transplanted group were significantly increased
over those of the nucleotomy-only group (p < 0.001,
two-way ANOVA). When the PG content was
expressed as a percentage of the averaged data
for the NC group (n =6 IVDs), the MSC-transplant
group was 95.8 + 3.9% and the nucleotomy group
was 88.2+2.7%. There is a significant difference
between NC group and nucleotomy group)
(p < 0.01, two-way ANOVA).

Results of Immunohistochemical Staining and
Analysis of Fas Ligand (FasL) and Fas

Immunohistochemical staining for FasL in canine
IVDs showed that the proportion of FasL-positive
cells increased following MSC-transplantation at
12 weeks after the first operation, compared
to nucleotomy only, to approximate the level
found in the NC group (Fig. 4B). The proportion
of FasL-positive cells in the nucleotomy-only
group was significantly decreased from that of
the MSC-transplanted group (NC: 27.7+11.1%;
MSC: 29.0+14.1%; nucleotomy only: 184+
13.5%, p <0.05) (Fig. 4B). Compared to the NC
group, the proportion of Fas-positive cells in the
NP region increased after induction of disc
degeneration in the nucleotomy group, but that
proportion was suppressed after MSC-transplan-
tation (NC: 20.2+13.8%; MSC: 28.0+10.9%;
nucleotomy only: 34.6 + 18.9%, p < 0.05) (Fig. 4C).

Results of mRNA Expression of KS and FasL
and Cell Survival of MSCs and
Immunohistochemical Triple-Staining Analyses

Based on FACS analysis, before transplanta-
tion, the expression of KS was detected in about
30-40% of the MSCs; however, Fasl. was not
expressed (Fig. 5A). We also found FasL. mRNA
expression in MSCs to be at a very low level when
compared to KS mRNA expression (Fig. 5B). This
result suggests that, before transplantation, FasL
may be expressed in the MSCs at the gene level
but not at the protein level. We did find that
some of the GFP-positive MSCs in the NP region
costained with FasL upon immunocytochemical
triple staining after transplantation (Fig. 5C). The
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