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1 | INTRODUCTION
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Abstract

Intervertebral discs (IVDs) are exposed to changes in physicochemical stresses
including hydrostatic and osmotic pressure via diurnal spinal motion. Homeostasis,
degeneration, and regeneration in IVDs have been studied using in vitro, ex vivo,
and animal models. However, incubation of nucleus pulposus (NP) cells in medium
has limited capability to reproduce anabolic turnover and regeneration under
physicochemical stresses. We developed a novel pressure/perfusion cell culture
system and a semipermeable membrane pouch device for enclosing isolated NP
cells for in vitro incubation under physicochemical stresses. We assessed the per-
formance of this system to identify an appropriate stress loading regimen to pro-
mote gene expression and consistent accumulation of extracellular matrices by
bovine caudal NP cells. Cyclic hydrostatic pressure (HP) for 4 days followed by
constant HP for 3 days in high osmolality (HO; 450 mOsm/kg H,O) showed a
trend towards upregulated aggrecan expression and dense accumulation of
keratan sulfate without gaps by the NP cells. Furthermore, a repetitive regimen of
cyclic HP for 2 days followed by constant HP for 1 day in HO (repeated twice) sig-
nificantly upregulated gene expression of aggrecan (P < .05) compared to no pres-
sure and suppressed matrix metalloproteinase-13 expression (P < .05) at 6 days.
Our culture system and pouches will be useful to reproduce physicochemical
stresses in NP cells for simulating anabolic, catabolic, and homeostatic turnover

under diurnal spinal motion.
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cell-based therapy for IVD degeneration, focused on the regenerative

capability of nucleus pulposus (NP) cells. The NP is composed of nega-

Intervertebral disc (IVD) degeneration is associated with herniated discs,
spinal stenosis, and spondylolisthesis.® Surgical interventions for disc
herniation are predominantly the excision of pathologic discs and/or spi-
nal fusion, resulting in a loss of biomechanical function.? However, no
surgical interventions are directed towards the underlying

pathomechanism of disc degeneration itself. Thus, we sought to develop

tively charged amorphous extracellular matrix (ECM) and abundant
intratissue fluid.3* Spinal motion in an upright position and in a prone/
recumbent position create changes in physicochemical stresses in IVDs,
both moment-to-moment and in daily cycles.>® The combination of
those stresses—hydrostatic pressure (HP), deviatoric stress, and osmotic

pressure—affects metabolic turnover and behavior in NP cells.”*? Thus,
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we included these stresses in designing experimental models to study
homeostasis, regeneration, and degeneration in IVD.

We developed an in vitro dynamic culture model to reproduce
the effects of these changes in physicochemical stresses on NP cells/
clusters, isolated enzymatically from bovine NP (bNP),*® which we
refer to as our NP tissue model. We enclosed the NP cells/clusters
suspended freely within a semipermeable membrane pouch; the
pouch was suspended in culture medium, which was compressed for
application of HP using a pressure/perfusion culture system. Our lat-
est study demonstrated that combined HP and high osmolality (HO;
450 mOsm/kg H,0) stimulated the gene expression of ECM mole-
cules, but created gaps within the newly accumulated ECM. Con-
versely, no gaps were formed within the ECM accumulated under low
osmolality (LO; 320 mOsm/kg H,0). We became interested in these
contradictory results, because upregulation of the mRNA of ECM mol-
ecules did not form dense ECM without gaps in histology. We sought
to understand this inconsistency result between gene expression and
histology by reproducing various types of metabolic turnover in NP
tissue in vitro. Another study using bNP explants demonstrated that
cyclic HP and constant HP inhibited exudation of negatively charged
matrix from freely swelling bNP explants. Thus, we began to believe
that HP affects accumulation of dense ECM.13

We hypothesized that a regimen of cyclic HP followed by con-
stant HP in HO results in dense ECM accumulation without gaps by
NP cells/clusters. Although various modes of continuous HP applica-
tion are possible, we focused on duration and repetition, using our
model to suspend bNP cells/clusters in pouches under a regimen of
cyclic HP followed by constant HP. We evaluated matrix accumula-
tion and the gene expression of ECM molecules using quantitative-

polymerase chain reaction (qPCR) and immunohistology.

