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Abstract
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Background: The relationship between cell shape, proliferation, and extracellular matrix (ECM)
production, important aspects of cell behavior, is examined in a little-studied cell type, the human
annulus cell from the intervertebral disc, during monolayer vs three-dimensional (3D) culture.

Results: Three experimental studies showed that cells respond specifically to culture microenvi-
ronments by changes in cell shape, mitosis and ECM production: 1) Cell passages showed extensive
immunohistochemical evidence of Type | and Il collagens only in 3D culture. Chondroitin sulfate
and keratan sulfate were abundant in both monolayer and 3D cultures. 2) Cells showed significantly
greater proliferation in monolayer in the presence of platelet-derived growth factor compared to
cells in 3D. 3) Cells on Matrigel ™-coated monolayer substrates became rounded and formed nod-
ular colonies, a finding absent during monolayer growth.

Conclusions: The cell's in vivo interactions with the ECM can regulate shape, gene expression
and other cell functions. The shape of the annulus cell changes markedly during life: the young,
healthy disc contains spindle shaped cells and abundant collagen. With aging and degeneration,
many cells assume a strikingly different appearance, become rounded and are surrounded by unu-
sual accumulations of ECM products. In vitro manipulation of disc cells provides an experimental
window for testing how disc cells from given individuals respond when they are grown in environ-
ments which direct cells to have either spindle- or rounded-shapes. In vitro assessment of the re-
sponse of such cells to platelet-derived growth factor and to Matrigel™ showed a continued
influence of cell shape even in the presence of a growth factor stimulus. These findings contribute
new information to the important issue of the influence of cell shape on cell behavior.

Background

Information on the in vitro behavior of human interver-
tebral disc cells is still relatively scarce in spite of the
large health care expenditures associated with degenera-
tive disc disease. Chelberg et al have studied human disc
cells cultured in alginate beads [1], and several other lab-
oratories have recently studied disc cells from a variety of
animals [2,3,4,5,6,7,8,9]. Although these cells are most
easily established initially in monolayer culture, this mi-
croenvironment may not be permissive for many extra-

cellular matrix (ECM) component which the cells
produce in vivo.

The present report studies the relationship between cell
shape, proliferation and ECM production by human cells
cultured from the annulus. Previous work from our lab-
oratory has reported culture methods for these cells,
their proliferative response to TGF- and Matrigel™,
and the anti-apoptotic effects of IGF-1 (insulin-like
growth factor-1) and PDGF (platelet-derived growth fac-
tor) [10,11,12]. 3D culture results in a rounded cell phe-
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notype, increased proteoglycan synthesis compared to
monolayer grown cells, and formation of multi-celled
colonies with ECM deposited around and between cells
[11, 13]. In the present study, cells from sequential pas-
sages were seeded into either monolayer or 3D culture
and assessed with immunohistochemistry for ECM
products; cells were also evaluated in monolayer vs 3D
culture to assess the mitogenic effects of PDGF, an anti-
apoptotic cytokine for annulus cells [10]. Cells were also
grown on a plastic substrate coated with the reconstitut-
ed basement membrane extract Matrigel™, which con-
tains multiple growth factors.

Figure |
Photomicrographs of ECM immunolocalizations of cells
grown in the 3D microenvironment: Figures | and | are serial
sections through a multi-celled colony evaluated for localiza-
tion of chondroitin sulfate (Fig. 1), keratan sulfate (Fig I). Fig-
ures | and | are serial sections through a multi-celled colony
evaluated for localization of Type | collagen (Fig. 1), and Type
Il collagen (Fig. 1). Note positive black localization product for
these ECM components. Figure | is a photomicrograph from
a different specimen which was used as the negative control
with deletion of primary antibody for this series of localiza-
tions with hematoxylin staining. (All photomicrographs X
295). Cells were from the same subject, were first passage and
were grown for 10 days.

