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Abstract
Objective
This study investigated the effect of hydrostatic cyclical pressure on the cell ultrastructure and cytoskel eton of
normal and osteoarthritis (OA) human cultivated chondrocytesin vitro.

Methods
The different effects of pressurization with sinusoidal waves at a minimum pressure of 1 MPa, a maximum
pressure of 5 MPa and a frequency of 0.25 Hz for 3 hrs on normal and OA chondrocytes were assessed by
transmission electron microscopy (TEM), scanning electron microscopy (SEM) and immunofluorescence
microscopy (IF).

Results
Sructural differences exist between normal and OA chondrocytes at the nuclear, cytoplasmic and cytoskel etal
level. Pressurization did not alter the normal chondrocytes, but had a beneficial effect on OA chondrocytes, by
increasing the number of cell organelles responsible for synthesis activities. IF examination has shown that the
distribution of actin protein in normal chondrocytesis polarized on the apical sides of the cellular cytoplasm.
However, in OAchondrocytes the signal of the actin protein is not as well defined. Similarly, the localization of
the tubulin protein in normal and OA cdlls also appears to be different. Hydrostatic pressure did not cause any
modification in the cytoskeletal organization of the OA chondrocytes.

Conclusion
This study confirms the different morphology, structure and cytoskeletal aspect of normal and OA chondrocytes
and the important role played by pressure on cell morphology. The recovery of OA chondrocytes observed by an
increase of cytoplasmic organelles does not seem to involve the cytoskel eton.
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Introduction

Articular cartilage is a tissue that is
routinely subjected to high and varying
loads. The ability to withstand these
stresses depends on the structure and
composition of the matrix. The matrix
is produced by the chondrocytes and
therefore it is fundamental that chon-
drocytes function adequately (2).
Under physiological conditions, articu-
lar cartilage is subjected to cycles of
loading which control the matrix
through the metabolic activity of chon-
drocytes. These |oads alter the extracel-
lular physical environment of the chon
drocyte in a complex manner (2, 3).
Several in vitro studies have shown the
importance of articular load as a modu-
lator of cartilage metabolism. In fact,
articular load influences the concentra-
tion of proteoglycans (PG) and cations,
as well as the osmolarity of the carti-
lage microenvironment (4-7). Chon-
drocytes respond to intermittent load-
ing by increased PG synthesis, whereas
continuous mechanical loading pro-
duces the opposite effect. The response
is further modified by the magnitude,
duration and frequency of loading.
Hydrostatic pressure affects proteins,
the cytoskeleton and cell organelles.
Compression of cartilage results in the
deformation of chondrocytes and the
extracellular matrix. The physicochem-
ical changes include altered matrix
water content, altered fixed charge den-
sity, mobile ion concentrations and os-
motic pressure (3, 4, 8).

In joint diseases such as osteoarthritis
(OA), catabolic processes exceed ana
bolic processes, leading to a net
decrease in matrix material (9). The eti-
ology of OA is only partialy under-
stood, but it involves the loading of a
joint. How loading is related to the
incidence of OA is not yet clear,
although some studies have shown that
low levels of intermittent fluid pres-
sure, such as those that occur in vivo
during llizarov joint distraction (10),
have beneficial effectsonjoint tissuein
OA. This indicates that exposure to
pressure might be useful in the treat-
ment of OA.

Our previousin vitro studies confirmed
the importance of pressurization in
chondrocyte metabolism and morphol-
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ogy (11). The cellular cytoskeleton
plays a fundamental role in the control
of the cellular form and in the differen-
tiation, formation and flow of vesicles
(12). Previous studies have shown that
high continuous hydrostatic pressure
changes the structure of the cytoskele-
ton in cultivated chondrocytes (13). In
this study we investigated the effects of
cyclic hydrostatic pressure of a magni-
tude and frequency close to those that
presumably exist in articular cartilage
(4) on the ultrastructure of normal and
OAarticular chondrocytes cultivated in
aginate gels.