2 | MATERIALS AND METHODS
2.1 | NP cell/cluster isolation and suspension
culture prior to HP loading experiments

We purchased bovine tails (from 2- to 3-year-old cows) from a local
USDA-certified slaughterhouse. We harvested caudal NP tissues
from each segment of IVD of the bovine tails using a blade (#15
and #22, Bard-Parkers, Aspen Surgical, Caledonia, Michigan).“'15
Subsequently we digested the NP tissues in 0.15% collagenase
(CLS1, Worthington, Lakewood, New Jersey) dissolved in Ham's F12
medium (Gibco, ThermoFisher, Waltham, Massachusetts) sterilized
with a 0.45 pm filter (Nalgene, ThermoFisher) at 37°C overnight on
a rotator. Then, we collected NP cells and cell clusters by centrifu-
gation, rinsed them with Dulbecco's phosphate-buffered saline
(D-PBS, Gibco) twice, and seeded them onto 1.5% cell-culture-grade
agarose-coated six-well plates (Sigma-Aldrich, St. Louis, Missouri).
We combined all NP cells and clusters and incubated them in
Dulbecco's Minimal Eagle Medium/Ham's F-12 (1:1) with 10% fetal
bovine serum and antibiotics (Gibco) for 2 to 3 days. During incuba-

tion, the suspended NP cells grew to come with each other and

accumulated ECM. We designated these connected cells and cell
aggregations seen in the digested tissue as “cell clusters.”® The
nondigested debris were removed piece by piece with a pipette

under a dissection microscope.

2.2 | Preparation and performance of a
semipermeable membrane pouch

We cut hollow fiber tubing made of polyvinylidene fluoride, 1 mm ID,
1.2 mm OD, and 500 kD molecular weight cut-off (Repligen, Rancho
Dominguez, California) into pieces 35 mm in length.1®'” These pieces
of tubing were immersed in 100% ethyl alcohol for 30 minutes, rinsed
in D-PBS, and autoclaved at 121°C for 15 minutes (Figure 1).

Prior to the experiments using NP cells, we evaluated the perfor-
mance of a semipermeable membrane pouch at LO. Each piece of tub-
ing was filled with D-PBS and sealed with stainless steel clips at both
ends to create a pouch. We placed the pouches in a pressure-proof
chamber filled with 1% bovine serum albumin to load cyclic HP at 0.2
to 0.7 MPa, 0.5 Hz with medium replenishment at 0.1 mL/min or to
load constant HP at 0.3 MPa with medium replenishment at 0.1 mL/
min and 5% CO, in air using a pressure/perfusion culture system
(TEP-2, Purpose, Shizuoka, Japan; Figure 1). We confirmed that more
than 95% of the D-PBS in the pouches was replaced by albumin
within 24 hours.

2.3 | Incubation of NP cells/clusters with various
regimens of changes in HP and medium osmolality

We conducted two sets of experiments to elucidate: (A) the effects of
constant HP and (B) the effects of repetitive regimens of cyclic HP
followed by constant HP on metabolic turnover in bNP cells (Figure 2).
We injected the DNA equivalent of 1.0 x 10> NP cells/clusters into
the pieces of tubing and closed both ends with stainless steel clips to
form pouches. The culture medium at HO was supplemented with
sodium chloride at 4.6 g/L.X® The osmolality was confirmed with a
freeze point osmometer (Osmet, Precision Systems, Inc., Natick,

Massachusetts).

2.31 | Experiment A: The effects of constant HP
Our recent study indicated that cyclic HP at O to 0.5 MPa and HO
stimulated anabolic gene expression. In addition, there is always some
degree of intradiscal pressure even when the body is in a recumbent
position.* We thus hypothesized that minimal HP is needed to accu-
mulate newly synthesized dense ECM without gaps. We sought to
identify the optimal regimen of changes in HP and HO to prevent gap
formation within newly accumulated ECM and consistently express
upregulated levels of ECM genes.

The pouches were divided into four groups, each of which was

cultured under different combinations of no HP or HP (cyclic HP at
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FIGURE 1 A semipermeable membrane pouch culture module and hydrostatic pressure (HP)/perfusion culture system. A, A semipermeable
membrane pouch for enclosing nucleus pulposus (NP) cells/clusters. The pouch was made of polyvinylidene difluoride (1.0 mm in diameter,
1.2 mm outer diameter, 30 mm in length, 500 kD MWCO). B, Pouches placed in a culture chamber. C, A photograph of HP/perfusion culture

