Interaction of Osteoblasts with Extracellular
Matrix: Effect of Mast Cell Chymase (a3s95)

K. BANOVAC,*' F. Banovac,! J. YaNG,} AND E. KOREN?

Departments of Orthopedics and Rehabilitation* and Surgery,* University of Miami School of Medicine,
Miami, Florida 33101; Duke University, School of Engineering," Durham, North Carolina 27706; and the Oklahoma Medical

Research Foundation,® Oklahoma City, Oklahoma 73162

Abstract. We studied the effect of mast cell chymase on the interaction between
osteoblasts and extracellular matrix. Chymase was purified from mast cell lysate by
anion exchange chromatography. Osteoblasts were isolated from rat calvarias by
collagenase digestion. Incubation of osteoblasts with mast cell lysate (40-170 pg/mi)
or purified chymase (8-32 ng/ml) resulted in changes in cell-matrix interaction and cell
morphology. Osteoblasts treated with chymase also showed a gradual detachment from
the artificial substrata and from the biomatrix (collagen-digested rib fragment). A similar
effect of mast cell chymase on the osteoblasts was found in vitro on endosteum of an
intact parietal bone. Neutral protease inhibitors abolished the effect of both crude and
purified enzyme preparations on the cell-matrix interaction. Mast cell chymase had no
effect on osteoblast viability. The effect of enzyme on osteoblast proliferation was
studied with lower concentrations of enzyme (0.2 xg/ml) in order to avoid cell detach-
ment; there was no effect on either the metaphase index or on the number of cells after
5 days of incubation with chymase. Osteoblast attachment and cell spreading on
different matrix proteins (fibronectin, vitronectin, extract of noncollagenous matrix pro-
teins from rat bone) were significantly altered by their pretreatment with chymase. Matrix
fibronectin of osteoblasts in culture as well as soluble vitronectin and fibronectin were

digested by rat mast cell chymase.

Our data suggest that mast cells through action of neutral protease chymase may
alter molecules in extracellular matrix that are important in osteoblast adhesion, cell
spreading, maintenance of cell morphology, and, most likely, cell function.

[P.S.E.B.M. 1993, Vol 203]

with postmenopausal osteoporosis (1, 2) and in

renal osteodystrophy (3, 4). These cells are also
found in high numbers in bones of animals on a low
calcium and low vitamin D diet (5) and in healing of
fracture callus (6, 7). Nonetheless, the function of mast
cells in bone remains unknown. Mast cells have an
important role in allergic reactions; moreover, these
cells also participate in a variety of other biological
responses (8, 9). Activated mast cells reiease different
secretory mediators; it is known that heparin, hista-

The mast cells are numerous in bone of patients
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mine, and neutral proteases are the most abundant
substances released into the tissue upon activation of
mast cells (8). Our previous study showed that a crude
preparation of mast cell mediators had a significant
effect on osteoblast morphology (10). These data indi-
cated that mast cells might possess a substance(s) that
was able to alter the adhesivity of extracellular matrix
(ECM) and cell contact with ECM molecules. In the
present study we evaluated the effect of mast cells on
osteoblast interaction with ECM and found that the
active component of the mast cell granules is a neutral
protease able to modify the structural integrity of ad-
hesive molecules important in maintaining osteoblast-
matrix interaction.

Materials and Methods

Tissue culture flasks and flat bottom plastic plates
were obtained from Linbro, Flow Laboratories (Mc-
Lean, VA); the bottom surface area was 4 cm?/well for
12-well plates, 2 cm?/well for 24-well plates, and 0.32
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cm?/well for 96-well plates. Ficoll-Paque was obtained
from Pharmacia Fine Chemicals (Piscataway, NJ); a
Bio-Rad kit for protein determination and Dowex 1-
2x anion exchange resin were obtained from Bio-Rad
Laboratories (Richmond, CA). Glass coverslips were
obtained from Corning Glass Works (Science Products
Division, Corning, NY); 0.22-um Millex GV filters
were obtainedfrom Millipore Co. (Bedford, MA). BGJb
medium (Fitton-Jackson modification), collagenase
type II, rat parathyroid hormone (PTH) fragment 1-
34, rat fibronectin, fetal bovine serum (FBS), antiactin
antibodies, porcine trypsin, phenylmethylsulfonylfluo-
ride (PMSF), demecolcine, and all standard chemicals
were obtained from Sigma Chemical Co. (St.
Louis, MO). Reagents for the immunofluorescence
study of fibronectin, bovine chymotrypsin, and human
antichymotrypsin were obtained from Calbiochem
Corp. (La Jolla, CA). Histochemical analysis of alkaline
phosphatase in osteoblasts was performed with the al-
kaline phosphatase leukocyte kit (Sigma Diagnostics,
St. Louis, MO). Sprague-Dawley rats were purchased
from Charles River Farms (Wilmington, MA).

Preparation of Mast Cell Lysate. Mast cells were
obtained from rats (250-300 g) after lavage of perito-
neal and pleural cavities (11). An enriched suspension
of mast cells was prepared using Ficoll gradient sepa-
ration. A cell suspension (25 ml) was centrifuged on 15
ml Ficoll at 450g for 6 min at room temperature. The
pellet stained with toluidine blue (11) showed greater
than 85% mast cells. The viability of the mast cells was
more than 98%, as assessed be trypan blue exclusion.
Cell lysate was obtained by freezing and thawing of
mast cell suspension, as described by Young et al. (12).
Supernatant was filtered through a 0.22-um filter and
used in the experiments as mast cell lysate.