Materials and methods

Cell culture

Norma human articular cartilage was
obtained from the femora heads of 5
subjects with displaced femoral neck
fractures (3 females and 2 males), and
OA human articular cartilage was
obtained from the femoral heads of 5
patients with OA defined by clinical
and radiological ACR criteria (14)
undergoing surgery for total hip pros-
theses. The mean age of the group was
31 years (range: 21-40) for normal sub-
jectsand 69 years (range 68-74) for OA
patients. Normal chondrocytes were
obtained from the middle layer of carti-
lage in the femora heads, while OA
chondrocytes originated from the area
adjacent to the OAlesion. OAcartilage
was characterized by macroscopic
focal fibrillation of the articular sur-
face. Normal cartilage was character-
ized by a glossy, white, completely
smooth surface and a healthy appear-
ance without irregularities.
Immediately after surgery, the cartilage
specimens were cut aseptically, minced
into 2 mmz2 pieces and sequentially
digested by clostridial collagenase
(SIGMA, Italy) 1 mg/ml in phosphate
buffered saline (PBS) (in mM: NaCl
140, KCl 2.7, NaH,PO, 8.1, K,HPO,
1.5, pH 7.4) containing 200 U/ml of
penicillin, 200 ng/ml of streptomycin
and 0.25 ng/ml of amphotericin B. Col-
lagenase digestion was carried out at
37°C for 18 hrs with moderate stirring.
Chondrocytes obtained after collage-
nase digestion were rinsed twice in
saline solution A (in mM: 10 HEPES,
140 NaCl, 5 KCI, 5 Glucose, pH 7.4)



and centrifuged for 10 min at 700 g. As
shown by Trypan blue viable stain, 90-
95% of the recovered cells were alive.
Cells were then mixed with alginate
(Pronova LV G, Protan, Drammer, Nor-
way) in saline solution A to obtain a
fina density of 5 x 105 cells/ml and
0.75% dginate. Aliquots of 1 ml algi-
nate cell suspension were placed in 35
mm Petri dishes (Costar, Italy) contain
ing a layer of previously polymerized
aginate that prevented the cells from
sticking to the bottom of the dish. Poly-
merization was obtained by adding 2
ml of CaCl, 50 mM in 10 mM HEPES,
0.1 NaCl, pH 7.4 which created athree-
dimensional gel. After 5-10 minutes,
when gel formation was complete, the
excess solution was removed and the
cell-containing gel was washed twice
with saline A and then overlaid with a
medium containing 10% fetal calf
serum (FCS), 100 U/ml penicillin, 100
ng/ml streptomycin, 2 mM glutamine,
and 50 ng/ml ascorbate in Dulbecco’'s
minimum essential medium (DMEM).
The Petri dishes were maintained in an
atmosphere of 5% CO, in the air.

Pressurization

Our pressurization system has some
special characteristics that have
already been described in detail (15).
Briefly, this pressure chamber system
consists of ahermetically sealed stain-
less steel cylinder, 400 mm high with
an internal diameter of 90 mm. Chon-
drocytes were cultivated on Petri dish-
es. After 48 hours the dishes were
filled with culture medium and sealed
with a covering of Surlyn 1801 Bynel
CXA 3048 hilayer membrane (thick-
ness 90 nm; Du Pont, Italy), after
expelling all air. Surlyn membrane is
partially permeable to O, and CO,, but
not to water or other solutionsand it is
suitable for preserving a stable envi-
ronment (4).

The membrane was attached to the rim
of the Petri dish with Jet Melt 3764
adhesive (3M, Italy). During the
experiments the dishes were immersed
in preheated (37°C) distilled water.
The pressure in the chamber could be
adjusted to between 0 and 24 MPa.
The loading and unloading periods for
cyclic pressure could be freely select-

Pressurization on human chondrocytes/A. Fioravanti et al.

ed. The chondrocytes covered in cul-
ture medium were pressurized by
applying sinusoidal waves with amin-
imum pressure of 1 MPa, a maximum
pressure of 5 MPa and a frequency of
0.25 Hz for 3 hrs. Dishes cultivated in
the loading chamber but without
undergoing pressurization served as
controls. After pressurization, the cul-
ture medium was removed and the
chondrocytes were immediately fixed
for transmission electron microscopy
(TEM), scanning electron microscopy
(SEM) and immunofluorescence (IF).