chamber. D, HP/perfusion culture system. E, Profile of cyclic HP

0.2 to 0.7 MPa, 0.5 Hz followed by constant HP at 0.3 MPa) and
LO or HO; in addition, the order of these combinations was chan-
ged on day 4 (Figure 2A). We compared metabolic turnover in NP
cells/clusters among groups: (a) LO/no HP for 7 days (control), (b)
LO/HP (LO and cyclic HP for 4 days followed by constant HP for
3 days), (c) HO/HP (HO and cyclic HP for 4 days followed by con-
stant HP for 3 days), and (d) H-LO/HP (HO/cyclic HP for 4 days
followed by LO/constant HP for 3 days). For no HP, we suspended
the pouches within a stainless-steel mesh basket held in a 100-mL
medium bottle with a stirrer at five spins/second to maintain suffi-
cient mass transfer through the semipermeable membrane pouch.
To identify the histologic effects of constant HP, we repeated the
experiment three times.

2.3.2 | Experiment B: The effects of a repetitive
regimen of cyclic HP followed by constant HP

Experiment A indicated that constant HP had the potential to accu-
mulate dense ECM. To clarify effects of repetitive daily spinal move-
ment, we compared metabolic turnover in NP cells/clusters between
groups: (a) HO/no HP for 6 days and (b) cyclic HP at 0.2 to 0.7 MPa,
0.5 Hz for 2 days followed by constant HP at 0.3 MPa for 1 day,
repeated twice over 6 days (Figure 2B). We repeated the experiment
six times for obtaining statistical power.

2.4 | Evaluation of the cell viability and cell/ECM
formation within semipermeable membrane pouches

Pouches were collected from each group, and NP cells/clusters from
each pouch were collected and stained with live/dead cell viability
assay dyes (Invitrogen). We harvested NP cells/clusters with their
pouches and fixed them in a 2% paraformaldehyde/0.1 M cacodylate
buffer (pH 7.4) at 4°C. We embedded them (again with their pouches)
in plastic resin (Technovit, Electron Microscopy Sciences, Hatfield,

Pennsylvania), cut them into 7-um sections, and stained them with
toluidine blue-O at pH 4.0 (Fisher Scientific).

2.5 | Evaluation of gene expression using qPCR

To analyze gene expression, we harvested the NP cells/clusters on
defined days. The total RNA was extracted from the NP cells/clus-
ters using an RNeasy kit (Qiagen, Germantown, Maryland). The
samples were homogenized in the guanidine isothiocyanate-based
proprietary component of the kit with 1% p-mercaptoethanol (RLT
buffer) using a handheld homogenizer pestle (Fisher Scientific) in
accordance with the manufacturer's protocol. The samples were
amplified with a reverse transcriptase (High Capacity cDNA
Reverse Transcription Kit, Thermo Fisher). A gene expression mas-
ter mix and fluorescent-labeled specific primers (TagMan, Thermo
Fisher) were mixed, followed by gPCR (QuanStudio version 1.4,
Applied Biosystems, Foster City, California). We measured the
expression of the typical molecules aggrecan core protein (Acan)
and collagen type-Il (Col2a1) and the minor molecule collagen type-
| (Collal) in the ECM of NP as well as a catabolic molecule in the
NP matrix metalloproteinase-13 (Mmp-13). All expression levels
were compared with an intrinsic control, glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH), in each experiment. The TagMan
primers were a Collal: Bt03225358_g1; Col2al: Bt03251837_mH,;
Acan: Bt03212189_m1; Mmp-13: Bt03214051_m1; and GAPDH:
Bt03210919_g1 (Life Technology, Carlsbad, California). Expression

Suite Software v1.0.4 was used to analyze the data.

2.6 | Data analysis of gene expression profiles
using a qPCR assay

Relative quantities (RQs) of the expression of each gene were calcu-
lated according to the difference between the average of each condi-

tion and of the LO/no HP control, which was given a value of 1.0. RQ
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FIGURE 2 Systematic culture conditions to compare interactions
of changes in cyclic and constant hydrostatic pressure (HP). A, The
effects of constant HP. B, The effects of a repetitive regimen of cyclic
HP followed by constant HP. HP: cyclic hydrostatic pressure at 0.2 to
0.7 MPa, 0.5 Hz for 2 days followed by constant hydrostatic pressure
at 0.3 MPa for 1 day. LO: low osmolality (320 mOsm/kg H,0). HO:
high osmolality (450 mOsm/kg H,0). H-LO: HO for 2 days followed
by LO for 1 day. no HP: atmospheric pressure

was analyzed using a one-way analysis of variance followed by a
Bonferroni test to compare all conditions, with P < .05 considered sig-
nificant (SPSS software, IBM).