Purification of Mast Cell Chymase. Enzyme was
purified from an enriched suspension of mast cells (13,
14). Briefly, 25 X 10° mast cells in 0.01 A MES, at pH
6, containing 0.5 M NaCl were disrupted by freezing
and thawing and applied to a 1.2 X 10-cm column
containing Dowex 1-2x resin. The column was washed
with 30 ml 0.01 M MES at pH 6 and 0.5 M NaCl:
chymase was eluted with wash buffer containing 1 M
NaCl. The pooled enzyme fractions ware concentrated
by vacuum dialysis at 4°C, dialyzed against 0.001 A
MES, pH 6, and stored at —40°C. The specific activity
of the chymase, assayed by cleavage of benzoyl-L-tyro-
sine ethylester, was 30.5 = 2 units/mg (mean + SD; n
= 4). Five micrograms of the purified chymase migrated
as a single band at 28 kDa in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under
denaturing conditions (15).

Inhibition of the Enzyme. Inactivated enzyme was
prepared by the addition PMSF to a final concentration
of 5 mM. PMSF was dissolved in isopropyl alcohol and
then mixed with serum-free BGJb medium (v/v). Mast
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cell lysate or purified chymase was preincubated with
PMSF for 18 hr at 4°C. Free PMSF, after inhibition,
was removed by extensive dialysis against phosphate-
buffered saline (PBS) or BGJb medium. After dialysis,
the enzyme preparations were incubated with osteo-
blasts. An identically treated aliquot of the enzyme
preparation without enzyme inhibitor was used as a
control. Inactivation of chymase with antichymotrypsin
was performed in BGJb medium, pH 7.4, at room
temperature for 20 min at a chymase/enzyme inhibitor
molar ratio of 1:5 (16). The aliquots of the mixture
were subsequently used in the studies of osteoblast
attachment and spreading.

Purification of Vitronectin. Rat plasma (100 ml)
was clotted by the addition of 2 ml of 1 M CaCl,. After
removal of the clot by centrifugation, 1 mAf PMSF and
5 mM EDTA were added to the serum. This sample
was applied to a Sepharose 4B column (2-ml bed vol-
ume; 2 ml/min) and then to a heparin-Sepharose col-
umn (5-ml bed volume; 2 mi/min). The eluate was
added to 96 g of urea and adjusted to 200 ml with
distilled water to obtain a final concentration of 8 M
urea. After 2 hr at room temperature, the mixture was
applied to the same heparin-Sepharose column. The
final purification of vitronectin was performed as orig-
inally described by Yatogho et al. (17). The first three
fractions eluted with 10 mAM sodium phosphate buffer
containing 0.5 M NaCl, 8 M urea, and 5 mM EDTA,
pH 7.7, were combined and dialyzed overnight against
PBS at 4°C. Purified vitronectin preparation migrated
as 75 and 65 kDa in SDS-PAGE (15).

Extraction of Bone Matrix Proteins. Tissue extract
was prepared as described by Termine et al. (18, 19).
Femura and tibias were taken from male rats (250-350
g). Animals were sacrificed by exsanguination from the
abdominal aorta under Nembutal anesthesia, and limbs
were dissected immediately after death. Soft tissue and
periosteum were removed mechanically, diaphyseal
portions were dissected, and bone specimens were man-
ually crushed and broken into small pieces. Bone frag-
ments were washed with several changes of PBS con-
taining 0.02 M PMSF; pieces of bone were then ex-
tracted with 4 M guanidium chloride containing 0.5 M
EDTA and 50 mAM Tris-HCI buffer (10 ml/g, wet
weight), pH 7.4. Each extraction was performed at 4°C
for 48 hr; after two extractions, the suspensions were
pooled and centrnifuged, and supernatant was dialyzed
against 50 mA/ Tris-HCl at 4°C for 24 hr using a
dialyzing bag with a 1000-Dalton molecular weight cut-
off. All solutions used in the extraction contained the
following enzyme inhibitors: 0.1 M 6-aminohexanoic
acid, S mM benzamidine hydrochloride, and 20 mM
PMSF. The dialysis samples were then aliquoted and
stored at —40°C. Consistent with the previous report by
Termine ef al. (20), SDS-PAGE analysis of the extract



Figure 1. Effect of mast cell chymase on osteoblast-matrix interaction. Cells (2 x 10*/well) in BGJb medium with 10% FCS were seeded to
24-well plates containing glass coverslips and incubated for 48 hr at 37°C in a 5% CO, atmosphere. Before the addition of 0.2 ml of chymase
preparation (8 ug/ml; 15 min at 37°C), wells were rinsed with serum-free medium. Samples were prepared for analysis as described in Materials
and Methods. The light micrographs are on the left; scanning electron micrographs are on the right. (A) and (D) Control; (B) and (E) chymase;
(C) and (F) chymase pretreated with neutral protease inhibitor PMSF (5 mM). Note the similar morphology of osteoblasts in control samples
and those exposed to chymase pretreated with PMSF. Intact chymase induced a fusiform appearance and cell retraction in some cells.
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Figure 2. Effect of mast cell lysate on osteoblast-matrix interaction.
Rat osteoblasts (2 x 10%/well) in BGJb medium with 10% FCS were
seeded to 24-well plates containing glass coverslips and incubated
at 37°C in a 5% CO, atmosphere. At the subconfluent stage, 0.4 mi
of mast cell lysate (170 ng protein/ml) was added to cells for 30 min.
Samples were prepared for analysis as described in Materials and
Methods. (A) Control; (B) mast cell lysate; (C) mast cell lysate pre-
treated with neutral protease inhibitor PMSF (5 mM). Magnification
X 160; toluidine blue staining. Note the spindle-shaped appearance
and cell retraction in some cells exposed to mast cell lysate.

