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Consistent with the characteristics of most types
of connective tissue, cell turnover within the disc is slow.
Moreover, progenitor cells are present in the disc, which,
on activation, could replace resident cells (10). Thus,
tissue renewal in the intervertebral disc is dependent on
the ability of progenitor cells to commit to the annulus
fibrosus/nucleus pulposus lineage and undergo terminal
differentiation. These events become even more impor-
tant during disc degeneration and aging, since the
number of cells in the annulus and nucleus pulposus
decrease as a result of apoptosis and senescence (11-13).

Proliferation of progenitor cells is regulated by
the hypoxia-sensitive Notch signaling pathway (14). In-
teraction between HIF-1o and the intracellular domain
of the Notch protein (Notch-ICD) inhibits differentia-
tion of myogenic and neural precursor cells (15). In
skeletal tissue, disruption of Notch signaling markedly
increases trabecular bone mass; indeed, mouse studies
have shown that, with aging, osteopenia develops, due to
a sharp reduction in mesenchymal progenitor cell pop-
ulations in the mice (16,17). In articular cartilage, Notch
signaling maintains the proliferation of chondrocytes,
while during cell differentiation, there is a decrease in
Notch signaling as well as a decrease in the expression of
the target gene Hes5 (18). Hypoxia also increases the
expression of known Notch target genes, such as Hesl
and Heyl (15). Accordingly, in the nucleus, HIF-1a may
directly interact with the Notch-ICD and direct cell fate.

The major objective of the present investigation
was to examine the hypothesis that hypoxia regulates
Notch signaling activity in intervertebral disc cells, and
that this pathway is critical for the maintenance of cell
proliferation. Our results show, for the first time, that in
disc cells, hypoxia serves as a positive modulator of
Notch signaling and Hesl expression.

MATERIALS AND METHODS

Reagents and plasmids. Plasmids were kindly provided
by Dr. Urban Lendahl (Karolinska Institute, Stockholm, Swe-
den) (plasmids 12xCSL-Luc and Hesl-Luc [—194/+160 bp])
(15) and Dr. Diane Hayward (Johns Hopkins University,
Baltimore, MD) (plasmids 4xwtCBF1-Luc and 4xmtCBF1-
Luc). Notchl-ICD, developed by Dr. Conie Cepko (Harvard
Medical School, Department of Genetics, Boston, MA), was
obtained from Addgene (no. 15131) (19). As an internal
transfection control, vector pRL-TK (Promega), containing
the Renilla reniformis luciferase gene, was used. The amount
of transfected plasmid, the pretransfection period after seed-
ing, and the posttransfection period before harvesting have
been optimized for rat nucleus pulposus cells using pSV
B-galactosidase plasmid (Promega) (9). The y-secretase/Notch
signaling inhibitor 1.685458 was from Sigma.
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Isolation of rat intervertebral disc cells, and culture of
cells in a state of hypoxia. Nucleus pulposus and inner annulus
fibrosus cells were isolated from rat lumbar discs (obtained
from 10-12-week-old rats), using a method previously de-
scribed by Risbud et al (9). Cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) and 10% fetal bovine
serum (FBS) supplemented with antibiotics. Both inner annu-
lus fibrosus cells and nucleus pulposus cells were cultured in a
Hypoxia Work Station (Invivo, 300) with a mixture of 1% O,,
5% CO,, and 94% N, for 24-72 hours. The concentration of
oxygen chosen for this study was based on our previous
observations from in vitro studies, as well as on information
generated on the oxemic status of the disc in vivo.

Collection and grading of human tissue. Lumbar disc
tissue samples were collected as surgical waste from individuals
undergoing elective spinal surgical procedures (mean age 54
years, range 38-82 years). Control samples from cadaver
donors were obtained from regional tissue banks. In accor-
dance with the guidelines of the Thomas Jefferson University
Institutional Review Board, informed consent for sample
collection was obtained from each patient. Assessment of
intervertebral disc disease was performed using the modified
Thompson grading system (20).

Immunohistologic studies. Freshly isolated rat spines
were immediately fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS) and then embedded in paraffin. Trans-
verse sections, 6—8 pm in thickness, were deparaffinized in
xylene and rehydrated through graded ethanol. For localiza-
tion of Notch-4 protein in the tissue, sections were incubated
with anti-Notch-4 antibodies (1:150) in 2% bovine serum
albumin in PBS, at a dilution of 1:100, at 4°C overnight. After
thoroughly washing the sections, the bound primary antibody
was incubated with a biotinylated universal secondary antibody
(Vector), at a dilution of 1:20, for 10 minutes at room
temperature. Sections were incubated with a streptavidin—
peroxidase complex for 5 minutes and washed with PBS. The
color reaction was developed using 3,3'-diaminobenzidine
(Vectastain Universal Quick Kit; Vector).

Real-time reverse transcription—polymerase chain re-
action (RT-PCR) analysis. Total RNA was extracted from rat
annulus fibrosus and nucleus pulposus cells or tissue sections
using RNeasy Mini columns (Qiagen). Before elution from
the column, RNA was treated with RNase-free DNase I
(Qiagen). In human tissue samples, total RNA was isolated
from 100-300 mg of disc tissue. The tissue was homogenized
in Trizol (Invitrogen) on ice, using an Omni TH Homogenizer
(Omni International). Following extraction with TRIzol,
RNA was passed through the RNeasy Mini columns. The
purified, DNA-free RNA was converted to complementary
DNA (cDNA) using Superscript III Reverse Transcriptase
(Invitrogen).

Reactions were set up in triplicate in 96-well plates,
using 1 1l cDNA with SYBR Green PCR Master Mix (Applied
Biosystems), to which gene-specific forward and reverse PCR
primers were added (synthesized by Integrated DNA Technol-
ogies). PCR reactions were performed in a StepOnePlus
real-time PCR system (Applied Biosystems), in accordance
with the manufacturer’s instructions; expression values were
normalized to those of 185 ¢DNA and GAPDH. Melting
curves were analyzed to verify the specificity of the RT-PCR
and the absence of primer dimer formation.
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Protein extraction and Western blotting, Rat disc cells
were placed on ice immediately following treatment, and then
washed with ice-cold Hanks’ balanced salt solution. All of the
wash buffers and the final resuspension buffer included 1X
protease inhibitor cocktail (Roche), NaF (5 mM), and Na;VO,
(200 pM). Nuclear or total cell proteins were resolved on
8-12% sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred by electroblotting to PVDF membranes (Bio-Rad).
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 in 3% nonfat dry milk in TBST
with anti~Notch-4 antibodies (1:600; Santa Cruz Biotech-
nology), anti-Jagged-1 antibodies (1:1,000; Cell Signaling
Technology), anti-Hes1 antibodies (1:500; Santa Cruz Biotech-
nology), or anti~g-tubulin antibodies (1:2,000; Developmental
Studies Hybridoma Bank). Immunolabeling was detected
using an enhanced chemiluminescence reagent (Amersham
Biosciences).

Immunofluorescence microscopy. Rat disc cells were
plated in flat-bottomed 96-well plates (5 X 10°%/well) and
cultured under hypoxic conditions for 24 hours. After incuba-
tion, cells were fixed with 4% paraformaldehyde, permeabil-
ized with 0.2% Triton X-100 in PBS for 10 minutes, blocked
with PBS containing 5% FBS, and incubated with antibodies
against cleaved Notchl (1:200; Cell Signaling Technology),
Notch3 (1:200), Notch4 (1:100), or Hesl (1:100) (the latter 3
from Neuromics), at 4°C overnight. As a negative control, cells
were reacted with isotype IgG under similar conditions. After
washing, the cells were incubated with an Alexa Fluor 488-
conjugated anti-mouse secondary antibody (Invitrogen), at a
dilution of 1:50, for 1 hour at room temperature. Cells were
imaged using a laser scanning confocal microscope (Olympus
Fluoview).

Transfections and dual luciferase assay. Rat disc cells
were transferred, one day before transfection, to 24-well plates
at a density of 4 X 10* cells/well. To investigate the effect of
Notch-ICD overexpression on CBF1 and Hesl promoter ac-
tivity, cells were cotransfected with Notch-ICD (100-300 ng),
or appropriate backbone vector, along with 300-350 ng CBF1
or Hesl reporter and 300-350 ng pRL-TK plasmid. To mea-
sure the effect of hypoxia on Notch signaling, cells were
transfected with 500 ng of 12xCSL or CBF1 reporter plasmids
along with 500 ng pRL-TK plasmid; in some experiments, cells
were treated with the Notch inhibitor 1.685458 (4 .M; Sigma).
Lipofectamine 2000 (Invitrogen) was used as a transfection
reagent. For each transfection, plasmids were premixed with
the transfection reagent.

Within 48-72 hours after transfection, the cells were
harvested and a dual luciferase reporter assay system (Pro-
mega) was used for sequential measurements of firefly and
Renilla Tuciferase activities. Quantification of the Iuciferase
activities and calculation of relative expression ratios were
carried out using a luminometer (TD-20/20; Turner Designs).
At least 3 independent transfections were performed, and all
analyses were carried out in triplicate.

Assessment of cell proliferation by MTT assay. To
measure disc cell proliferation, an MTT assay was carried out
as described previously (5). Briefly, after treatment of the rat
disc cells, MTT diluted in serum-free DMEM was added to the
culture medium, to a final concentration of 0.5 mg/ml. At the
end of the incubation period (2 hours at 37°C), the medium
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was removed, and the precipitated formazan crystals were
solubilized in dimethyl sulfoxide. Product formation was mea-
sured by reading the absorbance at 560 nm, using a microplate
reader (Tecan; Spectra Flour Plus).