Results

Monolayer vs 3D culture and ECM production:
Human cells from the annulus of four subjects were tak-
en from passages 1 through 4 and seeded either into
monolayer or 3D alginate microenvironments.
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When grown in 3D culture, human disc cells form multi-
celled colonies (Figure 1). All four ECM components
evaluated here (Type I and II collagen, chondroitin sul-
fate and keratan sulfate) were present in sectioned colo-
nies of cells in 3D culture over the course of passages 1
through 4 (Figure 1111). Quantitative analysis shown in
Table 1 presents the percentage of colonies which
showed each of the ECM components at the various pas-
sage times. There were no statistically significant chang-
es over the course of the four passages with respect to the
% of colonies showing production of each ECM compo-
nent.

When grown in monolayer culture, human disc cells as-
sume a flattened, spindle-shaped morphology. The pro-
teoglycans chondroitin sulfate and keratan sulfate
showed abundant localizations between and around the
cultured cells (Figure 2 and 2). Monolayer cultures, how-
ever, showed only very sparse, very rare, small localiza-
tions for either Type I or II collagen (Figure 2 and 2).
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Figure 2

Photomicrographs of ECM localizations performed on whole
cells grown in monolayer culture: For these studies, cells from
the same subject were plated at the same density in 6 wells of
a multi-well chamber slide and cultured for 10 days. Immu-
nolocalizations were performed for each ECM product using
a separate well. Prominent deposits of chondroitin sulfate
(Fig. 2) and keratan sulfate (Fig. 2) can be seen surrounding the
cells. In contrast, localizations for Type | collagen (Fig. 2) and
Type Il collagen (Fig. 2) show no deposition of these collagens
by monolayer cultured cells. Figure 2 was taken from a well
used as the negative control with deletion of primary antibody
for these localizations with hematoxylin staining. (All photom-
icrographs, X 295).
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Cell proliferation studies for monolayer vs 3D cultures:
Comparison of growth in MEM with 20% FBS (the nor-
mal growth conditions for these cells) in monolayer vs
3D culture was carried out with cells grown under nor-
mal culture conditions and cells grown in the presence of
PDGF. Under normal growth condition, monolayer cul-
ture produced a significantly greater [3H]-thymidine up-
take/pg DNA than did 3D culture (mean [3H]-thymidine
uptake/pg DNA for monolayer: 18,909 + 7,299 (mean *
s.e.m.) vs 5,469 t 4048 for 3D, p = 0.039.

Our interest in the potential mitogenic effect of PDGF on
annulus cells stems from our previous finding that 100
ng/ml has can rescue or retard apoptosis in vitro [10]. In
the present study, this dose was applied to cells and com-
pared to control cells receiving only 1% FBS (needed to
maintain cell health). In monolayer culture, proliferation
was significantly greater in monolayer cells (expressed as
a % of controls) (990.7% + 261.1) compared to the more
modest increase seen in 3D cultured cells (435.8 % =+
150.0) (p=0.02).

Culture on Matrigel™-coated surfaces:

Annulus cells grown on Matrigel™-coated monolayer
surfaces displayed a rounded cell phenotype and with ex-
pansion during culture formed mounded nodular colo-
nies (Figure 3). Cells grown on control uncoated wells
displayed a flattened, spindle-shaped phenotype. Cells
maintained this rounded configuration throughout 8
days of culture.
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Figure 3

Photomicrograph of the rounded cell phenotype and mound-
ed colonies formed by cells growing on Matrigel™-coated
plastic. This is a markedly different cell phenotype than is seen
with growth on uncoated plastic as shown in Figure 2 (X 295).
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Quantitative Scoring of the % of Colonies Containing Type | Col-
lagen, Type Il Collagen, Chondroitin Sulfate or Keratan Sulfate”

Type | Col- TypellCol-  Chondroitin Keratan

lagen lagen Sulfate Sulfate
Passage | 93.9+37 862+t 17 900+ 3.8 80.9+7.0
Passage 2 967+ 1.0 851%30 873121 835+26
Passage 3 98.1+06 885+23 91.6+39 85.1 £3.0
Passage 4 974+05 852+%1.6 962+ I.1 872123

*Data are mean * s.e.m. for colonies scored for the presence of the
specific ECM component. Data are based on a mean of 240 colonies
scored on each subject's cells cultured for each passage; cells from five
individuals were evaluated.

