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observed that 62- to 74-week-old SD rats showed the same
histology and PCR results as the 32-week-old rats (data not
shown); it was thus believed that there would be no prob-
lem in using the 32-week-old model from this study as an
“old” model. However, to resolve these issues, it would
be desirable to compare the gene expression of anabolic
cytokines in IVDs by using human samples of different
ages.

There are no reports of a specific study of the TGF-§
super family Smad transcription factors in the TVD; how-
ever, the involvement of a Smad pathway in articular car-
tilage differentiation has been reported [17]. Studying the

gene expression of intracellular Smad transcription factors.

in the IVD provides new knowledge for cytokine therapy.
Study 1 revealed that the decrease in PGs in aged NP tis-
sues is influenced by decreases in TGF-B2, TGF-B3, and
BMP-7, among the TGF-B super family. It has been sug-
gested that TGF-B2 might be involved as a transcription
factor R-Smad, with involvement of Smad3 in TGF-f3
and Smad5 in BMP-7. In addition, the key I-Smad in the
IVD was not Smad7, which is involved in the inhibition
of TGF-B signals, but was Smadé, which is involved in
the inhibition of BMP signals; this indicates that this
expression is minimally affected by aging.

From the overall NP results, the Smad5 transcription
factor that is involved with BMP signals decreased with
aging, but there was no change in the expression of Smad6
that is involved with the inhibition of BMP signals; this
may indicate that it is likely that the relative inhibition of
BMP signals led to the decrease in PG content. This sug-
gests that BMP signals in the TGF-f family are likely to
be key factors in IVD degeneration with aging.

Additionally, it has been reported that a TGF-B acti-
vated kinase | (TAKI1), which is activated by TNF-a,
and a mitogen-activated protein kinase (MAPK) pathway
serve as negative regulators for a Smad pathway [18). How-
ever, according to the results of Study 2, the expression of
the R-Smads significantly decreased in the TNF-a-treated
NP cells; thus it is proposed that that the decrease in PG
synthesis caused by TNF-a was also influenced by cross
talk with the TGF-P pathway through this pathway as well
as the involvement of the proteolytic enzymes, MMP and
ADAM-TS. In assessing the results of Study | and Study
2, the effects of aging and treatment with TNF-« produced
similar results; although there were differences between tis-
sues and cells; this again indicated that TNF-x might be
involved in the aging of IVDs, '

The results of this study correlate with the findings in
recent reports by Imai et al. [19,20] on the in vitro or
in vivo efficacy of BMP-7 (otherwise known as osteogenic
protein-1: OP-1) on TVD cells. Stimulating the replenish-
ment of the decreased PG content in the NP of TVDs that
results from aging by treatment with exogenous BMP is
believed to be a physiologically effective treatment method
[21]. However, there are problems associated with treat-
ment with BMPs, including ossification and an undeter-
mined half-life within an organism. Further results on the

h C ations 369 (2008) 679-685
efficacy f BMPs are expected in the future, including
long-term data.
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Mechanical compressive factors and chemical facrors are
involved in the appearance of symptoms of lumbar disc
herniation. In 1969, Nachemson et al' reported that pH
levels within a herniated lumbar disc, and in its periph-
eral tissues, decreased and speculated that this phenom-
enon was influenced by an inflammatory reaction
around the nerve root. Subsequently, chemical factors
involved in the inflammatory reaction, including glyco-
protein,? immunoglobulin G,* phospholipase A,,*
stromelysin,* nitric oxide (NO),* and prostaglandin E,”
have been reported. In lumbar disc herniation, NO is
produced, for the most part, by inflammatory cells in the
granulation tissue that surrounds the herniated disc ma-
terials.® An inflammarory reaction has been implicated
as the mechanism that is largely responsible for the sci-
atica found in lumbar disc herniation.”'* While the
lumbar disc is the largest avascular tissue in the human
body, during lumbar disc herniation the nucleus pul-
posus (NP) leaks into the epidural space, which has an
abundant blood flow. Several reports have speculated
thar the herniated NP is recognized as a foreign mat-
ter, mducmﬁ inflammation through an autoimmune
response. i

The clinical manifestations of lumbar disc herniation
vary with age. Younger patients who are 16 years old or
younger present with lumbago (85%), sensory distur-
bance (10%-21%), and muscle weakness (32%-40%).
A higher percentage (64%) of adult parients report sen-
sory disturbance and muscle wealkness and are also more
likely to report severe sciatica.'*'* The reasons for the
age-related differences in the clinical fearures of lumbar
disc herniation have yer to be elucidated. However, in a
histologic analysis of a dog model, Hasegawa et al'®
reported that herniated NP fragments elicited less nerve
root damage and less inflammatory response in young
animals compared with older animals.