224 OSTEOBLASTS AND EXTRACELLULAR MATRIX

revealed five dominant bands at approximate molecular
weights of 65, 60, 42, 38, and 8§ kDa.

Studies of Osteoblast-Matrix Interaction. En-
riched suspension of osteoblasts was obtained from rat
calvaria by digestion with collagenase using a minor
modification of the method of Wong and Cohn (21).
Calvarias were dissected from 1-day-old rats and di-
gested in a solution containing 2000 units of collagenase
II, 0.35 mg of trypsin, and 4 mAM EDTA. The viability
of isolated cells was greater than 98%, as determined
by trypan blue exclusion. The phenotype of osteoblasts
was evaluated by staining for alkaline phosphatase using
naphthol-AS-Bl phosphate as substrate (72 + 5% of
cells were positive) and by response to PTH (22). PTH
(1077 M) increased the cAMP production of osteoblasts
to 1300% of the baseline value. The first four passages
of osteoblasts, fractions 3 and 4 (21), were used for
experiments. Cells were incubated in BGJb medium
with 10% FBS in tissue culture 24- or 96-well plates at
37°C in humidified 5% CO-, atmosphere.

The effects of mast cell chymase on ECM and on
matrix interaction with osteoblasts were studied in three
different systems: (i) planar substrate; (ii) bone matrix;
and (i11) intact bone.

Cell culture on a planar substrate. Cell suspension
in BGJb medium with 10% FBS was seeded to 24-well
plastic culture dish or wells containing glass coverslips
at 37°C in humidified 5% CO- atmosphere. Different
matrix proteins were used to coat a planar surface, as
indicated below. Before the addition of the enzyme or
mast cell lysate, the serum-supplemented medium was
removed, and the wells were washed with serum-free
medium: the cell culture was then exposed to enzyme
preparation. After exposure to the enzyme, cells were
fixed with 3% formaldehyde and stained with toluidine
blue (10).

Cell culture on bone matrix. Osteoblast suspension
(2 x 10* in BGJb medium with 10% FCS was added
to a well containing a collagenase-digested bone frag-
ment and incubated for 5 days at 37°C in a CO,
incubator. A rat rib fragment was digested with colla-
genase over a period of 24 hr; residual bone matrix
containing no cells detectable by scanning electron
microscopy (SEM) was used for experiments. After
incubation, the medium was removed, and the wells
were washed with a serum-free medium. Then, 0.4 ml
of mast cell lysate (170 ug protein/ml) was added for 6
hr. The control samples were incubated in BGJb me-
dium alone and treated in the same way as the samples
treated with lysate. Incubation was terminated by fixa-
tion in 3% glutaraldehyde for SEM analysis (10).

Culture of intact bone. To study the effect of mast
cell lysate on endosteal lining cells, the intact bone was
incubated with an enzyme preparation. Bone specimens
were obtained from rat calvaria of 4-week-old rats, as
described above. The adherent tissue and periosteum



Figure 3. Scanning electron micrograph of isolated osteoblasts cultured on collagenase-digested bone fragment. Osteoblasts (2 x 10* cells)
in BGJb medium with 10% FCS were added to 24-well plates containing enzyme-digested rib fragment for 5 days at 37°C in a CO, atmosphere;
after incubation, wells were rinsed with serum free-medium, and 0.4 ml of mast cell lysate (170 ug protein/ml) was added for 6 hr; samples
were prepared for SEM as described in Materials and Methods. (A) Control (X200 magnification); (B) control (x4000); (C) MCL (x200); (D)
MCL (x4000). Note the changes in cell morphology after exposure to MCL.; flat and well-spread cells on the substrate show different stages

of cell detachment after exposure to MCL.

were removed with forceps under a dissecting micro-
scope. Individual bones were preincubated in 24-well
plates with 2 ml of BGJb medium supplemented with
10% FBS for 1 hrat 37°C. After removal of the medium,
wells were rinsed with a serum-free medium, and 0.5
ml of mast cell lysate (170 ug protein/ml) was added in
triplicate wells. Using scissors, a portion of the bone
was removed from each bone fragment after 1, 6, and
24 hr of incubation; the endocranial aspect of the bone
was prepared for SEM.

Cell Attachment Assay. The attachment of oste-
oblasts on matrix protein-coated plastic was studied by

the method of Bourdin and Ruoslahti (23). Tests were
carried out in 96-well flat bottom plates. The wells were
coated with varying concentrations of fibronectin or
vitronectin in PBS for 1 hr at 37°C. Both the chymase
(16 ug/ml) and the medium (control) were added in
triplicate wells and removed after 30 min. To study the
effect of enzyme inhibition, the same amount of chy-
mase pretreated with antichymotrypsin was added to
the wells for 30 min. After rinsing with PBS, the wells
were treated with 0.1 ml of 2% BSA for 30 min in order
to block the nonspecific binding sites on the plastic
surface. The plates were washed with PBS, and then 5
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Figure 4. Scanning electron micrographs of intact parietal bone treated with MCL (X500 magnification). Bone was obtained from 4-week-old
rats and incubated in 2 mt BGJb medium with 10% FCS for 1 hr at 37°C. After removal of medium, 0.5 ml of mast cell lysate (170 ug of
protein/mi) was added; bone specimens were removed at different time intervals as described in Materials and Methods. (A) MCL (zero time);
(B) MCL (1-hr incubation); (C) MCL (6-hr incubation). Control flat cells on matrix (A) after exposure to MCL show a reduction in size, larger
areas of matrix between the cells, and spherical appearance of ceils (B and C).