2.7 | Evaluation of the production of ECM utilizing
immunohistology

We harvested cells/clusters by ejecting them from the pouches with
D-PBS. We then fixed them in a 2% paraformaldehyde/0.1 M
cacodylate buffer (pH 7.4) at 4°C, embedded them in paraffin, and cut
them into 7-pm sections for immunostaining. Dewaxed sections were
stained with a primary antibody against keratan sulfate (KS, 1:500,
Millipore Sigma, St. Louis, Missouri), collagen type Il (Col-2, 1:50,

stained with fluorescent indicators: live cells in green and dead cells in
red. B, NP cells/clusters within a semipermeable membrane pouch. A
bar indicates 100 pm

Chemicon, Temecula, California), and matrix metalloproteinase-13
(MMP-13, 1:50, Santa Cruz Biotechnology, Santa Cruz, California).
The sections were then rinsed three times and incubated with a sec-
ond biotinylated antibody according to the manufacturer's instruc-
tions (VECTASTAIN ABC kit, Vector Laboratory, Burlingame,
California). Color was developed with 3,38-diaminobenzidine and
nickel (DAB kit, Vector Laboratory). Counterstaining was performed
with Harris's hematoxylin (Sigma-Aldrich) for Col-2, and KS; and Con-
trast Red (KPL, Laboratories, Gaithersburg, Maryland) was used for
Col-1 and MMP-13.

3 | RESULTS
3.1 | Viability of NP cells

NP cells/clusters were easily ejected from pouches by flushing with
D-PBS, RLT buffer, or fixative on day 6 or 7. With or without HP,
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dead NP cells were negligible within the semipermeable membrane
pouches. Viable cells with their characteristic sharp periphery were
easily identified within aggregated clusters and individually in all
experimental groups. Dead cells illuminated in red were rare, and small
particles were often seen randomly within and around the aggregation
(Figure 3A).

3.2 | Density of NP cell/clusters and performance
of the semipermeable membrane pouch

To evaluate the performance of the semipermeable membrane
pouch, we fixed NP cells/clusters including their pouch. NP cells/
clusters with newly synthesized metachromatic ECM and semiper-
meable membrane were seen in the same section (Figure 3B). NP
cells and ECM were completely separate from the membrane. There

was empty space within a pouch, which would be useful for

JOR  SPit1€.ec MR

accumulation of newly synthesized ECM and growth of NP cells.
With HO/HP, the NP cells/clusters were in contact with each other,
while in LO and HO they were loosely connected or separate at
early time points (days 3 and 4).

3.3 | The effects of constant HP in experiment A

We sought to identify a regimen of HP and the osmolality of cul-
ture medium that effectively upregulated gene expression of ECM
molecules and achieved dense accumulation of the ECM consis-
tently around the bNP cells. Based on our hypothesis, we particu-
larly focused on the absence of empty gaps within accumulated
newly synthesized ECM. We incubated the pouches with LO/no
HP, LO/HP, and HO/HP for the first 4 days in experiment A (Fig-
ure 4A). With LO/HP Acan showed a trend towards upregulation
compared to LO/no HP control at day 4. With HO/HP Acan

(A) T RQ Acan RQ Colla1 RQ Col2a1
Q
% 5+ n=3 5+ n=3 5+ n=3
S
o
+ 2
N
8¢
c
o
¢ LI
o
S 0 - 0 -
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FIGURE 4 Gene expression L2 1 ] 1
profiles and immunohistology of ~ .2 | ] |
. > ©
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response to changes in cyclic 5
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H20) or low (320 mOsm/kg H,0) “ noHP HP noHP HP noHP HP HP HP

osmolality. A, The expression of

aggrecan core protein (Acan), collagen (B)

Col-1

type-I (Collal), and collagen type-I|
(Col2a1). RQ, relative quantity.