With this background in mind, we hypothesized that
age-related variations in the clinical symptoms of lumbar
disc herniation are influenced by differences in the type of
inflammation induced and in the immune response to
this inflammation, and that macrophages play an impor-
tant role in this reaction. The purpose of this study was
to investigate age-related cffects on NO and cytokine
production and differences in immune response in an
in vitro model using coculture rat NP cells and mac-
rophages in order to shed light on the causes of age-
relared differences in clinical symproms of lumbar disc
herniation.
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= Materials and Methods

Male Spraguc Dawley rats (n = 45) (Nihon Charles River Co.,
Kanagawa, Japan), including 15 animals from 3 different age
groups (3-, 12-, and 32-wecks old), were used in this study.

Cell Isolation ard Culture. Experimental peritonitis was in-
duced by the intraperitoncal injection of 3 ml. of 3% thiogly-
colate (Becton Dicknson, Franklin Lakes, NJ) ro 45 rats of each
age group. Three days later, each rar was killed while under
general anesthesia by diethyl ether (Nacalai Tecsque Inc.,
Kyoto, Japan) exposure. To isolate macrophages, the perito-
neal fluid was aseprically collected and macrophages were iso-
lated by centrifuging at 1000 rpm at 4°C for 5 minutes for each
rat. [solared macrophages were cultured monolayer in Dulbecco’s
Modificd Eagle’s Medium (Gibeo, Grand Tsland, NY) contain-
ing 10% bovine serum (Sigma Aldrich, St. Louis, MO) before
the mono-culture and coculture.

The rail was dissccred aseprically to obtain an intervertebral
disc. Each disc was cur transversely, and NP was scparated
from the disc. Obrained NP tissue was digested in 0.025%
trypsin cthylene diaminc tetraacetic acid (Gibeo, Grand Island,
NY) for § minutes. The digested cells were cultured monolayer
for cach rats for 24 hours using Mesenchymal Stem Cell Me-
dium (Cambrex, Baltimore, MD) before the monoculture and
coculture.

In this study, 3 types of cultures were used for each age
group: (1) monoculture of NP cells in monolayer, (2) monocul-
ture of macrophages in monolayer, and (3) coculture of NP
cells and macrophages with cell-to-cell contact (Figure 1), In
coculrure model, the 3 x 10* NP cells and 4 x 10° macro-
phages which obtained from same rat were seeded in each age
group. Six-well culture plate (Becton Dickson, Franklin Lakes,
NJ) and culture insert (Becton Dickson) were used for culture.
The culture insert consists of a polyethylene terephthalare
track-etched membrane with 0.4 wm pores ar the bottom,
which prevent an exchange of cellular compenent. Forty-five
sets of culture plate and insert were made for each age group,
which consisted of 15 sets of each culture type.

After 24 hours, the culture medium was removed and mac-
rophages and NP cells were washed with phosphate-buffered
saline (Sigma Aldrich, St. Lows, MO). And then the 3 % 10*
NP cells and 4 x 10° macrophages were seeded in each age
group, and 15 sets of each group were made as mono-culture

Culture Insert —

NP NP | NP

Mo Mo Mé
Opti-MEM

Figure 1. Coculture model using culture insert. NP, nucleus pul-
posus; Me, macrophage; Opti-MEM, Opti-Modified Eagle’s me-
dium

models, respectively. In coculture model, macrophages were
cultured on the reverse side of the membrane of the insert and
NP cells were seeded on the fronrt side of the membrane in
Opti-Modified Eagle's medium (Gibeo, Grand Island, NY) at
37°Cin a humid armosphere containing 5% CO,. The medium
was not exchanged for 7 days.

Evaluations. NO and cyrokine productions were evaluated
for all groups.