Transmission el ectron microscopy
(TEM)

Cultures of human chondrocytes were
fixed for 2 hrs at 4°C in cold Karnov-
sky fixative (16), rinsed overnight in
0.1 M pH 7.2 cacodylate buffer and
post-fixed for 1 hr at 4°C in 1% buffer-
ed OsO,, dehydrated in a graded series
of ethanol and embedded in Epon-
Arddite. Ultra-thin sections cut with an
LKB Il ultramicrotome were collected
in copper grids, stained with uranyl
acetate and lead citrate, and then pho-
tographed using a Philips CM10 elec-
tron microscope. We examined at |east
100 cells from each group.

Scanning electron microscopy (SEM)
Cultures of human chondrocytes in
alginate were fixed for 2 hrs at 4°C in
cold Karnovsky fixative (16), washed
in cacodylate buffer 0.1 M pH 7.2
overnight, post-fixed in 1% buffered
0s0, in veronal acetate buffer for 2 hrs
and, after brief washing in cacodylate
buffer 0.1M, placed in citrate pH 7.4 to
remove the alginate. The chondrocytes
were dehydrated in a graded series of
ethanol, placed in tert-butanol and
frozen at 0°C before drying by subli-
mation of the tert-butanol in a vacuum
chamber. The samples were sputter
coated with gold and observed in a
Philips SEM 505. At least 200 chon-
drocytes from each group were evalu-
ated.

I mmunofluorescence microscopy (IF)

Human articular cartilage from healthy
and OA subjects was digested as
described above. Norma and OAchon-
drocytes washed in PBS were smeared
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on glass dides, air dried, and fixed for
15 min in methanol a —20°C. The
specimens were rehydrated in PBS,
treated with 5% normal goat serum
(NGS), diluted 1:20 in PBS-0.1%
bovine serum albumine (BSA) to avoid
unspecific staining, and then incubated
in anti-actin  monoclonal antibody
(Sigma, Italy) diluted to 1:500 with
PBS — 0.1%BSA — 1%NGS or in anti-
tubulin monoclona antibody (Sigma,
Italy) diluted to 1:500 with PBS —
0.1%BSA — 1%NGS for 2-3 hrs at
room temperature (or overnight at
4°C). After thorough rinsing in PBS,
they were incubated for 1 hr at room
temperature in FITC-conjugated — goat
antimouse 1gG diluted to 1:1000 in
PBS 0.1% — BSA1% — NGS. Controls
for secondary antibody were carried
out by omitting the primary antibodies.
All slides were then washed for 30 min
in PBS, mounted in PBS-glycerol 1:10
containing 5% propyl-galate (to re-
duce fluorescence fading), and exam-
ined under a Leitz Aristoplan micro-
scope with fluorescence and Olympus
BH-2 optics. Photographs were taken
with a Kodak TMAX 400. The same
procedures were also performed on
cultivated chondrocytes exposed to
cyclical hydrostatic pressure. At least
100 chondrocytes from each group
were evaluated.

Morphometric and statistical analysis

For the morphometric studies, we ana-
lyzed sections of four different blocks
from each group. For standardization
and comparison of the different groups,
only medially sectioned chondrocytes
were investigated; 100 chondrocytes
were selected using the nucleous/cyto-
plasm ratio as the selection criterion.
Our analysis was based on an estab-
lished method for ultrastructural quan-
titative evaluation of changes in chon-
drocytes (17). The number of mito-
chondria and Golgi bodies, expressed
as the mean + SD, were used as para
meters.

Because a normal distribution is not
present in all cases, the statistical ana
lyses for differences between the study
groups are performed entirely with dis-
tribution-free non-parametrical tests.
Morphometrical parameters are tested
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with the Mann-Whitney U test. Values
of p < 0.05 were considered as signifi-
cantly different.