Analysis of cell cycle, Following treatment of the rat
annulus fibrosus cells, a single-cell suspension was prepared
from cell cultures and fixed in ice-cold 70% ethanol for 1 hour.
Cells were washed and resuspended in PBS with 5% FBS, and
then incubated with 50 uM propidium iodide for 30 minutes at
37°C. Analysis of the cell cycle was conducted using a Coulter
Epics XL-MCL system, with results analyzed using the XL
System II software. '

Statistical analysis. All measurements were performed
in triplicate. Results are presented as the mean * SEM.
Differences between groups were assessed by analysis of
variance. P values less than 0.05 were considered statistically
significant.

RESULTS

Transverse sections of skeletally mature rat discs
were stained with antibodies to Notch-4 (Figure 1A).
Notch-4 was observed to be present in cells of the
annulus fibrosus and nucleus pulposus. Staining was
evident in the plasma membrane and cytosol, as well as
nucleus (Figure 1A).

Expression of select Notch pathway proteins in
the rat disc tissue was studied using Western blot
analysis. As shown in Figure 1B, the rat nucleus pulpo-
sus and annulus fibrosus tissue expressed Notch-4,
Jagged-1, and Notch target gene Hesl. Expression of
Hesl was most prominent in the nucleus pulposus
(Figure 1B), while that of Jagged-1 was higher in the
annulus fibrosus.

To further examine the expression of different
Notch receptors and ligands in the disc tissue, messenger
RNA (mRNA) expression in the annulus fibrosus tissue
was analyzed by RT-PCR (Figure 1C). We observed
expression of mRNA for the Notch ligands Jaggedl,
Jagged?2, and Deltal and Notch receptors 1-4. However,
expression of Delta3 was undetectable. Nucleus pulpo-
sus tissue elicited a similar pattern of ligand and recep-
tor mRNA expression (results not shown).

In parallel, we measured the relative mRNA
expression of Notch receptors in primary cells of the
annulus fibrosus and nucleus pulposus. As shown in
Figures 1D and E, a raised expression of Notch2, when
compared with the other receptors, was observed in both
cell types. Moreover, in annulus fibrosus cells, expres-
sion of Notch3 was higher than that of Notchl and
Notch4. Immunofluorescence analysis confirmed that
Notchl, Notch3, and Notch4, as well as Jaggedl, were
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Figure 1. Expression of Notch receptors and ligands, as well as Notch
target gene Hesl, in rat intervertebral discs. A, Transverse sections of
disc tissue from mature rats were treated with anti-Notch-4 antibodies,
and expression of Notch-4 was detected in cells of the nucleus pulposus
(NP) and annulus fibrosus (AF) (arrows). Original magnification x 20.
B, Expression of Notch-4, Jagged-1, and Hesl was assessed in NP and
AF tissue by Western blotting; anti—g-tubulin was used as a positive
control. C, Expression of select Notch ligands (Jaggedl [J1], Jagged2
[32], Deltal, and Delta3) and Notch receptors (IN1-N4) was assessed in
AF tissue by reverse transcription—polymerase chain reaction (RT-
PCR). D, Messenger RINA expression of the 4 Notch receptors was
assessed in primary cells of the AF (left) and NP (right) by real-time
RT-PCR. Values for Notch2-Notch4 are expressed relative to that of
Notchl and are the mean * SEM results from 3 independent
experiments. * = P < 0.05. NS = not significant. E, AF and NP cells
were assessed by immunofluorescence analysis for the expression of
Notch3, Notch4, and Jaggedl, as well as cleaved Notchl (Notchl-
intracellular domain [N1-ICD]). Original magnification x 20.

expressed in annulus fibrosus and nucleus pulposus cells
(Figare 1F).
We also examined the relationship between ex-
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pression of Notch receptors in disc cells and the oxemic
status of the cells. As shown in Figure 2A, when annulus
fibrosus and nucleus pulposus cells were cultured under
conditions of hypoxia for 8 hours, Notchl mRNA was
induced. In contrast, Notch? mRNA expression was
elevated with hypoxia in nucleus pulposus cells only
(Figure 2B). With regard to Notch3 mRNA, expression
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Figure 2. Hypoxic regulation of Notch receptor expression in rat disc
cells. A-D, AF and NP cells were cultured under conditions of hypoxia
(Hx) for 8 or 24 hours, or under normoxic (Nx) conditions, and the
response to hypoxia was assessed by real-time reverse transcription—
polymerase chain reaction analysis of mRINA expression for Notch
receptors Notchl (A), Notch2 (B), Notch3 (C), and Notch4 (D).
Values are the mean = SEM results from 3 independent experiments.
# = P < 0.05. E and F, Notch-4 protein expression under conditions of
hypoxia, or under normoxic conditions, was assessed in AF and NP
cells by immunofluorescence analysis (after 24 hours of hypoxia) (E)
and Western blotting (after 8 and 24 hours of hypoxia) (F). Anti~f-
tubulin was used as a positive control in Western blots. Original
magnification X 20. See Figure 1 for other definitions.
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was induced by hypoxia in annulus fibrosus cells but not
in nucleus pulposus cells (Figure 2C). Finally, expression
of Notch4 mRNA was induced by hypoxia in both cell
types (Figure 2D).

To determine whether there was a concomitant
elevation in Notch-4 protein expression associated with
the oxemic status, the cells were evaluated by immuno-
fluorescence analysis and Western blotting. In both cell
types, there was an increase in Notch-4 expression in the
hypoxic cultures, as indicated in Figures 2E and F.
Protein expression was maximally elevated at 8 hours
and returned to baseline levels by 24 hours in annulus
fibrosus cells, while in nucleus pulposus cells, protein
expression remained elevated up to 24 hours.

We then examined the effect of hypoxia on
mRNA expression of the Notch ligands Jaggedl and
Jagged2 in disc cells. As shown in Figure 3A, under
conditions of hypoxia, there was induction of Jaggedl
mRNA in annulus cells but not in nucleus pulposus
cells. In contrast, in both annulus fibrosus and nucleus
pulposus cells, Jagged2 mRNA expression was highly
sensitive to hypoxia (Figure 3B). In both cell types,
mRNA expression remained elevated for the first 8
hours; in annulus fibrosus cells, mRNA expression re-
turned to baseline levels by 24 hours. In addition, the
effect of hypoxia on Jagged-1 protein expression was
examined in annulus fibrosus cells by Western blotting
(Figure 3C) and immunofluorescence microscopic ana-
lysis (Figure 3D). In the hypoxic environment, a signif-
icant increase in the levels of Jagged-1 protein was seen
(Figures 3C and D).

To further evaluate the relationship between
Notch signaling and oxygen tension, we measured the
expression of Notch target gene Hesl in the rat disc cells
under normoxic and hypoxic conditions. In annulus
fibrosus cells, expression of Hesl mRNA was induced
after 8 hours of hypoxia and returned to baseline levels
by 24 hours (Figure 3E). In contrast, in nucleus pulposus
cells, Hesl mRNA expression was insensitive to hypoxia.
Western blot analysis showed that Hes-1 protein expres-
sion was also elevated in hypoxia, and stayed high in
annulus fibrosus cells under hypoxic conditions for 24
hours (Figure 3F). As expected, Hes-1 protein expres-
sion in nucleus pulposus cells remained unchanged
(Figure 3F).

To investigate whether Hesl responds to Notch
signaling, we cotransfected annulus fibrosus cells with a
Notch-ICD expression plasmid, and then measured
Hesl promoter activity. Induced overexpression of
Notch resulted in increased Hesl promoter activity
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Figure 3. Hypoxic regulation of Notch ligand expression in rat disc
cells. A and B, AF and NP cells were cultured under conditions of
hypoxia (Hx) for 8 or 24 hours, or under normoxic conditions (Nx), -
and the response to hypoxia was assessed by real-time RT-PCR
analysis of Jaggedl (A) and Jagged2 (B) mRNA expression. C and D,
Jagged-1 protein expression under conditions of hypoxia, or under
normoxic conditions, was assessed in AF and NP cells by Western
blotting (after 8 and 24 hours) (C) and immunofluorescence ana-
lysis (after 24 hours) (D). Anti-B-tubulin was used as a positive
control in Western blots. Original magnification X 20. E and F,
The effect of hypoxia on Hesl gene expression and promoter ac-
tivity was assessed in AF and NP cells cultured for 8 or 24 hours
under conditions of hypoxia, or under normoxic conditions, using
real-time RT-PCR analysis of Hesl mRNA expression (E) and
Western blotting of Hes-1 protein expression, with anti-S-tubulin
used as a positive control (F). G, AF cells were cotransfected with
a Hesl reporter (—194/+160 bp) along with increasing doses of
Notchi-intracellular domain (N-ICD), and Hesl reporter activity
was measured under normoxic and hypoxic conditions. Values in
A, B, E, and G are the mean = SEM results from 3 independent
experiments. * = P < 0.05. See Figure 1 for other definitions.
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Figure 4. Effect of hypoxia on Notch signaling activity. A and B, The

12xCSL reporter (A) or CBF1 reporter containing a wild-type (W) or-

mutant (M) RBPJ« motif (B) was transfected into rat annulus fibrosus
cells along with pRL-TK vector. Cells were cultured for 24 hours under
normoxic conditions (21% O,) (Nx) or hypoxic conditions (1% O,)
(Hx), and some cells were treated with y-secretase inhibitor 1685458
(4 pM), and luciferase reporter activity was measured. C and D, Rat
annulus fibrosus cells were cotransfected with wild-type (WT) (C) or
mutant (MT) (D) CBF1 reporters along with increasing doses of
Notch1-ICD, and reporter activity was measured under normoxic and
hypoxic conditions. Values are the mean * SEM results from 3
independent experiments. * = P < 0.05. See Figure 1 for other
definitions.

under conditions of normoxia, and led to an even greater
level of Hesl promoter activity in the hypoxic state
(Figure 3G).