Measurement of NO Production. The culture media {80
ul) were collecred at 2-, 24-, 48-, and 72-hours for NO pro-
ducrion analysis. NO levels in the culture media were measured
by the Griess method using the colorimetric NO2/INO3Assay
Kit-C Il Griess Reagent Kir 1{Dojin Chemical Institute, Ku-
mamoto, Japan). The results were statstcally processed by
the Newman-Keuls method (STATMATE, AVICE, Tokyo,
Japan) of 1-way analysis of variance. The level of signifi-
cance was P < 0.05.

Cytokine Production. On day 7 of coculture, the culture
media were analyzed for an array of cyrokines (Figure 2), in-
cluding tissue inhibitors metalloproteinase-1 (TIMP-1), inter-
feron-gamma (IFN-gamma), and interleukin-10 (IL-10), using
the Cytokine Antibody Array 1.1 for Rat (R&D Systems Co.,
Minneapolis, MN), For each experimental age group, mono-
culcures of NP cells, mono-cultures of macrophages, and cocul-
tures of both cell types were analyzed and photographed by the
Kelmini photographing equipment (Light Capture ATTO Co.,
Tokyo, Japan) (Figure 2). The images obtained were analyzed
by dedicated analysis software (CS Analyzer ATTO Co.,

a1l & 1 o 4 . 1 " h
V[mans foane [uastn o |om-car [on-cor [pue Pos
L BLARE | WCP-1 MOP-1 | FR-T Lied Poa L
'l_‘i“ AN MP-3a |MP-ta [L-1a L-la by g
ijmun Jmawe [a-mr [oor s [noe e ™
.‘_ R_.lll 3"2 Theib-1 | ThP-1 (R4 -4 CC- -3
L] ';.;I-ﬂ 2 BLANL ﬂ’;ﬂ TW-a |R-4 L6 CIMC-2 CoC-3
7] AN BLAME  |VEoF VEGF -1 i-10 GNTF GHTTF
Wit Fou BLANE | BLANE | LB L Froctakne | Fraishne

COC-2 cytubine- ruoed neuvichd shasaats actant 3
eslewry wicrmialig ek CNTF wlary nesrsterghin s

Figure 2. Photograph of a representative cytokine array (A), Each
spot reprasents the signal from a specific cytoking as shown in
(B). For each array, the positive control was set at a brightness
intansity of 1000 and the other spots were comparatively mea-

surad,
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Table 1. NO Levels in Monoculture of Nucleus Pulposus
Cells Over Time (pmol/L)

Table 3. NO Levels in Coculture of Nucleus Pulposus
Cells and Macrophages Over Time (umol/L)

3 wk 12 wk 32 wk 3wk 12 wk 32 wk
2h 1210 1506 1.1=086 2h B1 =08 82 =07 83x07
24 h 8512 8105 94 £ 05 Mh 80=10° 101 = 05* 121+19"
48 h 86+ 18 102 = 0.7 108+ 1.0 48 h iz 131 =08° 142+ 07*
M2h No=1.0 NeE=14 Na+14 nh 136071 16.6 = 0.6" 1B3= 0.7

*P < 0.001.

Tokyo, Japan). For each array, the positive control was set at
a brightoess intensity of 1000 and the other spots were com-
pared. The data were then processed statistically by the New-
man-Keuls method of 1-way analysis of variance. The level of
significance was P < 0.05.

| Results

NO Production. In the mono-cultures of rat NP cells,
there were no statistically significanr differences among
the age groups (3-, 12-, and 32-weeks old) at each time in
culture (2-, 24-, and 48-hours) (Table 1). Similarly, in the
monocultures of rat macrophages, there were no signif-
icant differences among the age groups at each time in
culture (Table 2).

In the cocultures of rat NP cells and macrophages,
there were no significant differences among the age
groups after 2-hours of culture. After 24-hours of cul-
ture, levels of NO production in the older rat cell cocul-
tures were statistically greater (P < 0.001) than in those
found in younger rac cell cultures (Table 3).

Cytokine Production. In the mono-culture of NP cells
group, the TIMP-1 level of 3 weeks old group was sta-
tistically greater when compared with 12 and 32 weeks
old groups (P < 0.001), Concerning the IFN-gamma lev-
els and the IL-10 levels, there were no statistical differ-
ences among the each age group (Table 4).