Mean £ SD (nh = 3). B, The
accumulation of keratan sulfate (KS) in
brown and counterstained with
hematoxylin. Arrows indicate intense
accumulation of KS and circles
indicate empty spaces. C, The
accumulation of collagen type-I (Col-
1) in black and counterstained with
Contrast Red. D, The accumulation of
collagen type-Il (Col-2) in brown and
counterstained with hematoxylin.
Arrows indicate intense accumulation
of Col-2 and circles indicate empty
spaces. Each section is 7 pm thick and
a bar indicates 100 pm

HO/no HP

HO/HP
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showed threefold upregulation compared to LO/no HP control.
With LO/HP and HO/HP Collal showed levels similar to the con-
trol at day 4 (Figure 4A). As would be seen in the typical phenotype
for ECM of NP, Col2a1 with LO/HP and HO/HP was expressed at
similar level, 1.5- and 1.8-fold, compared to LO/no HP control at
day 4, respectively (Figure 4A).

After 4-day loading with cyclic HP in LO or HO, we incubated the
pouches with constant HP for three additional days (total 7 days) in

the same osmolality, or we incubated pouches with constant HP for

=

three additional days in LO (having been switched from HO). At day 7,
with LO/HP and H-LO/HP, Acan expression was similar to that in LO/
no HP control (Figure 4B). With HO/HP, Acan showed twofold
and LO/HP.
Immunohistological staining with KS revealed that bNP cells/clusters

upregulation compared to LO/no HP (control)
accumulated denser KS as a specific molecule of aggrecan without
gaps with HO/HP compared to HO/no HP at day 7 (Figure 4C). On
the other hand, empty gaps were seen within accumulated KS with

LO/no HP. Collal expression levels with HO/HP were similar to

=
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FIGURE 5 Gene expression profiles and immunohistology of nucleus pulposus (NP) cells/clusters in response to two rounds of repetitive
changes in cyclic hydrostatic pressure (HP) applied for 2 days followed by constant HP for 1 day in high osmolality (450 mOsm/kg H,0). A, RQ of
the expression of aggrecan core protein (Acan), collagen type-| (Col1a1), and collagen type-Il (Col2a1) and matrix metalloproteinase-13 (Mmp13).
RQ: relative quantity. Mean + SD (n = 6). *: P < .05. B, The accumulation of keratan sulfate (KS) in brown and counterstained with hematoxylin.
Arrows indicate intense accumulation of KS and circles indicate empty spaces. The accumulation of collagen type-1 (Col-1) and
metalloproteinase-13 (MMP-13) in black and counterstained with Contrast Red. Arrows indicate intense accumulation of KS and MMP-13. Each

section is 7 pm thick and a bar indicates 100 pm
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those in the LO/no HP control, but Col1al with LO/HP and H-LO/HP
had approximately one-half of the control levels. Col-1 accumulation
was seen around cells, but no distinctive difference was seen between
HO/HP and LO/no HP control (Figure 4C). Col2al expression with
HO/HP was approximately twofold greater than LO/no HP control,
but with LO/HP and H-LO/HP downregulated. Col-2 accumulation
was seen among cells and was denser with HO/HP than with LO/no
HP control (Figure 4C).

3.4 | The effects of repetitive HP in experiment B
We tested repetition of a regimen of cyclic HP followed by constant
HP, since we found in experiment A that the regimen had the poten-
tial to form dense ECM without gaps. We compared repetitive regi-
mens of 2-day cyclic HP followed by 1-day constant HP (repetitive
HP) and no HP at 3 days (once) and 6 days (twice). Acan expression
was significantly upregulated under repetitive HO/HP at day 6 com-
pared to day 3 (P < .05, Figure 5A). Immunohistological staining with
KS was used evaluate the consistency of Acan expression histologi-
cally, revealing denser ECM accumulation without empty gaps with
repetitive HO/HP compared to no HP control at day 6 (Figure 5B).
Expression of Collal with repetitive HO/HP twice showed a similar
level of HO/no HP control. This similarity between the two regimens
was confirmed immunohistologically with Col-1 staining (Figure 5B).
Col2al expression with repetitive HO/HP tended to be higher com-
pared to HO/no HP control at day 6 (Figure 5A). Mmp13 expression
significantly increased under HO/no HP from days 3 to 6 (P < 0.01),
while no significant difference was found between under repetitive
HO/HP and HO/no HP at day 3. At day 6, expression of Mmp13 was
significantly downregulated with repetitive HO/HP compared with
HO/no HP control (P < .05). Immunohistological staining for MMP-13
revealed slight localization around cells with repetitive HO/HP and in
the HO/no HP control (Figure 5B).