Table I. Effect of Chymase on Mitosis of Osteoblasts

Metaphase index (%)

Control (n = 4) 0.3+0.14
Chymase (n = 4) 05+0.14
5% FCS (n = 4) 35+ 0.28°

Quiescent cells were incubated in 1 ml of BGJb medium alone (control)
or with chymase (0.2 ug/ml) or 5% FCS for 4 days at 37°C in a CO,
atmosphere; osteoblasts were prepared for analysis as described by
Malinin (28); results are presented as the mean * standard deviation,
expressed per 1000 cells. n = Number of experiments.

#P < 0.001 vs. control and chymase (analysis of variance).

226 OSTEOBLASTS AND EXTRACELLULAR MATRIX

X 10* cells in the BGJb medium containing 0.5% BSA
were plated/well. The assays were carried out at 37°C
in a COs incubator for 90 min. Nonadherent cells were
removed by washing with PBS, and adherent cells were
fixed with 3% formaldehyde and stained with 0.5%
toluidine blue. The relative number of adherent cells
was determined after cell lysis with 1% SDS and ex-
pressed as the optical density of dye absorbance at 620
nm measured in an automatic spectrophotometer (23,
24).

Cell Spreading. The morphologic characteristics
of cell spreading were studied by SEM on vitronectin,
fibronectin, and bone matrix proteins. Cells were
seeded to 12- or 24-well plates containing glass cover-
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Figure 5. The effect of chymase on cell attachment. Plastic 96-well
plates were coated with 50 ul of varying concentrations of fibronectin
(0-16 ugjcm?, 0-100 pg/mi) or vitronectin (0-11 wgfcm? 0-70 ug/
ml) for 1 hr at 37°C. Coated wells were treated with 50 ul of chymase
(16 ng/ml), a mixture of chymase and antichymotrypsin (1:5 molar
ratio), or the medium (control) for 30 min before the addition of cells
(1.5 x 10*/well). Cells were allowed to attach for 90 min, the unbound
cells were removed, and the number of attached cells was determined
as described in Materials and Methods. Bars indicate the mean +
standard deviation of one representative experiment (n = 5). O.D.,
Optical density.

slips. Then, 0.2 ml of vitronectin or fibronectin dis-
solved in PBS was used for coating (0.5 ug/cm?) at 37°C
for 60 min. Upon washing with the serum-free medium,
0.2 ml of mast cell chymase (8 ug/ml) or medium
(control) was added in parallel for 30 min. The wells
were rinsed with PBS, and osteoblasts resuspended in
BGJb medium containing 0.4% BSA were pipetted into
the wells. In the experiments in which bone matrix
proteins were used as a coating substrate, the cells were
first allowed to attach to the surface for 24 hr, the
enzyme preparation was then added, and incubation
was extended for 48 hr. At the end of incubation, cells
were fixed with 3% glutaraldehyde for SEM (10).

The quantitative analysis of cell spreading in-
cluded: (i) determination of the percentage of spread