Discussion

Results presented here are important since they expand
our understanding of disc cell function in two markedly
distinct tissue culture environments, monolayer and 3D
culture, and focus upon four major ECM products im-
portant to disc biology. The matrix components of the
healthy intervertebral disc supply both the tensile
strength (derived from its collagen network) and shock
absorber cushioning (derived from its proteoglycan con-
tent) which allow the disc to successfully meet the load-
ing and motion needs of the spine. The present in vitro
studies are also important since they afford an experi-
mental opportunity to modulate cell shape, ECM pro-
duction and proliferative capabilities in a human cell
type about which there is still relatively little in vitro in-
formation. Although annulus cells have frequently been
characterized as chondrocyte-like in the literature, these
are a distinctive cell type about which much is still to be
learned. We believe that this is the first study which doc-
uments differences in the response of disc cells from in-
dividuals cultured in either monolayer vs 3D conditions
at respective passages. Our studies, however, involved a
number of assumptions which are considered below and
which have limited the interpretation of our findings.

Although quantitative data were obtained on the propor-
tion of 3D colonies producing ECM components, ECM
production in monolayer culture was evaluated only as
"present” or "absent" since it was not possible to distin-
guish which adjacent cells laid down the ECM material.
Future studies would be more informative if they includ-
ed quantitative biochemical determination of ECM prod-
ucts or if levels of gene expression for the ECM products
were determined. Such methods would eliminate the
time-intensive serial sectioning of 3D colonies needed
for more detailed histologic evaluation. Another issue of
importance is the derivation of cells from different spinal
levels; it should be borne in mind that cervical, thoracic
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and lumbar discs are subjected to different stress and
strain conditions which may be reflected in the experi-
mental behavior cells in vitro.

It should also be noted that although we have re-created
environments in vitro which mimic cell shape features in
the young and in the aging/degenerating disc, there are
certainly a wide variety of factors which contribute to the
function and proliferation of disc cells in vivo which were
not included in our in vitro experiments. Such issues in-
clude factors associated with the decreased vascularity of
the disc in the adult and alterations in stress patterns
during aging and physical activity.

In spite of these limitations, the present study has pro-
vided insight into the proliferative and functional behav-
ior of disc cells in vitro. Serial passage studies of annulus
cells in monolayer and 3D culture showed that prote-
oglycan expression occurs in monolayer culture but that
this microenvironment minimizes the cells production of
collagen. It should be noted that the studies of monolay-
er cells did not evaluate ECM components that might
have been secreted into the medium. Future studies are
planned to assess ECM production using biochemical
media assays; however, in some cultures small amounts
of Types I and II collagen were detected, showing that
matrix could have been detected using the immunohisto-
chemical protocols used in the present work. In the 3D
microenvironment, however, matrix is retained between
and around the cells which produced it; this enhanced
our ability to morphologically detect ECM products. Disc
cells appear similar to chondrocytes in their monolayer
and 3D ECM production capabilities; it has been shown
by a number of studies that chondrocytes in monolayer
appear to de-differentiate and that subsequent 3D cul-
ture leads to re-expression of ECM products characteris-
tics of in vivo chondrocyte behavior [17,18,19].