The presence of actin and tubulin sig-
na was estimated by the same resear-
cher in three degrees. absent, limited,
or intense (18). This is expressed per
study group as a percentage referred to
the total number of cells studied.

Results

Structural and morphological examina-
tion by TEM and SEM showed some
differences between norma and OA
chondrocytes.

In the normal chondrocytes (Fig. 1A)
the nucleus appeared bright and eu-
chromatic. The cytoplasm contained
many cell organelles. Smooth endo-
plasmic reticulum and rough endoplas-
mic reticulum were abundant with
many adjacent secretory vesicles. The
mitochondria were numerous and regu-
larly shaped. The Golgi bodies were
arranged in flattened cisternae and also
were surrounded by many vesicles.
Secretory vesicles as asign of the syn-
thetic and secretory activities of the cell
were detectable in all compartments of
the cytoplasm. Lysosomes, glycogen
deposits and lipid dropl ets were present
as described in normal chondrocytes
@an.

In OA chondrocytes (Fig. 1B) the
nucleus had a dark, densely heterochro-
matic appearance. The cell organelles,
smooth and rough endoplasmic reticuli,
Golgi bodies, mitochondria and vesi-
cles were significantly reduced com-
pared to normal chondrocytes.

The difference in the number of mito-
chondria and Golgi bodies between
normal and OA chondrocytes was sig-
nificantly lower (p < 0.01) in OAchon-
drocytes (Table l). However, there was
an increase in lysosomes, glycogen
accumulation and fat vacuoles, reflect-
ing the degeneration of the chondro-
cytes.

After pressurization the normal chon-
drocytes maintained their shape and
ultrastructure (Fig. 2A). In OA chondro-
cytes the application of pressure par-
tialy restored many of the characteris-
tic cytoplasmic structures (Fig. 2B).
The number of mitochondria and Golgi
bodies did not change after pressuriza-

Fig. 1. Ultrastructure of human cultured chon-
drocytes. (A) Norma active chondrocyte with
pronounced rough endoplasmic reticulum (ER);
the nucleus (N) contains normally condensed
chromatin (x 19000). (B) OA chondrocyte with
dilatation of the cisternae of the rough endoplas-
mic reticulum and many vacuoles (V) in the
cytoplasm; nucleus (N) (x 13500).

tion in normal cells, whereasin the OA
cells their numbers (Table ) increased
significantly (p < 0.01).

Morphological examination of the cell
surface by SEM showed control chon-
drocytes with many cytoplasmic
processes of the chondrocyte mem-
brane reflecting intense biosynthetic

activity (Fig. 3A).

Chondrocytes from OA patients sub-
jected to pressurization were similar to
normal chondrocytes (Fig. 3B).
Cytoskeletal examination by |IF of nor-
mal and OA chondrocytes before pres-
surization (Fig. 4A and 4B) showed
that the distribution of actin protein in
normal chondrocytes yields a clearly
polarized fluorescent signal on the api-
cal sides of the cellular cytoplasm. In
OA cells, the actin protein signal was
not as well defined and it appeared to
be diffused throughout the cytoplasm
or else limited to the periphery of the
cells(Fig. 4D and 4E). Thereductionin
the number of cells showing the regular
intense polarization in OA (3%) com-
pared to norma (75%) chondrocytes
was evident and significant (Table Il).
The localization of the tubulin protein
appeared to be different between nor-
mal chondrocytes, in which the fluores-
cent signal was more or less uniformly
localized at the periphery of the cells
(Fig. 4C), and OA cells in which the
tubulin signal was sometimes absent
(Fig. 4F). The reduction in the number
of OA cells showing the uniform in-
tense peripheral signal (3%) compared
to normal chondrocytes (80%) was evi-
dent and significant (Table l1).

The localization of both the actin and
tubulin proteins in OA and normal
chondrocytes after the same pressuriza
tion was similar. The localization of the
actin protein in norma chondrocytes
exposed to pressurization (Fig. 4H)
seemed unchanged. The signal appear-
ed well-defined and no differences
were observed compared to the same
chondrocytes at basal conditions. The
actin localization in OA chondrocytes
(Fig. 4L) also did not appear to be
changed after pressurization. In normal

Table . Number of organelles in normal and OAchondrocytes under basal conditions and

after pressurization.