osteoblasts; and (ii)) measurement of cell surface area.
For determination of cell spreading, osteoblast culture
was prepared as described above. Cells were fixed with
3% formaldehyde, and cell spreading was determined
using the method of Grinnell et al. (25); the data are
expressed as the mean = standard deviation of triplicate
samples. To evaluate the effect of chymase on cell
surface area, osteoblasts were seeded on glass coverslips.
At the subconfluent stage, the cells were rinsed and
exposed to 0.2 ml of chymase preparation (16 ug/ml)
for 15 min at 37°C. After incubation, the cells were
washed with PBS, fixed, and prepared for analysis of
intracellular actin distribution using a modification of
a previously reported method (26). The cells were first
fixed with 3% paraformaldehyde for 30 min and then
made permeable with 0.5% Triton X-100 in PBS for
15 sec. Before the addition of actin antibodies, nonspe-
cific binding sites were blocked with 2% normal rabbit
serum for 20 min. Rabbit antiactin (1:40) in PBS was
added for 60 min. After incubation, the cells were
washed, and goat antirabbit immunoglobulin G-fluo-
rescein isothiocyanate (FITC) conjugate (1:100) was
added for 45 min. The coverslips were washed with
PBS after the final incubation, then mounted using
glycerol. The quantitative analysis of the surface area
of cells was determined by digital imaging fluorescence
microscopy using an interactive laser cytometer ACAS-
570 (Meridian Instruments, Okemos, MI) (27). The
FITC-stained cells were scanned using the excitation
laser light of 488 nm. The emitted fluorescence was
measured after a passage through a 540 FWHM 10-nm
filter (Melles Griot, Irvine, CA). On the basis of the
fluorescence intensity measured in individual cells, an
ACAS 570 computer provided cell scans as well as
average fluorescence values, expressed in fluorescence
units/um? and average cell surface area in um?.
Digestion of Fibronectin and Vitronectin. Diges-
tion of fibronectin or vitronectin in PBS buffer at pH
7.4 with rat mast cell chymase was performed at en-
zyme/substrate ratios of 1:70 and 1:50 (w/w), respec-
tively. Samples of 1 ml were incubated at 37°C, and
aliquots were withdrawn at given time intervals. The
digestion was terminated by the addition of Laemmli’s
buffer and immediate freezing. The digestion products
were analyzed by SDS-PAGE (15). After electrophore-
sis, the gels were stained with Coomassie brilliant blue.
Immunofluorescence Studies of ECM. Rat oste-
oblasts (4 x 10* cells/well) were grown in 24-well plates
with coverslips in BGJb medium supplemented with
10% FBS. At the subconfluent stage, cells were washed
with serum-free medium and then incubated with 0.2
ml of mast cell lysate (MCL; 150 ug/ml) or chymase
preparation (33 ug/ml). After 2 hr of incubation with
MCL and 20 min with chymase, cells were fixed with
3% paraformaldehyde and then an indirect immunoflu-
orescence technique was used (28). To reduce nonspe-
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Figure 6. Scanning electron micrographs of osteoblast spreading on vitronectin. Glass coverslips were coated in 24-well plates with 0.2 m! of
vitronectin (5 ug/ml; 0.5 ug/cm?) for 1 hr at 37°C. After washing with serum free-medium (0.2 ml), either chymase (16 wg/ml) or the medium
(control) was added for 30 min, followed by osteoblasts (4 x 10* cells/well) in BJGb medium with 0.4% BSA for 24 h as described in Materials
and Methods. (A) and (C) Intact vitronectin; (B) and (D) chymase-treated vitronectin (magnification x560). (A) and (B) represent micrographs
taken at a 0° angle; (C) and (D) show a 60° angte. Note more rounded cells with limited spreading and a reduction of intercellular connections

in cells seeded on enzyme-treated vitronectin (B and D).

cific antibody binding, avidin (1:100) was added for 30
min, and then coverslips with cells were incubated with
goat antirat fibronectin serum (1:40) for 2 hr. Biotiny-
lated rabbit antigoat immunoglobulin G (1:80) was
added for 45 min, and final incubation with FITC-
avidin (1:100) was carried out for 30 min. A Zeiss
Universal microscope (Zeiss, New York, NY) with fil-
ters for FITC was used; fluorescence micrographs were
made on Kodak film (Eastman Kodak, Rochester, NY).

Other Studies. The relative number of cells was
determined in duplicate or triplicate wells after staining
with toluidine blue and cell lysis with 1% SDS (23, 24).
The dye absorbance was measured at 620 nm in an
automatic spectrophotometer. The metaphase index of
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osteoblasts on coverslips after exposure to chymase was
determined as described by Malinin (29). The viability
of cells, detached from the substrate into the medium
upon treatment with mast cell enzyme, was studied by:
(i) trypan blue exclusion; (ii) reculturing of the cells in
BGJb medium with 10% FBS; and (ii1) SEM. The
protein concentration was determined by the method
of Bradford using a commercial kit.

Results

Effect on Osteoblast-Matrix Interaction. The ef-
fect of purified chymase on the osteoblast-matrix inter-
action and the effect of enzyme inhibition were studied
on glass substrate. The morphologic changes were ana-
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Figure 7. Dose-dependent effect of chymase on osteoblast spread-
ing. Plastic 24-well plates were coated with 0.5 ml bone extract (10
ug/ml; 2.5 pg/cm?) for 60 min at 37°C, and osteoblasts (2 X 10*
cells/well) in BGJb medium with 0.4% BSA were added for 24 hr.
After incubation, wells were washed with medium and treated with 1
mi of varying concentrations of enzyme (0-1 pg/ml). Cell spreading
and number were determined as described in Materials and Methods.
Bars indicate the mean + standard deviation of one representative
experiment (n = 3). Panel a presents the percentage of spread cells;
panel b shows the effect on cell number (determined as optical density
[0.D.] at 620 nm; see Materials and Methods).

lyzed by light and scanning electron microscopy. In
these experiments, FBS was used to coat the glass
surface. After 2 days, the cells covered the surface in a
monolayer and displayed a flat polygonal shape (Fig. 1,
A and C). The addition of purified enzyme for 15 min
(Fig. 1, B and E) induced cellular and nuclear retraction
and an appearance of spindle-shaped osteoblasts. Pro-
longed incubation with enzyme (1-2 hr) resulted in the
detachment of cells from the substrate. After enzyme
inhibition with the protease inhibitor PMSF (Fig. 1, C
and F), the morphology of the cells and their contact
with substrate were similar to those of untreated control
cells (Fig. 1, A and C).

A similar study was performed with the mast cell
lysate; the results are illustrated in Figure 2. The expo-
sure of osteoblasts to mast cell lysate resulted in a
retraction of cells on the substrate (Fig. 2B). The cells
exposed to mast cell lysate pretreated with 5 mM PMSF
(Fig. 2C) showed similar morphology and cell contract
with the substrate as the control untreated cells (Fig.
2A). Figure 3 illustrates scanning electron micrographs
of osteoblasts grown on collagenase-digested bone frag-
ment. After 5 days, osteoblasts uniformly covered the
surface of collagenase-treated rib fragment (Fig. 3A). A
higher magnification of these cells showed a polygonal
or strap-like shape with broad interconnecting processes
and rare microvilli on the cell surface (Fig. 3B). The
addition of mast cell lysate for 6 hr induced the changes
in cell-matrix interaction, which resulted in cell elon-
gation (Fig. 3C) and the appearance of multiple micro-
villi on the cell surface (Fig. 3D).