In the mono-culture of macrophages group, the
TIMP-1 level of 3 weeks old group was statistically
greater when compared with 12 and 32 weeks old groups
(P < 0.001). Concerning the [FN-gamma levels and the
IL-10 levels, there were no staristical differences among
the each age group (Table 3).

In the coculture of NP cells and macrophages groups,
the TIMP-1 level of 3 weeks old group was statistically
grearer when compared with 12 and 32 wecks old groups
(P < 0.001). There was no statistical difference between
12 and 32 wecks of age. The IFN-gamma level of 3 weeks
old group was statistically greater than 12 wecks and 32
weeks old groups (P < 0.001). There was no statistical

Table 2. NO Levels in Monoculture of Macrophages
Over Time (pmol/L)

3 wk 12 wk 32 wk
2h B0 =05 80 £072 8.0 01
24 h B1x14 82210 88212
48 h 8108 BE=1.0 9.3 %10
103 +08 105 %12

2h 106 = 0.8
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difference berween 12 and 32 weeks of age. The IL-10
level of 3 weeks old group was statistically smaller than
12 weeks and 32 weeks old groups (P < 0.001). There
was no statistical difference berween 12 and 32 weeks of
age (Table 6).

H Discussion

When a study that addresses age-related differences in
the clinical symproms of lumbar disc herniation is con-
ducted in an animal model, the rarionale for the selected
age range of the experimental animal should be dis-
cussed, However, there are no reports on animal aging
clearly comparing rats with humans. Generally, the age
of an animal can be expressed in terms of sexual matu-
rity. In the rat, the age of sexual maturity is believed to be
between 9 and 14 weeks.'” In this study, rats aged 3-,
12-, and 32- wecks old were used. This would seem to be
a reasonable model relating to sexual marturity in the
human.

NO is considered to be an inflammatory mediator'®
that has been reported to be a cause of radiculitis due to
lumbar disc herniation.” In this study, age-related chem-
ical changes related to the clinical symproms of lumbar
disc herniation were analyzed by comparing NO produc-
tion levels among the coculture of NP cells and macro-
phages derived from rats of different ages.

Macrophages are antigen-presenting cells that trans-
mit signals to helper T (Th) cells, which control specific
reactions of the immune system. '” Therefore, macrophages
play an important role in the production of cytokines.?® In
an in vivo dog model of lumbar disc herniation, Hasegawa
et al'® reported that the appearance rate of inflammatory
cells, which were predominantly macrophages, differs
with the age of the dog. In other words, the severity of
inflammation occurring around the herniated NP differs

Table 4. Cytokine Levels in Monoculture of Nucleus
Pulposus Cells (x1000/control)

I wk 12 wk 37 wk
TIMP-1* 2299 =133t 67.2 = 10.91¢ 455 17.9*
IFN-v& 5.7+ 2186 586 + 96 50.7 £ 7.4
IL-109 41.9%136 549 %74 U5 *53
*Tissua inhib of metallop 1

P < 0.001

tns: not statistically significant
Ainterleukin-10.
finterteron-garmma,
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Table 5. Cytokine Levels in Monoculture of

Macrophages (x1000/control)

3wk 12 wk 32 wk
TIMP-1* 1766 + 21.91 B3 =173n 51.5 = 6.61%
IFN-v§ 573230 58.0 = 18.2 520+ 31
IL-109 455 = 239 584 = 213 [BA+T0
*Tissue inhibitor of metalloproteinase-1.
tP < 0.001.
tns: not statistically significant.
§intert N
Yinterleukin-10.

with age. This condition is assumed to mainly affect the
immune response of cytokines accompanying the inflam-
mation. In this study, we considered macrophages to be
specifically inflammarory cells and developed a method
to coculture NP cells and macrophages to investigate the
inflammation and immune response induced by NP cells.

The coculture model used in this study was based on
that developed by Yamamoto et al,®! in which NP and
stromal cells were cocultured using cell culture inserts.
This method was proposed as a useful coculture model
that examines the interaction between cells through the
culture media. Using this technique, a coculture model
of NP cells and macrophages was developed for these
studies.