We next evaluated the effect of hypoxia on the
activity of the Notch-responsive reporter 12xCSL and
Notch target gene CBF1 in annulus fibrosus cells (Fig-
ures 4A and B). Hypoxzia significantly induced 12xCSL
reporter activity. Moreover, induction of reporter activ-
ity was completely blocked by the y-secretase inhibitor
1685458, Similarly, hypoxia increased CBF1 promoter
activity, and this was also significantly blocked by inhib-
itor treatment.

A CBF1 promoter harboring a mutation in the
Notch-interacting RBPJ« site is insensitive to both hyp-
oxia and 1685458 treatment. To further validate that
CBF1 promoter activity is responsive to Notch signaling,
we cotransfected annulus fibrosus cells with a plasmid
encoding the Notchl-ICD. This plasmid significantly
increased wild-type CBF1 promoter activity, under both
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normoxic and hypoxic conditions (Figure 4C). The stim-
ulatory effect of Notch-ICD on CBF1 promoter activity
was evident in cultures with 100 ng of plasmid, and the
effect was further enhanced when the concentration of
plasmid was increased to 300 ng (Figure 4C). Moreover,
the inductive effect was more pronounced in a state of
normoxia. As expected, mutant CBF1 promoter activity
was unresponsive to Notch coexpression (Figure 4D).
We also examined the relationship between
Notch signaling and proliferation of annulus fibrosus
cells. Treatment with y-secretase inhibitor 1685458 re-
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Figure 5. Role of Notch signaling in controlling AF cell proliferation.
A, AF cells were cultured under normoxia (Nx) or hypoxia (Hx), with
or without y-secretase inhibitor 1685458 (4 nM), for 24-48 hours, and
cell proliferation was measured by MTT assay. B, The cell cycle of AF
cells treated with or without L685458 was determined by flow cytom-
etry, with results expressed as the percentage of AF cells in G0/G1
phase or S phase. Values in A and B are the mean = SEM results from
3 independent experiments. * = P < 0.05. C-E, Messenger RNA
expression of Notch receptors Notchl and Notch4 (C), Notch ligands
Jaggedl and Jagged2 (D), and Notch target gene Hesl (E) was
assessed by real-time RT-PCR in multiple human AF tissue samples in
varying degrees of degeneration (Thompson grades 2-5 [G2-G5])
compared with normal controls (N) (controlsn = 2, G2n = 5,G3n =
4, G4 n = 3, G5 n = 3). The mean expression of mRNA in normal
control samples was set at 1.0 (horizontal line). See Figure 1 for other
definitions.
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Figure 6. Role of Notch signaling in controlling NP cell proliferation.
A, NP cells were cultured under conditions of normoxia (Nx) or
hypoxia (Hx), with or without y-secretase inhibitor 1685458 (4 uM),
for 2448 hours, and cell proliferation was measured by MTT assay.
Values are the mean + SEM results from 3 independent experiments.
% = P < 0.05. B-D, Messenger RNA expression of Notch receptors
Notchl and Notch4 (B), Notch ligands Jaggedl and Jagged2 (C), and
Notch target gene Hesl (D) was assessed by real-time RT-PCR in
multiple human NP tissue samples in varying degrees of degeneration
(Thompson grades 2-5 [G2-G3]) compared with normal controls (N)
(controlsn =1,G2n=3,G3n=4,G4n=7,G5n = 4). The mean
expression of mRNA in normal control samples was set at 1.0
(horizontal line). See Figure 1 for other definitions.

sulted in a significant suppression of annulus fibrosus
cell proliferation under both normoxic and hypoxic
conditions (Figure 5A). With the use of flow cytometry,
we determined whether the cell cycle status was affected
by L685458 treatment. The number of annulus fibrosus
cells in S phase was significantly decreased after treat-
ment with the inhibitor (mean = SEM 6.7 = 2.8%) when
compared to the number of untreated control cells in S
phase (mean * SEM 19.25 *+ 4.4%) (Figure 5B). In
contrast, there was a greater accumulation of cells in
G0/G1 phase after treatment (mean *= SEM 81.10 =
3.3%) as compared to control cells left untreated
(mean = SEM 63.4 = 2.9% in G0/G1 phase).

Finally, we evaluated the expression of select
Notch receptors, ligands, and the target gene Hesl in
Thompson-graded degenerated human annulus fibrosus
tissue (Figures 5C-E). Results of real-time RT-PCR
analysis showed that there was a trend toward an
increase in expression of Notchl and Notch4 mRNA
(Figure 5C) in degenerated human disc tissue when
compared to normal controls. Similarly, both Jaggedl
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and Jagged2 mRNA exhibited a similar trend in expres-
sion in degenerated disc tissue (Figure 5D). Hesl
mRNA expression was also responsive to degeneration,
as indicated by a higher mRNA expression level at the
earlier Thompson stages (grade 2 and grade 3) (Figure
5E). Not surprisingly, there was a considerable between-
patient variation within the same grade.

We also examined the role of Notch signaling in
regulating proliferation of nucleus pulposus cells. Simi-
lar to the effects on annulus fibrosus cells and irrespec-
tive of the oxemic tension, L685458 treatment resulted
in a significant inhibition of the proliferation of nucleus
pulposus cells (Figure 6A).

Finally, we measured the expression of Notch
receptors, ligands, and Hesl in graded degenerated
human disc tissue from the nucleus pulposus (Figures
6B-D). Results of real-time RT-PCR analysis showed
that there was a trend toward an increase in mRNA
expression of Notchl and Notch4 (Figure 6B) and
Jaggedl and Jagged2 (Figure 6C) in degenerated human
disc tissue when compared to normal controls. Similarly,
there was a trend toward an increase in the expression of
Hesl mRNA in the degenerated nucleus pulposus (Fig-
ure 6D). As in the degenerated tissue of the annulus
fibrosus, a considerable between-patient variation in
mRNA expression was observed in the degenerated
nucleus pulposus, among tissue of the same Thompson
grade.

DISCUSSION

The basis for the studies described herein is that
progenitor cell populations are present in the hypoxic
tissue of the intervertebral disc (10). Accordingly, it
would not be unreasonable to assume that the commit-
ment of these cells into functioning cells of the annulus
fibrosus and nucleus pulposus is dependent on the highly
conserved, hypoxia-sensitive Notch signaling pathway
(14,15,21). The present study revealed that there is a
hypoxia-dependent increase in expression of specific
Notch ligands and receptors and a concomitant increase
in Notch signaling activity. In addition, we found that
hypoxia induces expression of Hesl, the Notch target
gene that is associated with maintenance of the undif-
ferentiated state and determination of cell fate (22,23).

Accordingly, as has also been observed in articu-
lar cartilage, the hypoxic status of the disc may serve to
conserve cell number and maintain the differentiated
state of the cells by regulating Notch signaling activity
(18). Our results showed that there is an increase in
levels of Notch signaling proteins in degenerated human
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disc tissue; however, the response is probably insuffi-
cient to maintain cell numbers and preserve the differ-
entiated state of the cells. This observation could explain
why there is a gradual age-dependent loss of cells and a
decrease in the ability of resident cells to mount a
reparative response.

In this study, we examined the expression and
localization of Notch receptors and ligands in the inter-
vertebral disc of skeletally mature animals. Both annulus
fibrosus and nucleus pulposus tissue expressed Notch
receptors (Notch-1-Notch-4) and ligands (Jagged-1,
Jagged-2, and Delta-1). The observation that there was
robust expression of the Notch target gene, Hesl, indi-
cated the presence of an active Notch signaling pathway
in the disc, a notion supported by the plethora of
receptors and ligands that were present in both tissue
types; a similar spectrum of receptors and ligands has
been observed in cartilage (24). Consistent with this
observation, although the study focused on defining
components of the signaling pathway in specific tissues
of the intervertebral disc, it would not be surprising to
find that ligands from the inner annulus are associated
with Notch receptors in the nucleus pulposus; likewise,
ligands in the nucleus would serve to activate Notch
signaling pathways in the annulus fibrosus. This interac-
tion would be consistent with the notion that the disc
itself represents an environmental niche that serves to
integrate the functional activities of each of the compo-
nent tissues (1).

There were marked differences in the pattern of
expression of Notch receptors and ligands in the disc.
While Notch?2 mRNA transcript levels were elevated in
both the annulus and the nucleus pulposus, Jagged-1
protein levels were significantly greater in the annulus
than in the nucleus pulposus. In both tissues, Notchl and
Notch4 reporter expression was responsive to the level
of Po,. In nucleus cells, Notch reporter expression was
increased with hypoxia.