4 | DISCUSSION

We have developed a novel cell culture method using a semiper-
meable membrane pouch device and a pressure/perfusion cell cul-
ture system for incubating NP cells/clusters. We evaluated the
performance of these culture methods for simulating NP under
diurnal spinal motion.* In addition, we assessed their consistency in
producing major phenotypic gene expression markers of NP ECM
and associated histological characteristics of newly accumu-
lated ECM.

4.1 | Performance of the semipermeable
membrane pouch

We used a semipermeable membrane pouch to enclose NP cells/

clusters. Though we had previously successfully incubated

JOR  SPit1€uec MR

chondrocytes embedded in collagen gel within these pouches,'® we
here demonstrated the superior performance of the pouches using
NP cells/clusters without extrinsic material (Figure 3B). The bNP
cells/clusters showed excellent viability, and both nondigested
native ECM and newly synthesized ECM were retained by NP cells
within the pouch. We believe that the semipermeable membrane's
cut-off size of 500 kD was useful in retaining ECM and NP cells/
clusters suspended within the pouch and gradually accumulated
newly synthesized ECM without disturbance by fluid motion. Since
dynamic fluid flow was absent, the periphery of the NP cells/clus-
ters took on a heterogeneous cellular and ECM surface. On the
inner surface of the pouch, no NP cells adhered to the membrane
(Figure 3B). Thus, all NP cells/clusters were self-reconstituting NP
tissues model. The cut-off size (500 kD) of the semipermeable mem-
brane used in this study was much higher than the one used previ-
ously for semiconfined explant culture (15 kD).*8? We believe that
500 kD was appropriate to retain the majority of ECM around the
NP cells/clusters while allowing efficient nutrient supply and debris
elimination.

4.2 | Cell viability

A number of small particles were stained red (denoting dead cells)
with live/dead viability assay dyes (Figure 3A). These particles were
probably DNA fragments that had been eliminated from dead cells.
Though counting dead cells is likely to yield an overcount, live cells
illuminated in green can be counted as true live cells, because a viable
bNP cell needs to convert calcein-AM into green fluorescent calcein

within a cell.?°

Maturating cells stained with KS antibody accumulated
dense matrix, which may prevent infiltration of the dyes through the
matrix and cell membrane. In extending culture times, we need to
ensure the efficiency of penetration of such dyes, given the preven-

tion of their movement by newly accumulated ECM.

4.3 | Cell density
Monolayer cultures of NP cells and 3D encapsulated cultures within
biomaterial (eg, calcium-alginate) have often been used to create NP
cell culture models.2*?2 However, the former requires multiple pas-
sages for maintaining live cells and removing debris including newly
synthesized ECM, and the latter requires embedding of the cells
within extrinsic matrix, increasing the risk of altering native character-
istics. Additionally, there are concerns regarding the limitation of
those types of systems in maintaining NP phenotypes for periods
ranging from days to weeks. In our model, we seeded NP cells/clus-
ters with native ECM (nondigested) and suspended them within a
semipermeable membrane pouch. Throughout the culture process,
the pouch allowed seeded NP cells/clusters to accumulate newly syn-
thesized ECM around each cell and expand into the available space.
Cell density in native NP tissue is very low, and fluid and sul-

fated glycosaminoglycan are abundant. In practical terms, extraction



TAKEOKA ET AL.

gof10 | [NTST sz N Corsincss

of total RNA from native NP tissue requires large amounts of tissue
because of low RNA yield and fluid interference. Thus, the high cell
density of the bNP tissue model provides an efficient means of gene

expression analysis.

44 | The effects of a regimen of constant HP

We successfully reduced gap formation within newly accumulated
ECM with a regimen of cyclic followed by constant HP, which we
believe caused entanglement of fibrous ECM, for example, collagen
type-l. Recently, we demonstrated that cyclic HP and constant HP
inhibited free swelling of NP explants (manuscript under review). Fur-
thermore, in the human body, intradiscal pressure in a recumbent
position has been measured as 0.1 to 0.3 MPa.>?% Thus, we shall
incorporate changes in intradiscal pressure across time including mini-
mal HP (>0.1 MPa) with any spinal motion and apply those physiologi-

cal factors to our NP cells/clusters model in vitro.23-2°

4.5 | The effects of a repetitive regimen of cyclic
HP followed by constant HP

Diurnal spinal motion encompasses constant and cyclic stresses as
well as the absence of stress. Thus, studies of the effects of changes
in physicochemical stresses should include a regimen of descending
HP or post-HP loading.2® We demonstrated that anabolic molecules
in bNP cells were upregulated at day 3 even after 4-day HP loading
(Figure 4A).*3 Since the transduction mechanisms of on- and off-load-
ing remain unclear, we will explore those mechanical switching mech-
anisms by HP in future studies.