Glowacki et al have suggested that cell shape is an impor-
tant factor in chondrocytes and designed studies in
which shape was held constant by modification of the
substrate adhesiveness with poly(2-hydroxyethyl meth-
acrylate); cells held in the rounded phenotype proliferat-
ed slowly, incorporated low levels of thymidine into
DNA, and incorporated large amounts of sulfate into gly-
cosaminoglycans [20]. Chondrocytes retained in the fi-
broblast-like shape were flattened, showed more rapid
growth, greater thymidine incorporation, and lower sul-
fate uptake. They concluded that cell shape played anim-
portant role in phenotypic expression. Other
experiments by Folkman and Moscona using bovine aor-
tic endothelial cells showed similar findings in that as
cells were modified from the flatten to spheroid shape,
cell proliferation decreased. Direct comparison of the
proliferative ability of human disc cells is somewhat
more difficult for both monolayer and 3D culture since
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disc cells are extremely slow growers, often requiring a
month to establish even primary cultures in a confluent
state in flasks. Studies here showed that cultures in mon-
olayer exhibit a significantly greater proliferation than
do the same cells seeded into 3D culture. Our studies
here with PDGF show a similar response to this cytokine
by disc cells: the % increase in proliferation compared to
controls was 990% in monolayer culture, but only 435%
in the same passage and same cells seeded into the 3D
culture environment.

PDGF was selected as a cytokine of interest for this work
because of our previous demonstration of its anti-apop-
totic effects on disc cells [10; 21]. PDGF has been shown
in a number of studies to be a potent mitogen in vitro
[22], and it also signals other cell responses such as sur-
vival [23] and transformation [24]. The effect of PDGF
on disc cells grown in monolayer cells vs 3D growth ap-
pears to involve the degree of response: monolayer and
3D cells both showed a proliferative response to this cy-
tokine; it is interesting that IGF-1 did not produce a mi-
togenic response at the doses at which it induces anti-
apoptotic rescue (data not shown).

Matrigel™, a commercially available soluble basement
membrane extract, contains multiple growth factors (o-
0.1 pg/ml basic fibroblast growth factor; 0.5-1.3 ng/ml
epidermal growth factor; 15.6 ng/ml IGF-1; 12 pg/ml
PDGF, <0.2 ng/ml neuronal growth factor, and 2.3 ng/
ml TGF-p [12]. We have previously described the growth
of disc cell colonies when plated within the Matrigel™
matrix; inside this matrix cells assume a rounded shape
as was seen in the present work in which cells were plat-
ed on top of the Matrigel™ monolayer coasted upon the
plastic substrate.

The effect of growth factors such as PDGF, an anti-apop-
totic agent for annulus cells [10], and Matrigel™ are a
relatively new but important area of research. Modula-
tion of cell function in vitro adds to our understanding of
the relationship and interaction between disc cells and
their surrounding matrix. The effect of growth microen-
vironment, growth factors and disc cell proliferation and
function adds new insight into our understanding of
these important, but little studied, cells.

Materials and Methods

Clinical Specimens: Studies were approved by the Insti-
tutional Review Board. Control specimens were obtained
from the Cooperative Human Tissue Network and surgi-
cal specimens from patients undergoing surgical disc
procedures. Cells used in the study of monolayer vs 3D
ECM matrix production assessed with immunohisto-
chemistry were derived from the lumbar annuli of a 67
year old female donor and from four patients (two 35
year old males, a 53 year old male, and a 76 year old fe-
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male). Cells used in the study of the mitogenic respon-
siveness to PDGF in monolayer or 3D culture were
derived from 12 subjects, mean age 47 years (£ 13.9 yrs
(S.D.)); 7 were males, 5 were females. The disc sites were
lumbar in 9 subjects and cervical in 3. Cells grown on
Matrigel™ were derived from two cervical and two lum-
bar discs from two donors and two surgical patients
(mean age 43 years; 2 males and 2 females). For all sub-
jects studied, the mean Thompson score for gross disc
morphology was grade 111 [14].