To examine the premise that hypoxia influences
Notch signaling activity, the Notch-responsive reporters
12xCSL and CBF1 were utilized. Our results showed
that there was increased activity of both reporters under
hypoxic conditions. Moreover, reporter activity was
completely inhibited when the hypoxic cells were treated
with the +y-secretase inhibitor 1.685458. We confirmed
the involvement of the signaling pathway using a re-
porter with a mutation in the CSL-binding site. In this
case, hypoxic induction of Notch reporter activity was
completely blocked. Results of these experiments lend
direct support to the hypothesis that hypoxia promotes
Notch signaling in disc cells. This result is consistent with
observations of activation of Notch signaling in stem
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cells and other cell types (16,17) and confirms previous
findings showing that the Notch signaling pathway is
responsive to hypoxia (14,15,21). Of note, since disc cells
function in vivo in a low oxemic environment, it is likely
that hypoxia is a key factor regulating the activity of this
pathway (14,15,21,25).

In addition to the effects of hypoxia on Notch
ligands and receptors, we noted that there was a
hypoxia-dependent increase in Notch target gene activ-
ity. This finding suggests that in disc cells, Hesl expres-
sion is regulated in a hypoxia-dependent manner. It
should be noted that in many types of tissue, Hesl is
considered to be a key regulator of differentiation
(23,26). Hesl is expressed by almost all undifferentiated
cells and is required for the maintenance of this pool of
cells. The observation that a progenitor cell pool is
present in the disc, even in degenerated disc tissue (10),
adds credence to the view that the hypoxic state en-
hances the activity of this powerful repressor of differ-
entiation (23,26). Not surprisingly, the response of disc
cells to HIF is markedly different from that of myogenic
C2C12 cells (7,9,27). In stem cells and many cancer
cells, HIF-1 interacts with the Notch coactivator
Mastermindlike-1 to increase Hes-1 promoter activity
(25). Possibly, in the disc, HIF-1a may promote recruit-
ment of the Notch-ICD to the CSL-binding motifs in the
Hes1 promoter (15). While the mechanism by which this
type of regulation is achieved is still under examination,
functionally, it is more than likely a reflection of the
normative environment of hypozia in the disc.

Although regulation of Notch activity may be
tissue specific, the signaling pathway has been shown to
modulate cell proliferation and differentiation, as well as
self renewal (18,22,23,26). To determine whether the
Notch pathway regulates disc cell number, we evaluated
nucleus pulposus and annulus fibrosus cell proliferation
under normoxic and hypoxic conditions. In both cases,
when treated with a ~-secretase inhibitor, a marked
decrease in proliferation was observed. We reasoned
that this suppressive effect would account for the de-
crease in cell number that characterizes degenerated
human disc tissue (11-13).

Based on this observation, we evaluated major
components of the Notch signaling pathway in cells of
human discs in varying degrees of degeneration. While
the number of control tissue samples was very limited
(due to practical difficulties in acquiring normal human
discs), measurement of mRNA expression levels sug-
gested that as the tissue became degenerated, there was
a rise in expression of Jaggedl and Jagged?2 and possibly
Notch4 and Hesl. Our results are consistent with those
of a recent study that showed increased expression of
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Notchl, Jaggedl, and Hes5 in osteoarthritic cartilage
(28). One explanation for the increase is that it possibly
represents a compensatory response by resident cells to
replace the lost or nonfunctional cells. Indeed, in the
disc, as well as cartilage, a clonal proliferative response
is a hallmark of degeneration (29-31). In both tissues,
aside from the effects of hypoxia, other regulatory
elements, including elevated signaling through the trans-
forming growth factor /Smad3 and Wnt/B-catenin path-
ways, are likely to modulate Notch pathway activity
(32-35). Thus, although some increase in the levels of
Notch signaling proteins may occur, the dysregulated
response is insufficient to mount a complete functional
recovery and restoration of cell numbers in the tissue.

In terms of pursuing therapeutic strategies, it
should be possible to promote tissue repair by 3 different
approaches. First, specific ligands and receptors of the
Notch signaling pathway may be manipulated to reacti-
vate the surviving endogenous progenitor cells to pro-
mote their proliferation and subsequent commitment to
the annulus fibrosus and nucleus pulposus cell pheno-
type. Second, molecules, such as the numb protein, that
antagonize Notch signaling activity may be targeted in
disc progenitor cells (36). Finally, the oxemic status of
the intervertebral niche may be restored using redox-
sensitive agents.
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Clinical Image: Development of miliary tuberculosis following one intraarticular injection of etanercept

The patient, a 14-year-old boy with juvenile spondylarthritis, presented to our clinic with a 10-month history of active arthritis in his
right knee joint as well as swelling of his heel. The arthritis was refractory to treatment with a combination of nonsteroidal
antiinflammatory drugs, sulfasalazine, and a corticosteroid. After we confirmed that the results of a purified protein derivative
(PPD) skin test and serum antitubercle bacilli antibodies (using TB-CHECK-1) were negative, a single 25-mg dose of etanercept
was injected into his right knee, which resulted in rapid and dramatic improvement of the knee arthritis. Four weeks later, he
developed fever (maximum temperature 39°C) and malaise. High-resolution computed tomography (HRCT) of the chest showed
innumerable tiny, well-defined, miliary nodules throughout the lungs, pleural surfaces, and bronchovascular structures, which was
suggestive of acute miliary pulmonary tuberculosis. Although sputum culture results were negative for Mycobacterium tuberculosis,
the results of repeat PPD skin test and tests for tuberculosis antibodies were all positive. The patient was treated with a combination
of rifampin, isoniazid, and pyrazinamide. The fever resolved after 2 weeks, the miliary nodules had nearly disappeared on repeat
HRCT of the chest 3 months later, and the patient completed 1 year of antituberculosis therapy without incident.

Sheng Guang Li, MD
Chinese People’s Liberation Army Gerneral Hospital
Beijing, China
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Signals in the Intervertebral
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Degeneration of the lumbar intervertebral disc (IVD) is a cause of low back pain. In osteoarthritis patients, an increase in 3-catenin

accumulation has been reported. However, the molecular mechanisms involved in IVD remain unclear. In the present study, we examined
the relationship of Wnt/B-catenin and transforming growth factor-B (TGF-B)/bone morphogenetic protein (BMP) signals in the [VDs. We
found that treatment of nucleus pulposus (NP) cells with the Wnt/B-catenin activator lithium chloride (LiCl) results in the increased
expression of B-catenin mRNA and protein, and cell proliferation is decreased due to the activation of the Wnt/B-catenin signals through
the suppression of c-myc and ¢yclin-D 1. In addition, T-ceil-specific transcription factor (TCF) promoter activity was found to increase the
following stimulation with LiCl alone, and was further increased when BMP2 was added, in comparison to the control group. We further
observed the effects of treatment with PD98059, a specific inhibitor of the mitogen-activated protein kinase pathway, an TCF promoter
activity in NP cells, These effects were largely attenuated by PD98059. Moreover, when transfected [VDs were co-transfected with

R-Smad expression plasmids, there was a significant decrease in TCF reporter activity. We thereafter evaluated the effects of increased
Wnt/B-catenin activity on the transcriptional activity of the Smad binding element (SBE). As a result, LiCl suppressed the activity of SBE
reporter activity. The present study demonstrates for the first time that there are opposing effects between the Wnt/B-catenin and
TGF-B/BMP signals in [VDs, which is consistent with the Wnt/B-catenin signals contributing to the pathogenesis of VD degeneration.

|. Cell. Physiol. 226: 1139-1148, 2011. © 2010 Wiley-Liss, Inc.

It has been some time since the concept of discogenic low back  thereafter moves to the nucleus and activates the transcription
pain was reported. Intervertebral disc (IVD) degeneration is a of the T-cell-specific transcription factor (TCF)/lymphoid
common cause of pain in these patients, and although the enhancer factor (LEF) family, which mediates the transcription
efficacy of surgical treatment is confirmed, new post-operative of several genes encoding such proteins as c-myc and cyclin D1.
functional disorders have also been reported. Inrecentyears,a  The B-catenin molecule forms a complex with TCF/LEF to form
regenerative medicine approach has attracted much attention  a functional transcription factor (Gordon and Nusse, 2006).
(Thompson et al., [991; Sakai et al,, 2003; Masuda et al,, 2004;  These interactions suggest that 3-catenin may therefore play an

Hiyama et al.,, 2008a, 2008b). However, in order to achieve essential role in the control of cellular proliferation,
consistent therapeutic effects, it is necessary to elucidate the differentiation, cell polarity, adhesion, apoptosis, and
molecular mechanism underlying the expression of [VD tumorigenesis by regulating both cell-cell interactions and gene
degeneration. The IVD acts as a shock absorber, has ajelly-like  transcription (Nelson and Nusse, 2004; Clevers, 2006).
consistency in its center, or nucleus pulposus (NP) due to Interestingly, (TGF-B/bone morphogenetic protein (BMP))
altered proteoglycan (PG) metabolism, and distributes signals inhibits glycogen synthase kinase-3B (GSK3) and

pressure away from the spine and maintains the trunk. [VD cells
exhibited degenerative change with advancing age. The most
significant biochemical change to occur in disc degeneration is
the loss of PG. Therefore, in elucidating IVD degeneration, the
metabolism of IVD cells, or net change in PG content, is
important. We previously reported the outcome of an analysis
of the Smad proteins, in which the transforming growth factor-
B (TGF-B) family was found to dominantly induce PG synthesis
in IVD cells (Hiyama et al., 2008a, 2008b). Although it has been
established that Smads function as a molecular switch to
activate the transcription of various target genes, it is not yet
clear how they become involved in IVD degeneration via
dysregulated signaling. In addition, during [IVD embryogenesis,
the cells of the notochord play a critical role in initiating tissue
formation, and may be directly responsible for development of
the NIP. In some species, including humans, these notochordal
cells are eventually lost, usually through apoptosis or terminal
differentiation, and are replaced by chondrocyte-like cells
(Erwin and Inman, 2006). The free cytoplasmic B-catenin pool
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activates the Wnt/B-catenin signals in various cell types (Cheon
et al., 2004). The analyses of Whnt signals using mouse models
have been indispensable in elucidating the formation of various
organs, and many of these studies have demonstrated the
importance of the B-catenin pathway (Wells etal., 2007; Harada
et al, 1999). However, there have been no reports on the
role of Wnt/B-catenin signals in IVD cells or on the impact of
Wnt/B-catenin signals on the metabolism of VD cells, and as a
result the degenerative process remains poorly characterized.