Another important aspect of diurnal spinal motion concerns
repetitive HP loading.?” We demonstrated that NP cells/clusters
showed significantly upregulated anabolic turnover compared with
the no-HP control at day 6 after a regimen of cyclic HP followed by
constant HP, repeated twice. We believe that regeneration, degenera-
tion, and homeostasis in NP tissue take days and require repetitive
stresses. Such repetition may allow NP cells to adapt to changes in
physicochemical stresses. In longer duration stress-loading experi-
ments, newly synthesized ECM will accumulate and create new
changes in conditions via negatively charged glycosaminoglycan, for
example, changes in osmotic pressure.?

Experimental approaches exploring changes in physicochemical
stresses should incorporate a conditioning period prior to loading
stresses. This conditioning period becomes particularly important
when new experimental apparatus is used as well as when a novel
experiment is begun. The many steps involved in the NP cells/clusters
model, with the greater mechanical stress of handling cells, increase
the risk of interference with cellular behavior.?’ Thus, it is necessary
to plan sufficient preincubation time or repetitive regimens in order to
obtain reproducible results.

Related to the concept of repetitiveness, intermittent HP loading

(loading followed by off-loading), for example, 1-hour loading followed

by 23-hour off-loading,%° has often been used to simulate the effects
of HP or compressive stresses on in vitro cell cultures or explants.
Our study, however, suggests that continuous HP loading (repeating
cyclic followed by constant HP) is required. This contradictory sugges-
tion may be related to another important mechanical factor, confine-
ment.>>3! For example, during off-loading, the NP absorbs fluid,
generating swelling pressure. In explant models, swelling pressure
likely acts to counterbalance HP. Therefore, intermittent HP loading

in a whole-IVD-segment model is technically similar to our model.232¢

4.6 | Pure HP vs compressive loading

Most studies of compressive stresses, which include HP and
deviatoric stress, have used whole vertebral segments (including the
NP, annulus fibrosus, and endplates) and a precisely controlled culture
system.323¢ The vertebral segment has the advantage of reproducing
dynamic compressive axial loading, but the disadvantage of undergo-
ing nonrecoverable tissue deformation in a matter of days. Thus, this
model has limitations in investigating anabolic and regenerative turn-
over which may take longer duration. In contrast, our present model
can be used for investigating the effects of pure HP on anabolic turn-
over in NP tissue model. In future studies, we will add deviatoric
stress to our pouch system and simultaneously apply pure HP.

4.7 | Limitations

In this study, we focused on metabolic turnover in our NP tissue
model under cyclic and constant HP, revealing the regenerative/
degenerative capability of NP tissue exposed to intradiscal pressure
typical of diurnal spinal movement. However, this model does not
encompass all IVD tissue units and all physicochemical factors. Our
approach will provide a highly useful platform technology in future
investigations of the effects of specific molecules and stresses. NP
cells/clusters accumulated newly synthesized ECM components
within a semipermeable membrane pouch. Since this accumulated
ECM was amorphous, we did not anticipate the effects of deviatoric
stress on the cells/clusters. We now understand that the NP cells/
clusters form denser NP cell matrix for the extended duration of incu-
bation. Thus, the effects of deviatoric stress or strain on the NP cells
and the accumulated ECM will be investigated in future studies.

5 | CONCLUSIONS

We evaluated metabolic turnover in isolated NP cells/clusters
suspended in a semipermeable membrane pouch under cyclic and
constant HP in high-osmolarity medium using a HP/perfusion culture
system. Previously we demonstrated that bNP cells/clusters showed
upregulation of gene expression of ECM molecules with cyclic HP in
high-osmolality medium. However, newly accumulated ECM showed

gaps within the matrix. To solve this inconsistency between gene
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expression and histological features, we incorporated constant HP
into a regimen of repeated cyclic HP instead of no HP between cyclic
HP, mimicking physiological intradiscal pressure. With the repetitive
regimens of cyclic HP followed by constant HP in high-osmolality
medium, bNP cells/clusters upregulated gene expression of ECM mol-
ecules and accumulated dense ECM without gaps. Thus, this NP tissue
model based on cells/clusters is capable of reproducing metabolic
turnover in response to regimens with combined cyclic and constant

HP generated by spinal movement.
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