Figure 4 shows SEM of endosteal lining cells of an
isolated rat parietal bone. Before the incubation with
mast cell lysate (Fig. 4A), the patterns of cell distribu-
tion and cell morphology on the matrix were similar to
those seen on bone matrix (Fig. 3A). After the incuba-
tion with enzyme preparation for 1 hr, there was a
significant cell retraction on the surface of bone matrix
(Fig. 4B). After 6 hr of incubation with mast cell lysate
(Fig. 4C), bone cells assumed a spherical appearance;
there were larger visible areas of collagen matrix be-
tween the cells and a marked reduction of cell numbers
as a result of cell detachment.

Effect on Viability and Proliferation of Osteo-
blasts. The viability of osteoblasts was assessed by
trypan blue exclusion after detachment of cells from
matrix. After enzyme-induced detachment, more than
99% of the osteoblasts were viable cells. SEM of the
detached cells after treatment with mast cell lysate or
chymase showed a cell morphology similar to that of
intact osteoblasts (data not shown). In addition, the
viability of osteoblasts was analyzed by reculturing the
enzyme-treated cells in BJGb medium with 10% FCS;
this resulted in a normal osteoblast proliferation and
growth pattern (data not shown). Osteoblast prolifera-
tion and mitosis were studied with lower concentrations
of chymase to avoid cell detachment from the substrate.
Quiescent cells showed insignificant differences in met-
aphase index compared to untreated control cells; os-
teoblasts incubated with 5% FCS increased the meta-
phase index 7- to 10-fold (Table I). Similarly, the ad-
dition of chymase (0.2 ug/ml) to osteoblasts in culture
(70-80% confluence) had no effect on the number of
cells after 5 days of incubation (1.61 = 0.3 X 10* in
control group vs. 1.64 + 0.15 X 10* in chymase-treated
group; n = 3).

Effect on Cell Attachment. The effect of chymase
on the attachment of osteoblasts to fibronectin and
vitronectin is shown in Figure 5. It can be seen that
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Figure 8. Morphology of rat osteoblasts after exposure to different neutral proteases. Osteoblasts (2 X 10*/well) in BGJb medium with 10%
FCS were plated onto 24-well dish containing glass coverslips and incubated for 48 hr at 37°C in a 5% CO, atmosphere. Before the addition
of 0.4 ml of enzyme preparation (1.5 uM; 20 min at 37°C) wells were rinsed with serum-free medium. After incubation, cells were prepared for
analysis as described in Materials and Methods. (A) Trypsin; (B) chymotrypsin; (C) chymase; (D) control samples. Magnification x420. Note the
retraction of osteoblasts after treatment with chymotrypsin and chymase and no changes in morphology of cells after exposure to 1.5 uM
trypsin.

after a 60-min incubation, half-maximal cell attach-
ment occurred when the culture dishes were coated
with approximately 10 ug/ml of fibronectin and 15 ug/
ml of vitronectin. These concentrations are equivalent
to surface area coating of about 1.56 and 2.3 ug/cm- of
fibronectin and vitronectin, respectively. Pretreatment
of the matrix proteins with mast cell chymase for 30
min decreased the attachment of osteoblasts. However,
after chymase inhibition with antichymotrypsin, the
number of attached cells on fibronectin and vitronectin
was similar to that in the untreated controls. The time-
course experiments over an interval of 1 hr revealed a
period of rapid cell attachment up to 20 min; the rate
of cell adhesion was slow after that initial period. The
chymase-treated wells, coated with either fibronectin or
vitronectin, showed a significantly lower degree of cell
adhesion for the same time intervals (data not shown).
To evaluate the strength of adhesion of mast cell lysate
(40 ug/ml) and chymase (2 ug/ml) to plastic or glass
and, thus, the possibility of enzyme resilience to BGJb
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buffer wash, the enzyme preparations were incubated
in 24-well plates for 0, 15, 30, and 60 min. The incu-
bation samples were then removed by aspiration and
added to osteoblasts in culture. Control samples (zero
time) and those exposed to plastic and glass at different
time intervals induced similar morphologic changes in
cells in culture, as shown in Figures 1B and 2B.

Effect on Cell Spreading. The osteoblast spread-
ing on vitronectin-coated coverslips after exposure to
chymase is shown in Figure 6. The osteoblasts seeded
on the surface with intact vitronectin (Fig. 6, A and C)
had, in most of the cells, a well developed cytoplasm
and the central prominence of the nucleus (“fried egg”
appearance). Rat osteoblasts seeded on chymase-treated
vitronectin (Fig. 6, B and D) were more rounded, had
microvili on the cell surface, and displayed a reduction
of side-by-side connections. Similarly, the spreading of
osteoblasts grown on fibronectin after exposure to chy-
mase was limited, and the cells were poorly attached
and spherical (data not shown).
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Figure 9. Area of osteoblast cell surface after exposure to mast cell
chymase. Osteoblasts (4 x 10*/well) in BGJb medium with 0.4% BSA
were seeded onto 24-well plates containing coverslips precoated with
0.2 mi of vitronectin:(5 ug/ml; 0.5 ug/cm?) for 2 days at 37°C in a 5%
CO. atmosphere. At the subconfluent stage, cells were exposed to
0.2 ml of chymase (16 ug/ml) for 15 min at 37°C. After incubation,
cells were fixed and prepared with actin antibody for immunofluores-
cent staining (see Materials and Methods). (A) Control cells; (B)
chymase-treated cells. Area is expressed in um?. Note a decrease in
cell surface after treatment of cell culture with enzyme.