Therefore, it is expected that the clarification of the
mechanisms controlling Wnt/B-catenin signals (inhibition and
activation) as well as the mechanism of Wnt/B-catenin
transcriptional activation will clarify disc differentiation and the
subsequent degenerative IVD process. We herein focused on
Wnt/B-catenin signals, and studied the expression of these
signals and the mechanisms controlling TGF-3/BMP signals,
which are important for PG synthesis in [VD cells.

Materials and Methods
Plasmids and reagents

To determine the B-catenin-TCF/LEF transcriptional activity, NP
cells and annlus fibrosus (AF) cells were transiently transfected

with the Tcf/Lef reporter gene Topflash (optimal Tcf-binding site)

or Fopflash (mutated Tcf-binding site) (Upstate Biotechnology Inc.,
Lake Placid, NY). The aggrecan reporter plasmid (Agg-luc) was
provided by Dr. Michael C. Naski (The University of Texas Health
Science Center at San Antonio). The aggrecan promoter carries
1.2 kb of the proximal mouse promoter (Reinhold et al., 2006). The
Smad binding element (SBE)4-luc, SBE2-luc, and MBE6-luc plasmids,
which have four copies of the Smad binding site upstream of the
luciferase gene, two copies of the Smad binding site, and two copies
of the mutant Smad binding site, respectively, were purchased from
Addgene (Cambridge, MA) (SBE4-luc: 16495, SBE2-luc:16500, and
MBE6-luc: 16497).The c-myc reporter plasmid (16601) was also
purchased from Addgene. The R-Smad expression plasmids
(Smadl, Smad2, Smad3, Smad5, and Smad8) and the empty
backbone plasmid were provided by Dr. Miyazono at the University
of Tokyo at Tokyo in japan. As an internal transfection control, we
used the empty vector pGL4.74 (Promega, Madison, WI)
containing the Renilla reniformis luciferase genes. Lithium chloride
(LiCl) has been shown to promote YWnt/B-catenin signals through

the (B-catenin pathway. In addition, Dickkopf-1 (DKKI) (R&D

Systems, Minneapolis, MN) is a secreted protein that acts as a
soluble inhibitor of the Wnt signaling pathway. In some
experiments, to inhibit MEK activation, the MEK inhibitor PD9805%
(Calbiochem, San Diego, CA) dissolved in dimethyl sulfoxide
(DMSO) was added to the cell cultures.

Preparation of Wnt3A, Wnt5a-containing conditioned medium

The L-Wnt3A cell line stably expressing Wnt-3A, Wnt-5a and the
control WT L-cell line were purchased from the American Type
Culture Collection (Manassas, YA, USA). Medium conditioned by
L-Wnt3A, L-Wnt5A or WT L-cells over a 72 h period (hereafter
termed Wnt3A-containing conditioned medium (Wnt3A-CM),
Whnt5A-containing conditioned medium (Wnt5A-CM) or WT-
CM, respectively) were collected, processed, and used according
to the manufacturer’s protocol.

Isolation of intervertebral disc cells

NP and AF cells were isolated from a total of 32 female Sprague-
Dawley (SD) rats (6-9 months of age) using a previously reported
method (Hiyama et al., 2008a, 2008b). The gel-like NP was
separated from the AF by using a dissecting microscope. The
isolated cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and 10% fetal bovine serumn (FBS) supplemented
with antibiotics in a humidified atmosphere containing 5% CO, at
37°C. When confluent, NP.and AF cells were harvested and
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subcultured in 10-cm dishes. We used the low-passage (<3) cells
cultured in a monolayer.

Immunofluorescence microscopy

NP cells were plated in flat-bottom 96-well plates (5,000 cells/well)
and were treated with LiCl (20 mM) or BMP2 (100 ng/ml) for 24 h.
After incubation, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X- 100 in phosphate buffered saline
(PBS) for 10 min, blocked with PBS containing 5% FBS, and
incubated with antibodies against B-catenin (1:200; catalog no.
9562; Cell Signaling, Inc, Danvers, MA), GSK3( (1:200; catalog no.
9315; Cell Signaling) or Wnt3a (1:200; catalog no. 2721; Cell
Signaling) at 4°C for 8 h. After washing, the cells were incubated
with anti-rabbit AlexaFluor488 secondary antibody (Invitrogen,
Carlsbad, CA) at a dilution of 1:50 and 10 jum DAPI for | h at room
temperature. The cells were imaged by laser-scanning confocal
microscopy. For quantification purposes, a minimum of 100 cells,
spanning five different microscopy fields, were scored for staining.

Immunohistological studies

Freshly isolated 3-week-old rat and embryonic mouse (E9.5 and
E15.0) spinal tissue specimens were immediately fixed in 4%
paraformaldehyde in PBS and were embedded in paraffin.
Transverse and coronal sections were deparaffinized in xylenes,
rehydrated through a graded ethanol series, and stained with
hematoxylin and eosin. For localizing Wnt3a, sections were
incubated with an anti-VWnt3a antibody (Cell Signaling) in 2% bovine
serum albumin in PBS at a dilution of 1:200 at 4°C overnight. After
thoroughly washing the sections, the bound primary antibody was
incubated with a biotinylated universal secondary antibody, at a
dilution of 1:20 (Vector Laboratories, Burlingame, CA) for 10min
atroom temperature. Sections were incubated with a streptavidin/
peroxidase complex for 5 min and washed with PBS, and the
staining was developed using the 3’-3-diaminobenzidine substrate
(Vector Stain Universal Quick Kit; Vector Laboratories).

MTT assay

The effects on cellular proliferation were measured using a
modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, based on the ability of live cells to utilize
thiazolyl blue and convert it into the water-insoluble darik blue
formazan stain. Exponentially growing NP cells were seeded into a
24-well plate at 1.5 x 10* cells/well. After LiCl stimulation (20 mM
for 24-48 h), cells were treated with MTT (5 g/L, Sigma?®) for 2 h at
37°C, DMSO (Me,SO) was added into each well, and the reaction
was incubated for 30 min. Subsequently, the cells were transferred
to a 96-well plate. A 96-well microtitre plate reader (GE health
care, Buckinghamshire, UK) was used to quantify the Asgo. The
number of control cells that is viable cells not exposed to any
treatment, was defined as 100%.

Real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis '

IVD cells were cultured in 6-cm dishes (5 x 10° cells/dish) | day
before treatment with LiCl (20 mM) for 24 h. Following treatment,
cells were lysed, and the total RNA was isolated using the Trizol
reagent (Invitrogen). As mentioned above, cDNA was synthesized
by the reverse transcription of mRNA. The real-time PCR analyses
were performed in duplicate using 96-well plates with the Fast
SYBR green master mix (Life Technologies, CA). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an endogenous
control. Two microliters of cDNA per sample were used as a
template for real-time PCR; | pl forward primer and | pl reverse
primer were added to 20 il SYBR green master mix. The reactions
were synthesized in a 20-pl reaction volume with the following
conditions: Initial step at 50°C for 2 min, followed by 95°C for
10 min; 40 cycles of (denaturation, 95°C for 3 s, and hybridization/
elongation, at 60°C for 30s). All primers (B-catenin, GSK3,
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cyclin-D1, e-myc, and GAPDH) were designed based on the coding
sequences from Genbank (AF121265.1, NM_032080.1,
NM_080782.3, NM_012603.2, and NM_017008.3, respectively),
and were synthesized by Takara Bio Inc. (Tokyo, Japan). The
relative quantitation of real-time RT-PCR data was performed
using the delta—delta C, method (Livak and Schmittgen, 2001). Data
are reported as the average value of the range of the calculated fold
difference, which incorporates the standard deviation of the
delta—delta C, value in the fold difference calculation as delta—delta
C.+SD and delta—delta C,— SD. The statistical analyses were
calculated using the SPSS software program (SPSS 14.0, Chicago, IL)
using a one-way ANOVA with Tukey’s HSD post-hoc pairwise
comparisons (P < 0.05).