In 1996, the role of NO as an inflammatory factor in
lumbar disc herniation was proposed by Kang er al,**
who reported that NO production was found in the bio-
chemical examination of disc herniation tissue extracted
from humans. Brisby et al'* reported that NO is pro-
duced from NP tissue that was exposed to the epidural
space and NO causes neuropathic pain. Kado?? verified
that the exposure of nerve tissues to NP tissues causes
neuropathic pain when he found c-fos positive cells ar the
level of the spinal cord exposed to NP tissue. In this
study, the NO levels of the coculture of rat NP cells and
macrophages increased with the age of the NP cells.
These results suggest that inflammation, and therefore
pain, increases with age. Clinically, older patients expe-
riecnce more severe pain of the lower extremitics and
more perceptual disorder than younger patients.'*?
Our findings suggest that the level of NO around the
nerve tissue in lumbar disc herniation may be a factor in
producing age-related differences in clinical symptoms.

Table 6. Cytokine Levels in Coculture of Nucleus
Pulposus Cells and Macrophages (x1000/control)

3wk 12 wk 32 wk
TIMP-1* 3028 = 17911 121.6 + 32.51 107.1 £ 8.11%
IFN-+8 150 =82 62.4 14,1 2148
IL-109 451 = 206 894 + 306 843 = 85
*Tissue inhibitor of metalloproteinase-1 a
1P < 0.001.

ns: not staustically significant
$Intorferon-gamma.
flnterdeukin-10
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The levels of NO found in inflammacdon arc related to
the regulation of the immune function.”® Because the
differences in inflammation cannot be explained just by
the age-related differences in NO levels, the possibility
that the immune response differs when the NP is exposed
to macrophages also exists. In inflammarion, NO is con-
verted to various reactive nitrogen oxides through an oxi-
darion reaction; the electron oxides of NO [NO, or per-
oxynitrate (ONOO-)] may induce apoptosis.”*** Therefore,
as NO production levels increases with age, apoptosis of
NP may be induced, changing the biochemical and im-
munologic nature of NP cells. Future studies should ad-
dress this possibility.

In this study, the TIMP-1 levels in all the 3-weeks old
rat cell cultures, both mono-cultures and coculrure, were
higher than in the older age groups. TIMP-1 has been
shown to be an inhibitor of matrix metalloproteinases
which destroy the extracellular matrix.?” In addition,
TIMP-1 is an activator of cell proliferation.”® These re-
sults suggest that a high TIMP-1 levels found in the co-
culture model with 3-wecks old rat cells reflect a strong
self defense reaction against invasive factors by inhibit-
ing extracellular matrix destruction and increasing cell
proliferation.

In 1986, Mosmann et al*” proposed that Th cells can
be classified into 2 types of cells, according to the cyto-
kines produced: Type 1 Th (Th1) cells, which include
IL-2 cells that acrivate cellular immunity and secrete
[FN-gamma, and Type 2 Th (Th2) cells that produce
IL-4,5, and 10, and activate humoral immunity. It has
been suggested that the Th1 and Th2 cells are originally
in a state of equilibrium and the various pathologic con-
ditions related to the defense against infecrion and auro-
immunity may cause an unbalance in cytokines. Tt is
known thar in the immune system when factors, such as
aging and stress are present, the differentiation into
Th2 cells increases and Th1 cells are suppressed.?~*?
Sandmand et al*? reported that the cytokine balance in
human blood changes from predominately Thl type to
predominately Th2 with age. Examination of the cyro-
kine balance in the results of this study shows thar the
balance changed with aging from predominately Thi
cells with a high IFN-gamma level to predominately Th2
cells with a high IL-10 level. This suggests thar the im-
mune responsc of the NP cells in the 3-weeks old rar cell
coculture model was predominately cellular immunity;
at the 12- and 32-wecks age groups (roughly equivalent
to an adult human) the model changed to predominately
humoral immunity.

We would suggest that our coculture model of NP
cells and macrophages reproduces in vitro the exposure
of the extruded NP cells to macrophages when lumbar
disc herniation occurs. The findings from this study in
dicate that NO is a cause of age-related differences in the
clinical symptoms in lumbar disc herniation. OQur results
indicate that an age-related cytokine imbalance occurs in
arcas surrounding heeniated NP cells. We think inflam-
mation and increased immunologic response ta be non-
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specific reaction. The clinical significance of the changes
in the immune response with age remains to be examined
in future studies.
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