Basal conditions

After pressurization

Normal OA Normal OA
Mitochondria 72126 3.6+19* 78+28 6.7+ 2.1*
Golgi bodies 28+12 16+0.9 29+11 23+13

*p < 0.01 (Mann-Whitney U test) OA basal conditions versus normal basal conditions; OApressure

versus OAbasal conditions.
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Fig. 2. Ultrastructure of human cultured chon-
drocytes after pressurization. (A) Normal active
chondrocyte with abundant rough endoplasmic
reticulum (ER), Golgi apparatus (GA) with flat-
tened cisternae arranged in a stack and few lipid
droplets (LD); nucleus (N) (x 21000). (B) OA
chondrocyte displaying enhanced synthesis
activity reflected in an increase in cell
organelles. Nucleus (N), endoplamic reticulum
(ER), lipid droplets (LD) (x 7500).
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Fig. 3. SEM micrographs of human cultured chondrocytes. (A) Normal chondrocyte with numerous
superficial processes (arrows) (x 5500). (B) OAchondrocyte after exposure to pressurization shows a
reduction in the number of processes and the presence of superficial vesiculation (arrows) (x 7500).

chondrocytes (Fig. 41) and OA chon-
drocytes (Fig. 4G) the distribution of
the tubulin antibody after pressure did
not appear to be particularly different
from that seen in the chondrocytes
under basal conditions.

Table Il reports data relating to the per-
centage of cells showing the signal of
both antibodies evaluated after pressur-
ization in both types of chondrocytes.
The percentage of cells showing in-
tense polarity after incubation with
anti-actin antibody and intense periph-
eral localization after incubation with
anti-tubulin antibody did not increase
in the OAcell group.

Discussion

Human articular chondrocytes were
cultured in alginate, currently the pre-
ferred technique (19), since such cul-
turing closely resemblesthe in vivo sit-
uation and can be used to obtain reli-
able morphological and metabolic
assessments (11, 20). Articular load
modul ates the chondrocyte metabolism
and morphology in a complex fashion
(3,4, 11, 21) and cultured chondrocytes
offer the possibility to evaluate the ef-
fects of hydrostatic pressurein vitro.
Our data show that there are significant
structural differences between normal
and OA chondrocytes in vitro at both
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the nuclear and cytoplasmic levels.
Normal cells are rich in synthetic and
secretory cell organelles, while the
cytoplasms of OA cells are poor in
these organelles and they contain many
vacuoles and glycogen deposits.
Recently, other authors have shown
altered mitochondria respiratory activi-
ty in OA chondrocytes (22). These
changes represent an intracellular bio-
chemical—-enzymatic imbalance which
affects the chondrocyte during the OA
process (9). The ultrastructural differ-
ence between normal and OAchondro-
cytes explains the different reactions of
the two types of chondrocytes when
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Fig. 4. UVmicrographs of human cultured chondrocytes. (A) and (B) Normal chondrocytes incubated
with anti-actin antibody show intense fluorescence at the polarity of the cytoplasm (arrows). (C) Nor-
mal chondrocyte incubated with anti-tubulin antibody shows fluorescent staining limited to the thin
layer at the periphery of the cell, adjacent to the plasma membrane (arrows). (D) and (E) OAchondro-
cytes incubated with anti-actin antibody show no clear polarization signal. (F) OAchondrocyte incu-
bated with anti-tubulin antibody, in which the signal isalmost absent. (H) and (1) Normal chondrocytes
incubated with anti-actin (H) and anti-tubulin (I) antibodies show no change in localization after expo-
sure to pressurization. G and L: OA chondrocytes incubated with anti-actin (L) and anti-tubulin (G)
antibodies show no change in localization after exposure to pressurization. (A-G x 900)

subjected to the same stimuli. Articular
cartilage is constantly subjected to
|oads, dependent upon body weight and
muscular tension. The load also varies
according to posture and physical ac-

tivity. Hydrostatic pressure is one of
the many factors on which the function
of articular cartilage, subjected to load,
is dependent (2, 4).