Transfections and dual luciferase assay

NP cells were transferred to 24-well plates at a density of

6 x 10% cells/well | day before transfection. The next day, to
investigate the effect of LiCland BMP2 on Topflash activity, NP cells
were treated with LiCl (20 mM) or BMP2 (100 ng/ml) with 900 ng of
the Topflash reporter plasmid. To evaluate Tcf transcription
activity through the Smad pathway, which is downstream from the
TGF-B/BMP signals, we used an expression plasmid. NP and AF
cells were co-transfected with 500 ng of a R-Smad (Smad|, Smad2,
Smad3, Smad5, or Smad8) or the backbone vector with 400 ng of
the Topflash reporter plasmid. We then evaluated the effects of an
increased Wnt/B-catenin activity on the transcription activity of
the SBE4 and SBE2 promoter, which lies upstream of the luciferase
gene and is the specific promoter for the target gene of the Smad
complex. At the same time, we also conducted an evaluation for
cases involving the MBE6 reporter, which is a mutant vector.
Briefly, NP and AF cells were transfected with 900 ng of the SBE4
reporter, the SBE2 reporter or the MBE6 reporter plasmid. The
cultured cells were treated with or without LiCl (20 mM) for 24 h,
and the luciferase reporter activity was measured. Thereafter, to
evaluate the effects of ERK signaling on the transcription activity of
SBE and TCF, NP cells were treated with or without 100 ng/ml
BMP2 and 1, 10, or 100 mM PD98059 with 900 ng of the Topflash
reporter plasmid or 900 ng of the SBE4 reporter plasmid. In
addition, to evaluate the effect of Wnt3a on the transcriptional
activity of SBE and aggrecan, NP and AF cells were co-transfected
with 100-500 ng of Whnt3a, or the respective empty backbone
vectors, with 400 ng of SBE4 reporter plasmid or the aggrecan
reporter plasmid. The pGL4.74 plasmid containing the R. reniformis
luciferase gene was used as an internal control for normalization of
all transfection experiments. Lipofectamine 2000 (Invitrogen) was
used as the transfection reagent. For each transfection, plasmids
were premixed with the transfection reagent. Forty-eight hours
after the initial transfection, the cells were harvested and a
Dual-Luciferase reporter assay system (Promega) was used for the
sequential measurements of the firefly and renilla luciferase
activities. Transfection efficiency for rat nucleus and annulus cells
was about 50-60%. The luciferase activities and calculation of the
relative ratios were quantified using a Turner Designs
Luminometer Model TD-20/20 (Promega) (TD-20/20; Turner
Designs, CA).

Statistical analysis

All measurements were performed in triplicate and were repeated
with two independent cultures. Data are presented as the

mean =+ SD. To test for significance, data were analyzed using an
unpaired Student's t-test; the obtained P-values are indicated in the
text and figures (“P < 0.05). P < 0.05 was considered to be
statistically significant.

Results

To investigate the role of the Wnt/B-catenin signals in the IVD,
we first determined whether rat IVD cells express (-catenin
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mRNA. Figure 1A shows that treatment for 6-24 h with LiCl
(20 mM), which mimics Wnt/B-catenin signals activation,
results in increased B-catenin mRNA levels in both NP and AF
cells. In order to assess the relationship with TGF-3/BMP
signals caused by the activation of Wnt/B-catenin signals, we
performed a reporter assay to confirm the TCF activity. The
results revealed the Topflash reporter activity to increase by
7.16-fold following stimulation with LiCl (20 mM), and was
further increased by 9.5-fold when BMP2 (100 ng/ml) was
added, when compared to the control group (Fig. 1B). In
addition, we determined the expression levels of the B-catenin
protein in rat NP cells following treatment with LiCl (20 mM) or
BMP2 (100 ng/ml). As shown in Figure 1C, an
immunofluorescence analysis with an anti-B-catenin antibody
demonstrated that LiCl and BMP2 treatment induces the
expression of total B-catenin levels and promotes the nuclear
translocation of B-catenin in NP cells. LiCland BMP2 treatment
for 24 h increased the average proportion of B-catenin-positive
NP cells (LiCl) compared to untreated controls (Cr) (LiCl:
84.51 4 4.45%, BMP2: 53.34 -1 3.50%, Cr: 39.04 & 9.82%;

P < 0.05). To further explore the effect of LiCl suppression on
GSK3B gene and protein expression in NP cells, we performed
a real-time PCR and immunofluorescence analysis.

Figure 1D shows that there is a marked suppression in GSK33
mRNA levels when NP cells were treated with LiCl (20 mM),
and an immunofluorescence analysis showed the cytoplasmic
staining to decrease by treatment with an anti-GSK3@ antibody
in LiCl-treated NP cells. From these data, we demonstrated
that the inhibition of GSK3p by LiCl induced the nuclear
translocation of B-catenin.in NP cells.

Furthermore, when NP and AF cells were co-transfected
with R-Smad expression plasmids, a significant decrease was
observed in the Topflash reporter activity both in NP cells
(Fig. 2A) and in AF cells (Fig. 2B). We thereafter evaluated the
effects of increased Wnt/B-catenin activity on the
transcriptional activity of the SBE4 reporter and the SBE2
reporter, in which the luciferase genes lie downstream of the
SBE, which is the specific promoter for the target genes of the
Smad complex. At the same time, we also conducted an
evaluation for cases involving the MBE6 reporter, which is a
mutant vector. As a result, treatment with LiCl inhibited SBE4
and SBE2 reporter activity, whereas the MBE6 reporter failed
to suppress activity both in NP cells (Fig. 2C) and in AF cells
(Fig. 2D). The ERK signaling cascade transmits signals from a
variety of extracellular stimuli to multiple cellular processes,
including cell proliferation, differentiation, and development.
Recently, the existence of crosstalk between Wnt and ERK
pathways was reported. Therefore, we further examined the
effect of mitogen-activated protein kinase signaling on TCF
reporter activity in NP cells. NP cells were transfected with the
Topflash or SBE4 reporter plasmid and treated with BMP2 or
LiCl and PD98059 for 24 h. PD98059 prevented the BMP2 or
LiCl-induced increase in Topflash and SBE4 reporter activity
(Fig. 3A=C). In addition, to investigate the further effect of Wnt/
B-catenin signals, we analyzed ERK! and ERK2 mRNA
expression by real-time PCR. Figure 3D shows that treatment
with LiCl (20 mM) for 24 h resulted in decreased ERKI and
ERK2 mRNA levels in NP cells. Conversely, ERKI and ERK2
mRNA levels were not affected by LiCl treatment in AF cells
(Fig. 3E).

In addition, we determined whether the treatment of NP
cells with LiCl (20 mM) resulted in a decreased cell
proliferation. An MTT assay was performed to assess the rates
of Whnt/B-catenin-induced NP cell proliferation.

Figure 4A shows that cell proliferation decreased due to the
activation of the Wnt/B-catenin signals compared to untreated
controls (24 h; 70.39 & 3.19%, control; 100+7.25%, 48 h;
92.27 + 7.00%, control; 164.67 -+ 3.5%). Furthermore, we
determined the expression levels of c-myc and cyclin-D1
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Fig. I.

LiCl and BMP2 activate B-catenin expression in IVD cells. A: Real-time RT-PCR of B-catenin mRNA levels in the presence or absence of

20 mM LiClfor 6~24 h, bothin NP cellsand AF celis. B: NP cells were co-transfected with the Topflash reporter plasmid and the pGL4.74 vector, and
were treated with LiCl(20 mM) or BMP2 (100 ng/ml). The luciferase activity was measured 24 hafter transfection. C: Confocalimaging of B-catenin
nuclear translocation in NP cells after treatment with LiCl (20 mM) or BMP2 (100 ng/ml) for 24 h. Left: Cells were stained with DAPI to identify
healthy nuclei. Middle: Cells stained with an antibody to 3-catenin. Right: Cells stained with B-catenin and DAPI. Scale bar: 200 pm (original
magnification 10X or20X). D: Real-timereverse transcription-polymerase chain reaction of GSK3p mRNA levelsin the presence orabsence of LiCl
(20 mM) for 24 h in NP cells. NP cells were stained for immunofluorescence with the anti-GSK3p and fluorescent-labeled secondary antibodies
(right). Scale bar: 200 pm (original magnification 20X). The values represent the mean + SD of three independent experiments (“P < 0.05).

mRNA, which regulate cell proliferation following treatment
with LiCl (20 mM). Figure 4B shows that treatment with LiCl for
24 h results in decreased c-myc and cyclin-DI mRNA levels in
NP cells. This result was similar to the c-myc reporter activity
observed following LiCl treatment (Fig. 4C). We next examined
the morphological changes in NP cells after exposure to LiCl
(20 mM) or DKKI (100 ng/ml) (Fig. 4D). Figure 4D shows that
treatment with LiCl decreased the number of NP cells, whereas
treatment with DKK | did not decrease the number of NP cells.
In addition, there was no marked influence on the cellular
morphology.