A similar effect of mast cell chymase was seen
when bone matrix proteins, obtained from guanidium-
EDTA extraction, were used to coat the surface of the
coverslips. Mast cell chymase induced alterations in the
cell-matrix interaction, which resulted in retraction of
cells, a spherical shape, and the appearance of numer-
ous microvili (data not shown).

Figure 7A illustrates the effects of different concen-
trations of chymase on osteoblast spreading. Trypsin
was used in equimolar concentrations for comparison.
The increasing concentrations of chymase had a pro-

found effect on cell spreading; at 0.5 ug of enzyme/
well, there was a significant inhibitory effect on cell
spreading. Additionally, there was a dose-dependency
on the number of attached cells; there was a marked
decrease in cell attachment (P < 0.01) with the increas-
ing concentrations of chymase (Fig. 7B). Figure 8 shows
that porcine trypsin (1000 units/mg) had no effect on
the interaction between osteoblasts and substrate (Fig.
8A); however, bovine chymotrypsin (1250 units/mg)
induced morphologic changes (Fig. 8B) similar to those
1n osteoblasts treated with chymase (Fig. 8C).

Figure 9 illustrates the results of quantitative analy-
sis of osteoblast surface area after the exposure to
chymase. Control cells (Fig. 9A) were larger than en-
zyme-treated cells (Fig. 9B). This was seen on the graphs
as a shift of the enzyme-treated cells to the left, where
the total cell surface areas are smalier. The average cell
surface area based on digital analysis of actin distribu-
tion in the cells was significantly decreased after expo-
sure of the cells to chymase. Digital imaging fluores-
cence microscopy clearly demonstrated significant dif-
ferences between the control and enzyme-treated cells.
The average area of control osteoblasts was 1864 + 655
pum?’, which was significantly higher than 295 * 129
wm? in enzyme-treated osteoblasts (P < 0.001).

Effect on ECM. The deposition of fibronectin in
osteoblast cultures occurred in extracellular structures,
as visualized by immunofluorescence. Figure 10A
shows a fine reticular pattern of fluorescence in the cell
culture. Rat osteoblasts in culture treated with mast cell
chymase showed a reduction of extracellular fibronectin
and the appearance of granular particles, most likely
the digested matrix (Fig. 10B). Intracellular staining
with antifibronectin antibody remained visible after the
exposure of cells to chymase. Both the purified enzyme
and the crude enzyme preparations decreased the
amount of extracellular fibronectin in osteoblast cul-
tures (data not shown).

Digestion on Matrix Proteins. Figure 11A shows
an SDS-PAGE pattern of vitronectin after 60-min in-
cubation with chymase. After 5 min of incubation with
the enzyme, intact vitronectin disappeared from the
reaction mixture, with a concomitant appearance of
polypeptide bands of lower molecular weight. Similarly,
fibronectin was digested after 5-min incubation with
chymase (Fig. 11B). A longer incubation with chymase
resulted in polypeptides of higher mobility; these were
apparently the final products of digestion.

Discussion

Degranulation of mast cells in bone has been re-
ported in a variety of conditions (30); most mast cells
in bone were found in the periosteum or along the
endosteal lining of the trabeculas, in the close vicinity
of osteoblasts (31, 32). It is possible that substances
released by activated mast cells in bone mediate or
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Figure 10. The effect of chymase on matrix fibronectin in osteoblast culture. Osteoblasts (4 x 10* cells/well) in BGJb medium with 10% FCS
were seeded in 24-well plates containing coverslips and cultured for 2 to 3 days at 37°C in a 5% CO. atmosphere. At the subconfluent stage,
cells were rinsed with serum-free medium and incubated with 0.2 ml of either mast cell lysate (150 ug of protein/ml) for 2 h or chymase (33
ug/mi) for 20 min. After incubation, cells were prepared for indirect immunofluorescence as described in Materials and Methods. Control cell
culture (A) shows a dense granulo-reticular pattern of fibronectin; after exposure to chymase (B), there was a loss of extracellular fibronectin

and an appearance of granular particles, most likely the digested matrix.

modulate the tissue responses to different stimuli. Mast
cell chymase, a neutral protease, accounts for approxi-
mately half of the protein content of interstitial mast
cell granules (8) and 1s involved in a variety of tissue
processes. This enzyme is a mast cell-specific substance
with characteristics similar to those of pancreatic chy-
motrypsin, and it belongs to the family of neutral serine
proteases (16, 33). In the respiratory tract, chymase
along with trypase, another neutral protease. seems to
be involved in the regulation of neuropeptide activity,
bronchomuscular tone, and mucus production (34, 35).
In vitro, chymase converts angiotensin I to angiotensin
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IT (36) and activates bradykinin and kallidin (37). Var-
tio et al. (38) reported an effect of chymase on the
degradation of soluble and matrix fibronectin. These
authors suggested that chymase may have a function in
inflammation by altering the permeability of the base-
ment membrane. Indeed, recent studies by Rubinstein
et al. (39) indicate that chymase has an amplifying
effect on vascular permeability induced by histamine.
It has been reported that chymase has a significant
proteolvtic effect on extracellular matrix proteins; deg-
radation of fibronectin in the matrix was found in the
fibroblasts in culture upon exposure to either isolated
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Figure 11. Digestion of matrix proteins by chymase. Vitronectin (33
ug/mi; A) and fibronectin (100 ng/ml; B) were digested by chymase
at enzyme/substrate ratios of 1:70 and 1:50, respectively, at 37°C;
the digestion products were analyzed by SDS-PAGE. Column 1
shows the starting material; columns 2-7 show the digestion prod-
ucts at given time intervals. Molecular weights are indicated in kilo-
daltons. FN, fibronectin; VN, vitronectin.