Cell Culture Methods: Primary cultures were grown as
previously described [1112]. Following primary culture,
cells were subsequently passaged in either monolayer
culture (seeded at 5,000 cells/well of a Lab-Tek® Cham-
ber Slide™ (Nunc, Napierville, IL) or into 3D culture in
1.2% Keltone LV alginate (Kelco, San Diego, CA) at a cell
density of 50,000 cells seeded into the alginate which
was then layered onto a Costar Transwell Clear Insert
(Costar, Cambridge, MA). Cells were grown as previously
described in sterile modified Minimal Essential Medium
with Earle's salts, non-essential amino acids, penicillin-
streptomycin and 20% fetal bovine serum [11]. Passages
1-4 were studied in parallel for ECM produced after 10
days of culture.

Analysis of ECM Production with immunohistochemis-
try: After 10 days of culture, alginate inserts were fixed
in 1% neutral buffered formalin for 5 minutes, dehydrat-
ed, embedded in paraffin and serially sectioned en face.
Monolayer cultures were fixed with cold acetone for 1
minute and stored in the cold until immunolocalization
was performed.

Immunohistochemical localizations utilized rabbit anti-
human collagen Type I (1:100 dilution) or rabbit anti-hu-
man collagen Type II (1:150 dilution) (Biodesign Inter-
national, Kennebunk, ME), monoclonal anti-
proteoglycan delta DI-4S (ICN, Costa Mesa, CA), and
monoclonal anti-keratan sulfate (Seikagaku Corp., To-
kyo, Japan) using previously described techniques [15].
Negative controls were processed minus primary anti-
bodies and also minus secondary antibodies. Localiza-
tion utilized DAB colorimetric visualization of ECM
components.

Analysis of ECM localization products in 3D cultures was
performed using computer-assisted quantitative histo-
morphometry with the OsteoMeasure software (Osteo-
Metrics, Inc., Atlanta, GA). An average of 240 colonies/
passage/subject were evaluated. Data are presented as
mean * s.e.m.

Analysis of Mitogenic Response to PDGF: Cells were fed
0.5 ml per well minimum essential medium with Earle's
salts prepared as described above except that fetal bo-
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vine serum was supplemented at 1% (MEM1) to consti-
tute the control culture conditions (1% serum is
necessary for healthy cell maintenance. Platelet-derived
growth factor (PDGF; Sigma-Aldrich, St. Louis, MO) was
added to MEM1 to achieve a final concentration of 100
ng/ml PDGF, a dose shown in prior work to have anti-ap-
optotic effects on disc cells [10]. For monolayer culture,
cells were seed at a density of 16,000 cell/well in a 48
well culture plate; for agarose 3D culture, cells were
seeded at a density of 50,000 cells/well in a 24 well cul-
ture plate and prepared as previously described. Cells
grew for 10 days. DNA synthesis was measured by pulse
labeling cultures with 2 uCi/ml of [H]-thymidine (Am-
ersham) during the last 24 hours of culture; aliquots
were taken and analyzed to determine total DNA content
using a fluorometric procedure as previously described
[11, 16]. Results were expressed as cpm [3H]-thymidine
uptake/pg DNA. Each cell cultures was assessed in 3-5
replicate samples and results averaged.

Culture on Matrigel™: Cells from four subjects were de-
rived as described above, trypsinized and plated at a den-
sity of 5,000 cells/well onto Nunc 8-well slides coated
with 75-100 pl Matrigel™ (Becton Dickinson, Bedford,
MA) diluted 1:1 with MEM with 20% FBS. Control wells
were seeded with the same density of cells on uncoated
wells. Cells were allowed to grow for 8 days, fixed with 1%
neutral buffered formalin, rinsed with 70% ethanol,
stained with toluidine blue, coverslipped and evaluated
with light microscopy.

Statistical analysis: Statistical analysis of the 3D immu-
nohistochemistry ECM data utilized SAS software (ver-
sion 6.11, SAS Institute Inc., Cary, NC). A repeated
measures analysis of variance was performed to test for
differences over time; all tests were two-sided and p-val-
ues < 0.05 were considered statistically significant. Data
are expressed as mean + s.e.m.; paired t-tests were used
in analyses of cell proliferation..
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