Ve further investigated the role of the Whntligand in the IVD,
and first determined whether rat IVDs express Wnt3a. Wnt3a
is a secreted ligand and activates members of the Frizzled family
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of receptors. Wnt3a is one of the closely related Wnt family
members and has multiple roles in development and cell fate.
Recently, some groups have reported that Wnt3a induces the
expression of chondrocyte marker genes, and is a key regulator
of the chondrocyte life cycle during embryonic development.
Figure 5A shows the expression of Wnt3a in the neonatal rat (3
weeks of age) and embryonic mouse (day E9.5 and E15.0). The
immunohistological analyses revealed that VWnt3a is expressed
in notochordal cells and NP cells. Much of the staining was
nuclear. However, some staining was observed in the cytosol of
the NP cells. In addition, we determined the expression levels of
Whnt3a protein in rat NP cells following treatment with LiCl
(20 mM) or BMP2 (100 ng/ml). As shown in Figure 5B, the
immunofluorescence analyses with an anti-Wnt3a antibody
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(900 ng), or the MBE6 reporter (900 ng) were transfected into rat NP (C) and AF (D) cellsalong with the pGL4.74 vector (100 ng). The cultured cells
were treated with LiCl (20 mM) for 24 h and luciferase reporter activity was measured thereafter. The values represent the mean = SD of three

independent experiments (“P<0.05).

demonstrated that LiCl or BMP2 treatment induced total
Wnt3a protein expression and promoted the nuclear
translocation of Wnt3a in NP cells. To further evaluate the
activation of Wnt3a, we measured the activity of the Topflash
reporter in NP and AF cells. These cells were transfected with
plasmids encoding TCF and were treated with Wnt3A-CM, a
Wht protein that signals through 3-catenin; companion
cultures received a control vehicle, medium (WT-CM), or
DKK . Figure 5C shows that Topflash reporter activity was
induced 50-fold in Wnt3A-CM-treated cultures within 24 h in
NP cells. In contrast, Topflash reporter activity was activated by
10-fold in Wnt3A-CM-treated cultures within 24 h in AF cells.
DKK | addition suppressed Topflash reporter activity. Similar
levels of reporter activity were elicited by treatment with the
Whnt3a expression plasmid (data not shown).

in order to determine whether the Wnt3a protein directly
interacts with BMP-2 and TGF-B signaling, the SBE4 reporter
plasmid was co-transfected with the WT-Wnt3a expression
plasmid into NP and AF cells. Figure 5D shows that SBE4
reporter activity is unresponsive to VWnt3a treatment in a dose-
dependent manner in both NP and AF cells. To understand the
Whnt/B-catenin signals in [VD cells, we also examined the
Whtba protein, which stimulates non-canonical Wnt signaling.
Both NP and AF cells were transiently transfected with either
the Topflash reporter or the Fopflash reporter along with the
pGL4.74 vectors. The cultured cells were treated with either
Whnt3a- or Wnt5a-CM for 24 h, and luciferase reporter activity
was measured. Figure 6A shows that Topflash reporter activity
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is activated by Wnt3a-CM treatment both in NP cells and in AF
cells, whereas Topflash reporter activity is not affected by
Whnt5a-CM treatment.

In aging IVDs, there is a well-recognized loss of cells, PG, and
type Il collagen. While the loss of PG is the primary chemical
change in IVD degeneration present in lower back pain patients,
little is known concerning the events that control this loss.
Therefore, to further investigate the possible mechanisms of
Wht3a or Wnt5a protein in NP cells, we examined the effect of
Whnt3a or Whntba protein treatment on aggrecan promoter
activity in NP cells. We measured the basal activity of the
aggrecan reporter in IVD cells. Figure 6B shows that NP cells
displayed a significantly higher (1.8-fold) basal level of aggrecan
reporteractivity than AF cells. We then determined if Wnt3a or
Whtba mediated its effects on aggrecan through the Wnt/B-
catenin signals. Figure 6C shows that when NP cells were co-
transfected with the aggrecan reporter plasmid and either WWT-
Whnt3a or WT-Whnt5a or the respective empty backbone
vectors, the aggrecan reporter activity was not affected in a
dose-dependent manner by either WT-Wnt3a or by the WT-
Whntba expression plasmids.

Discussion

The purpose of the present study was to clarify the mechanisms
controlling the inhibition and activation of the Wnt/B-catenin
signals and the mechanism of its transcriptional activation.

Therefore, we conducted an analysis of the crosstalk between
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Fig. 3.

Extracellular signal regulated-kinase (ERK) pathways regulate the Wnt/B-catenin signals. A, B: The Topflash reporter plasmid was

transfected into rat NP cells along with the pGL.4.74 vector, and was stimulated with BMP-2 (A) or LiCI (B) in the presence or absence of PD98059.
Luciferase activity was measured 24 h after transfection. C: The SBE4 reporter plasmid was transfected into rat NP cells along with the PGL4.74
vector, and was stimulated with BMP-2 in the presence or absence of PD98059. The luciferase activity was measured 24 h after transfection. D, E:
TotalRNAfromstimulated rat NP (D) and AF (E) cellswas extracted and reverse transcribed into cDNA followed by real-time PCR, quantified, and
normalized to untreated cells, which was arbitrarily set at 1.0. Values were normalized to the levels of GAPDH. The relative expression levels of

ERKI, ERK2, and GAPDH were determined.

TGF-B/BMP signals, which was found to be important for PG
synthesis in IVD cells.

However, there was a limitation with respect to the analyses
and data that may affect the accuracy of these results. The
limitation of the present study is the fact that we used LiCl to
activate Wnt/B-catenin signaling. Selectivity is a key issue when
GSK-3 inhibitors are used as pharmacological tools to
demonstrate the involvement of GSK-3 in a cellular process.
The selectivity of most of the available GSK-3 inhibitors is
poorly known. At least 30 small molecule GSK-3 inhibitors have
been developed (Alonso and Martinez, 2004; Meijer et al,,
2004). Among those, LiCl has been widely used for research
purposes. Clinically, lithium salts are prescribed for treatment
of bipolar disorders, depression, and mania. GSK3B was firstly
identified as a target of LiCl in 1996 (Klein and Melton, 1996).
Several groups have used LiCl, an inhibitor of GSK3[3 (Berridge
et al, 1989; Stambolic et al., 1996; Spencer et al., 2006), to
examine these relationships. Inhibition of GSK38 leads to the
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accurnulation of 3-catenin and the activation of Wnt/B-catenin-
dependent signals. It is important to note that GSK3f has other
functions and that LiCl is therefore not specific for just
activating the Wnt/B-catenin signals alone (Crabtree and
Olson, 2002). However, we do not know the mechanism to
regulate Wnt/B-catenin by LiClin IVD. Therefore, we used LiCl
as Wnt/B-catenin activator to get the first data. Moreover, we
used WT-B-catenin instead of LiCl treatment, and also
evaluated the effect of WT-B-catenin on reporter activity.
These data were similar to results of LiCl treatment (data not
shown). It means that activity of LiCl produced activation of
Whnt/B-catenin signal.

First, in order to study whether NP cells express the TCF
factors necessary for 3-catenin-mediated transcriptional
activation, LiCl was added to measure the levels of B-catenin
nuclear translocation, and the transcriptional activation of
Topflash. With GSK3p inhibition, the levels of B-catenin
nuclear translocation and activation of Topflash substantially
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(*P<0.05).

increased. In addition, when BMP2 was added with LiCl,
Topflash activation increased further. This suggested that Wnt/
B-catenin signals were important in IVD cells, and that TGF/
BMP signal was involved in the activation of Wnt/B-catenin
signals. The TGF-B superfamily binds to a type 2 receptor, a
specific receptor existing on the membrane surface, and the
bound type 2 receptor forms a complex with a type | receptor
(Wrana et al,, 1994; Zhang et al., 1996). Thereafter, when the
type | receptor kinase is activated, it phosphorylates R-Smads,
which are intracellular signal transduction molecules. The R-
Smads include Smad2 and Smad3, which transmit TGF-B/activin
signals, and Smad|, Smad5, and Smad8, which transmit BMP
signals. When phosphorylated, R-Smads are able to bind to
Smad4, called the Co-Smad, and the R-Smad/Co-Smad
complexes formed in the cytoplasm can then enter the nucleus
(Macias-Silva et al., 1996; Massagué, 1998). It is believed that
once in the nucleus, the Smad complexes bind to SBEs in the
promoters of target genes and, together with other

JOURNAL OF CELLULAR PHYSIOLOGY

95

transcription factors and transcription coupling factors,
regulate the expression of these genes. Therefore, we focused
on the Smad component of TGF/BMP signals and analyzed the
R-Smad-mediated interaction of B-catenin. When R-Smad
expression plasmids were transfected into VD cells, Topflash
activation markedly decreased. Furthermore, when VD cells
were treated with LiCl, the transcriptional activation of SBE was
also inhibited. These results suggested that the Smad signal and
the Wnt/B-catenin signals inhibit one another, and that they are
involved in the maintenance of IVD homeostasis. However, it
was confirmed that Topflash activation increases with the
addition of BMP2, suggesting that Wnt/p-catenin signal
activation is regulated by Smad-independent signals. Recently,
the ERK inhibitor PD98059% was shown to prevent the inhibition
of GSK38 and the nuclear accumulation of B-catenin induced by
TGF-B/BMP signals (Grimes and Jope, 2001; Ding et al., 2005),
Therefore, in the present study, in order to examine whether
BMP-mediated activation of Wnt/B-catenin signals is induced by
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Fig. 5.

Whtlais expressed in the IVD and activates Wnt/f-catenin signals. A: Sagittal sections of the IVD of neonatal rat (upper) and embryonic

mouse (E9.5 and E15.0) (lower). Sectionswere treated with an anti-Wnt3aantibody and were counterstained with hematoxylin. Note that NP cells
express Wnt3a protein (arrows in A). The original magnification is 10X or 20 X. B: Detection of Wnt3a expression in NP cells by
immunofluorescence microscopy after culturing cells with LiC1(20 mM) or BMP2 (100 ng/ml) for 24 h. Left: Cells were stained with DAPI to identify
healthy nuclei. Middle: Cells stained with an antibody to Wnt3a. Right: Cells stained with Wnt3a and DAPL. Scale bar: 200 pm. C: The Topflash
reporter plasmid was transfected into rat NP and AF cells along with the pGL4.74 vector, and were stimulated with DKK1 (100 ng/ml) or Wnt3A-
CM for 24 h. D: Wnt3a was co-transfected with the SBE4 reporter into NP and AF cells.