mast cell granules (40) or purified chymase (38). Fur-
thermore, it has been suggested that the effects of chy-
mase may have some importance in the pathogenesis
of cartilage erosion (41) and intraosseous invasion of
joint tissue in rheumatoid arthritis (42).

The function of mast cells in the bone is less clear,
especially in osteoporosis (1, 2) and the healing of
fractured bone (6), where numerous mast cells were
found in bone specimens. In a previous study we found
that mast cell lysate altered the cell-to-substrate inter-
action of osteoblasts grown on artificial substrata (glass
and plastic) (10). In the present study we found similar
effects of mast cell lysate on osteoblasts cultured on the
biomatrix. When the endosteum of rat parietal bone or
osteoblasts grown on collagenase-digested rib fragment
were exposed to enzyme preparation, there were
changes in the contact between osteoblasts and sub-
strate in the majority of the cells, consisting of cell
retraction and the appearance of spherical and spindle-
shaped cells. An extended exposure of osteoblasts to
mast cell lysate decreased the area of cell contact with
the substrate and led to a gradual cell detachment into
the culture medium. The effects of a crude enzyme
preparation on the osteoblast-matrix interaction were

readily reproducible by purified chymase. These obser-
vations and the experiments with the neutral protease
inhibitors suggested that the neutral protease chymase
was the active secretory product of mast cells and could
alter the cell-matrix interaction of osteoblasts in vitro.
Our results support the data of coculture experiments
of fibroblasts and vascular endothelial cells with mast
cells (43). Greenberg and Burnstock (43) showed a
retraction of adjacent cells from the activated mast cells
in the short term coculture experiments.

A number of studies have shown that tissue repair
in both normal and pathological conditions is linked to
an increased activity of neutral proteases. These en-
zymes are involved in the regulation of proteolysis of
ECM and have an important role in tissue remodeling
and cell-matrix and cell-cell interactions (44-47). Neu-
tral proteases may release growth factors bound to
matrix, such as fibroblast growth factor (48, 49), gran-
ulocyte-macrophage colony-stimulating factor (50), in-
terleukin 3 (51), and the bone osteoinductive proteins
(52). On the other hand, extracellular matrix alone and
in synergism with various systemic and local substances
may control the cell function (see review in [53]).

Activated mast cells may have a synergistic func-
tion with other cells by the secretion of proteolytic
enzymes that are capable of inducing structural changes
in the ECM. Proteolytic enzymes of the serine family
have been found in a large number of cell types, in-
cluding neutrophils and lymphocytes (48-50). Serine
esterase in cytotoxic T-lymphocytes and cathepsin G in
neutrophils contain an amino acid sequence in the
catalytic unit that is shared with mast cell chymase (51).
Although there is a substantial homology in the amino
acid sequence in the catalytic part of the molecule,
Western blot analysis and immunoprecipitation studies
showed little cross-reactivity with mast cell chymase
(51).

Osteoblasts synthesize numerous matrix proteins;
some of them are known to be involved in cell adhesion
(fibronectin, osteopontin, bone sialoprotein, and
thrombospodin) (52). These proteins mediate the at-
tachment and spreading of osteoblasts and other cells
on bone matrix. Cell attachment and spreading are
vitally important in cell proliferation and differentia-
tion (53). In the present study we found that exposure
of osteoblasts to chymase significantly altered the
spreading of the cells on vitronectin, fibronectin, and
extracted bone matrix proteins. In addition to affecting
the cell spreading, chymase had a marked effect on the
attachment of osteoblasts. Cellular attachment on vitro-
nectin and fibronectin was significantly reduced by
pretreatment of matrix proteins with mast cell chymase.
When an equivalent concentration of pancreatic trypsin
(0.0001%) was used in the experiments, there was no
effect on cell attachment of osteoblasts in culture;
higher concentrations of trypsin (0.05-0.25%) used for

OSTEOBLASTS AND EXTRACELLULAR MATRIX 233



routine “trypsinization” altered the interaction between
cells and matrix and resulted in cell detachment from
the substrate. Additionally, mast cell chymase in vitro
readily digested soluble fibronectin and vitronectin and
had a proteolytic effect on matrix fibronectin in osteo-
blast cultures. Although the precise role of matrix pro-
teins in the control of cell function in bone is not
known, it is likely that neutral proteases, released locally
by different cells, may have an effect on the structure
of matrix molecules and their interaction with bone
cells.

In conclusion, our findings indicate that mast cell
chymase has an effect on matrix proteins and alters
osteoblast-matrix interaction in vitro. This suggests that
mast cells, through the protease activity, may have a
role in bone remodeling.
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