Our pressurization system allowed us
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to study the effect of hydrostatic pres-
sure on chondrocytes in vitro. Theaim
of this study was to reproduce the pres
sure corresponding to the joints at rest
and during standing, walking and run-
ning, and to study the ultrastructural
changes of chondrocytes during these
activities (11,15).

The results suggest that no changes
occur when normal chondrocytes are
placed under pressure of a magnitude
and frequency close to those to which
articular cartilage are subjected. OA
chondrocytes, however, are positively
affected, showing a partial restoration
of their cytoplasmic organelles. This
data is in agreement with the results of
an earlier study, in which we showed
an increase in the production of PG in
OA chondrocytes subjected to the same
pressure. OA chondrocytes are more
sensitive to hydrostatic pressure than
normal chondrocytes (23).

The results of IF examination have
shown that thereis a different localiza-
tion of the two cytoskeletal proteinsin
chondrocytes. This localization is
dependent upon the different roles of
the two cytoskeletal proteins within the
cell. Actinic apical polarization is fun-
damental to maintaining the form of
the cellular membrane and interactions
with the extracellular matrix. The
peripheral integrity of the microtubu-
lins is important for ensuring the cor-
rect localization and distribution of
cytoplasmic organelles (12, 24). The
different organization of the cytoskele-
tal structure of OA cells compared to
norma cells shows that the correct
cytoskeletal actinic and tubulinic
arrangement is altered during the
course of OA. This dlteration affects a
series of phenomena, including cellular
differentiation, formation and flux of
vesicles, synthesis of the extracellular
matrix molecules, adhesion and cellu-
lar migration (13, 24-26). The cellular
cytoskeleton also plays a fundamental
role in the migration and proliferation
of chondrocytes; these processes are
known to be essential for cartilage
repair (26). Our cytoskeletal analyses
of cultivated chondrocytes demonstrat-
ed that there is no recovery of aphysio-
logical magnitude after hydrostatic
pressure. Cytoskeletal structures might
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Table I1. Percentage of cells showing a regular signal after incubation with anti-actin
(polarization signal) and anti-tubulin (uniform peripheral signal) antibodies.

Basal conditions

After pressurization

N OA N OA
Actin Absent 7% 70% 8% 2%
Limited 18% 27% 20% 20%

Intense 5% 3% 72% 8%
Tubulin Absent 5% 65% 6% 61%
Limited 15% 25% 12% 27%
Intense 80% 10% 82% 12%

not be normally assembled in OAcarti-
lage and they remain the same &fter
pressure stimulation. A potential medi-
ator of cartilage damage such as nitric
oxide (NO) could have disrupted the
integrin complex (25) that conditioned
the release of PG and glycoprotein as
well as chondrocyte migration, adhe-
sion and cytoskeletal assembly (26).
Our data confirmed the occurrence of
important ultrastructural modifications
and a different cytoskeletal organiza-
tion in OA chondrocytes compared to
normal chondrocytes.

Exposure to low magnitude intermit-
tent hydrostatic pressure does not mod-
ify heathy chondrocytes, as aready
shown (27), but it has a beneficial ef-
fect on the ultrastructure of OA chon-
drocytes. Increased anabolic activity is
reflected in an increase in cell organ-
elles, such as mitochondria and the
Golgi apparatus. This effect has also
been demonstrated in PG synthesis (4-
7,11).

The pressure level used in this study
does not cause any modification in the
cytoskeletal organisation of the OA
chondrocyte. Thisindicatesirreversible
damage to the cytoskeleton and, conse-
quently, the loss of all functions related
to this structure (25, 26). More studies
are needed, most importantly to deter-
mine whether the modifications that we
found are related to the OA process or
if they could be due to the age of the
donor. Several questions remain to be
answered in order to determine the fac-
tors that are responsible for the cyto-
skeletal damage which occurs during
OA pathology, and whether pharmaco-
logical and/or physical treatment could
prevent and/or reverse the cytoskeletal
alterations.
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