ERK, PD98059 was used to inhibit ERK, therefore resulting in
the concentration-dependent inhibition of the activation of
Topflash and also suggesting the involvement of ERK in the
activation of Wnt/B-catenin signals.

Furthermore, LiCl treatment was used to activate the Wnt/
B-catenin signals, and the expression of both ERK| and ERK2
genes was found to be markedly inhibited, thereby indicating
the inhibitory involvement of the Wnt/B-catenin signals in TGF/
BMP signaling. These data show that there was a time-lag
between ERK1/2 or GSK3B phosphorylation and the nuclear
translocation of 3-catenin in response to BMP2 and LiCl. This
may reflect a slow nuclear translocation of B-catenin following
ERK1/2 activation/GSK38 inhibition.

Furthermore, in regard to the decrease in the number of
cells, which is another important factor of IVD degeneration, it
was found that the activation of Wnt/B-catenin signals led to
cytostatic activity. With aging, notochord-like cells in the NP
decreased in number and amyloid-like tissue replaced NP. We
hypothesized that, with the activation of the Wnt/B-catenin
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signals, B-catenin target genes c-myc and cyclin-D1 may be
involved in the initiation of cytostatic activity. It was previously
suggested that Whnt signaling can promote both the c-myc and
cyclin-D 1 genes by the upregulation of B-catenin (He et al,,
1998; Shtutman et al.,, 1999). Therefore, we analyzed the
expression of these genes by a real-time PCR analysis and found

_that the expression was significantly inhibited, thereby

indicating that these transcription factors regulate the growth
of IVD cells. The results of the studies described herein suggest
that this mechanism may be cell-specific, and LiCl may induce
another pathway to suppress ¢-myc and cyclin-D| gene
expression.

Thereafter, stimulation by Wnt3a, the primary Wnt member
of the Wnt/B-catenin signaling family, resulted in increased
Topflash promoter activity and cytostatic effects, as observed
with LiCl treatment, whereas a similar experiment using the
WVnt antagonist Dickkopf (DKK)-1 did not induce any changes
inactivation. This finding suggested that the cytostatic activity in
IVD cells by Wnt3a is mediated by Wnt/B-catenin signals. In
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Fig. 6. Wnt3aand Wnt5a do not regulate aggrecan promoter activity. A: In order to define a functional mechanism between the Wnt3a and
Whnt5ain NP cells (upper) and AF (lower) cells, cells were transfected with the Topflash (900 ng) or the Fopflash (900 ng) reporter plasmid and were
treated with Wnt3A-CM or Wnt5A-CM. B: The aggrecan reporter plasmid was transfected into rat NP and AF cells along with the pGL4.74 vector,
and thebasalactivities ofthe reporter were measured by a dualluciferase assay. C: NP cells were co-transfected with the aggrecanreporter plasmid
with either Wnt3a, Wnt5a or empty vectors. The cells were culturedfor 48 h after transfection, and the reporter activity was measured thereafter.

addition, the Topflash reporter activity for Wnt3a in NP cells
was higher than that in AF cells. Their discovery suggests for the
first time NP cells may have a high affinity for the Wnt3a protein
than AF cells.

However, Wnt3a was not involved in PG synthesis
associated with degeneration or regeneration of the IVD orin
TGF/BMP signals crosstalk. Furthermore, the activation of
Topflash was not observed after Wnt5a treatment, which
activates a B-catenin-independent pathway, and Y¥ntba was not
found to be involved in the growth of cells (data not shown).
Furthermore, Wnt5a was not involved in PG synthesis, as
observed with Wnt3a.

In summary, based on the present findings, we concluded
that the Smad signal and the Wnt/B-catenin signals inhibit each
other, and that they are involved in the maintenance of VD
homeostasis. The present findings suggested that activation of
Wnt/B-catenin signals by BMP2 may be regulated by Smad-
independent signals. Furthermore, we have shown, for the first
time, B-catenin target both genes c-mycand cyclin-D | probably
due to the stability of the NP cells in terms of cell proliferation.
However, Wnt3a and Wnt5a were not involved in the PG
synthesis associated with either the degeneration or
regeneration of the NP cells using reporter assays. These
results showed that different signal pathways might thus be
involved in the regulation of the cell proliferation and PG

JOURNAL OF CELLULAR PHYSIOLOGY

synthesis in NP cells. However, we did not suggest whether the
decrease of the cell number participated with low back pain
from this study. We will think that it is necessary to investigate
the relationship with low back pain and IVD degeneration at the
molecular level in the future study. In addition, future studies
will address the role of c-myc and cyclin-D1 and determine
whether the regulation of cell growth by Wnt/B-catenin signals
is specific to IVD cells.
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ABSTRACT: Transplantation of mesenchymal stem cells (MSCs) inhibits the progression of disc degeneration in animal models. We
know of no study to determine the optimal number of cells to transplant into the degenerated intervertebral disc (IVD). To determine the
optimal donor cell number for maximum benefit, we conducted an in vivo study using a canine disc degeneration model. Autologous MSCs
were transplanted into degenerative discs at 10%, 108, or 107 cells per disc. The MSC-transplanted discs were evaluated for 12 weeks
using plain radiography, magnetic resonance imaging, and gross and microscopic evaluation. Preservation of the disc height, annular
structure was seen in MSC-transplantation groups compared to the operated control group with no MSC transplantation. Result of the
number of remaining transplanted MSCs, the survival rate of NP cells, and apoptosis of NP cells in transplanted discs showed both
structural microenvironment and abundant extracellular matrix maintained in 108 MSCs transplanted disc, while less viable cells were
detected in 10° MSCs transplanted and more apoptotic cells in 107 MSCs transplanted discs. The results of this study demonstrate that
the number of cells transplanted affects the regenerative capability of MSC transplants in experimentally induced degenerating canine
discs. It is suggested that maintenance of extracellular matrix by its production from transplanted cells and/or resident cells is important
for checking the progression of structural disruption that leads to disc degeneration. ©2010 Orthopaedic Research Society. Published by
Wiley Periodicals, Inc. J Orthop Res 28: 1267-1275, 2010
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Degenerative spinal disease not only causes lumbar  tant treatment for various diseases.®%0 Facilitating
pain in individuals, but also has a major socioeconomic  clinical applications, MSCs are easily harvested, and
impact from stress on the medical system and loss of  extracorporeal isolation and culture are relatively sim-
productivity from occupational disease.l> While inter-  ple, requiring no highly specialized procedures. A
vertebral disc IVD) degeneration has been implicated  number of basic studies have been performed using
as one of the major causes of degenerative spinal dis- MSC transplantation into IVDs. Sakai et al.’® per-
ease, other factors thought to be involved including  formed autologous MSC transplantation using a rabbit
age, trauma, genetic predisposition, and lifestyle fac-  IVD degeneration model, showing by radiology, histol-
tors, such as obesity, smoking, occupation, and stress.>™  ogy, and biochemistry that this procedure suppressed
Because IVD degeneration is an irreversible pro-  IVD degeneration. They also analyzed the differentia-
gressive disease, various treatments are currently  tion of transplanted MSCs into nucleus pulposus cells,
being developed to repair and regenerate damaged  establishing that transplanted MSCs expressed mark-
IVDs. Experimental regenerative medicine techniques  ers for the resident nucleus pulposus cells, indicating
for IVD degeneration include the intradiscal injection  that the differentiation of MSCs is dependent on their
of cytokines and growth factors,51° gene delivery to  environment.'®'7 Hiyama et al.'® examined the immune
IVD cells, '3 creation of artificial IVDs using tissue  privilege of IVD tissue, particularly the nucleus pulpo-
engineering,* and cell transplantation.™® In vitro  sus,including the anatomical characteristics separating
and in vivo studies using these techniques have reported  disctissue from the host immune system. Using a canine
increased IVD cell activity, the stimulation of extra- IVD degeneration model, these authors transplanted
cellular matrix synthesis, and the suppression of IVD  MSCs and measured changes in the expression of the
degeneration. Fas/Fas-ligand (FasL) system in addition to ascertaining
Recent advances in molecular biology and regenera-  any suppressive effects of the transplant on disc degen-
tive medicine have drawn an attention to mesenchymal  eration. In their study, the transplantation of MSCs
stem cells (MSCs), because these immature cellsremain  suppressed IVD degeneration as assessed by radiologi-
pluripotent, capable of differentiating into bone, car-  cal, histological, and biochemical findings. Their results
tilage, or fat cells depending on their treatment.  alsosuggestthat MSC transplantation could be effective
Undifferentiated MSCs are also immune tolerant.  in maintaining the immune privilege of IVDs.
Autologous MSC transplantation has become an impor- Based on these studies and others, MSC trans-
plantation into degenerated IVDs offers a promising
Correspondence to: Daisuke Sakai (T: 81-463-93-1121 ext. 2320; ~ N&W interventional technique in animal models."??
F: 81-463-96-4404; E-mail: daisakai@is.ice.u-tokai.ac.jp) Although the efficacy of MSC transplantation has been
© 2010 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. documented, some questions remain unanswered. For
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