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Abstract

We investigated the contribution of mast cell chymase in mast cell-dependent angiogenesis using the hamster sponge-implant model,
where angiogenesis in the granulation tissue surrounding the subcutaneously implanted sponge was evaluated by measuring the

Ž .hemoglobin content. Daily local injection of compound 48r80 3–100 mgrsiterday , a potent mast cell activator, induced formation of
granulomas and angiogenesis in time- and dose-dependent manners. This angiogenic response was inhibited by chymase inhibitors

Ž . Ž .including chymostatin G1 nmolrsiterday , soybean trypsin inhibitor SBTI; G1.4 nmolrsiterday and lima bean trypsin inhibitor
Ž . Ž . ŽLBTI; G3.3 nmolrsiterday , but not by a tryptase inhibitor like leupeptin G700 nmolrsiterday . Although pyrilamine G2,580

. Ž .nmolrsiterday , a histamine H1 receptor antagonist, and protamine 300 mgrsiterday also inhibited angiogenesis, these effects were
much less pronounced than those by chymase inhibitors. Furthermore, antigen-induced angiogenesis in hamsters pre-sensitized with
ovalbumin was also inhibited by the chymase inhibitors by 60–70%. Our results suggest that chymase is a major mediator in mast
cell-mediated angiogenesis. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Angiogenesis is an important physiological phe-
nomenon implicated in integrated biological processes such
as wound healing, embryonic development and formation
of collateral circulation in ischaemic tissues. It is also
involved in the pathogenesis of several diseases, including
chronic inflammatory diseases, diabetic retinopathy and
tumour growth. Angiogenesis is a multistep event and each
step is regulated by different mechanisms. Many mediators
and cell types are involved in this complex process, and
the progression of angiogenesis may be positively or nega-

Žtively regulated by numerous factors Fan and Brem, 1992;
.Folkman and Shing, 1992 .
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Mast cells are topographically associated with mi-
Ž .crovessels Rakusan et al., 1990; Rhodin and Fujita, 1989

and accumulate in a number of angiogenesis-dependent
events such as ovulation, wound healing, synovial prolifer-

Žation in rheumatoid arthritis and tumour growth reviewed
.in Meininger and Zetter, 1992; Norrby and Woolley, 1993 .

These histological studies implicate mast cells, especially
connective tissue type mast cells, in angiogenesis. The role
of mast cells in angiogenesis has also been suggested by
the results of experiments showing that activation of con-
nective tissue type mast cells in situ by compound 48r80
promoted angiogenesis in several models, such as rat

Ž .mesenteric microvessels Norrby et al., 1986 or chick
Ž .chorioallantoic membrane Clinton et al., 1988 . However,

the significance of mast cells in angiogenesis under
physiological andror pathophysiological conditions is still
unclear.

Mast cell granules contain numerous substances includ-
Žing histamine, proteoglycans, such as heparin Metcalfe et

. Žal., 1979 , and proteases such as tryptase Schwartz et al.,
. Ž1981; Hopsu and Glenner, 1963 , chymase Schechter et
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.al., 1983; Wintroub et al., 1986; Sayama et al., 1987 and
Ž .carboxypeptidase A Goldstein et al., 1987 . These media-

tors are released from the granules upon activation of mast
cells. Lipid mediators are also produced by activated mast

Žcells Hogaboam et al., 1992; Lewis et al., 1982; Razin et
.al., 1982 . Although some of these mast cell-derived medi-

Žators, such as histamine Zauberman et al., 1969; Sorbo
. Žand Norrby, 1992 and heparin Jakobsson et al., 1990;

.Unger et al., 1991; Norrby and Sorbo, 1995 , exhibit
angiogenic properties both in vitro and in vivo, the precise
mechanism and the factors responsible for mast cell-depen-
dent angiogenesis remain to be elucidated.

A major focus of our research is related to the physio-
logicalrpathophysiological roles of chymase. Chymase is
a serine protease with chymotrypsin-like substrate speci-
ficity and is one of the major components of mast cell

Ž .granules Lagunoff and Pritzl, 1976 . Marked species dif-
ferences in chymase substrate specificity have been re-
ported. For example, in humans, dogs and hamsters, chy-
mase generates angiotensin II from its inactive precursor
angiotensin I, whereas chymase cleaves angiotensin I into

Žinactive fragments in rats, mice or rabbits Le Trong et al.,
1987; Okunishi et al., 1993; Chandrasekharan et al., 1996;

.Balcells et al., 1997 . In this regard, to investigate the
physiological andror pathophysiological roles of mast cell
chymase in angiogenesis in humans, hamsters should be
used as the experimental animal. Recently, we established

Ža hamster sponge granuloma-angiogenesis model Mura-
.matsu et al., 2000 , which was originally developed in rats

Ž .by Fan et al. Andrade et al., 1987; Hu et al., 1996 who
measured 133Xe clearance rate to quantify angiogenesis. In
our modified model, the hemoglobin content in the sponge
granulomas is used for the quantification of angiogenesis.
Using this model, we have demonstrated that chymase acts
as a pro-angiogenic factor and that endogenous chymase is

Ž .involved in basic fibroblast growth factor FGF -induced
angiogenesis probably via the local generation of an-

Ž .giotensin II Muramatsu et al., 2000 . However, we have
not confirmed a source of chymase responsible for angio-
genesis under physiological andror pathophysiological
conditions.

The aims of the present study were to elucidate the role
of mast cell-derived chymase in angiogenesis using the
hamster sponge granuloma model. Our results showed that
direct injections of compound 48r80 into sponge implants
induced angiogenesis, suggesting that activation of connec-
tive tissue type mast cells is sufficient for the induction of
angiogenesis in this model. Furthermore, antigen-depen-
dent activation of mast cells also resulted in angiogenesis
in sensitized hamsters. These angiogenic responses elicited
by activated mast cells were inhibited by treatment with
chymase inhibitors including chymostatin and soybean

Ž .trypsin inhibitor SBTI . Our results suggest that chymase
is one of the factors that mediate mast cell-dependent
angiogenesis under certain physiological andror patho-
physiological conditions.

2. Materials and methods

2.1. Hamster sponge-implant mode

Circular sponge discs, 5-mm thick=13-mm diameter,
weighing 14.2 " 0.1 mg, were prepared from a
polyurethane foam sheet. The discs were soaked in 70%
ethanol overnight and then sterilized with an autoclave.

ŽMale Syrian hamsters 70–90 g, purchased from Japan
.SLC were used in all experiments. The dorsal hair of

ether-anaesthetized hamsters was shaved and the skin was
sterilized with 70% ethanol. A midline incision was made
and sponge discs were implanted in the subcutaneous
space. Before suturing, all air present in the sponges and
pouches was eliminated. Angiogenesis was induced by
daily injection of inducers into the sponges for 7 consecu-
tive days. Test substances, solubilized in sterile phosphate

Ž .buffered saline PBS , were directly injected into the
sponges 1 h prior to the injection of inducers.

All experimental procedures were approved by the Ani-
mal Care Committee of Kitasato University of Medicine
and conformed with the international guidelines.

2.2. Measurement of hemoglobin content

Measurement of the hemoglobin contents in the sponge
implants and surrounding granuloma tissues was per-

Žformed as described previously Majima et al., 1997;
.Muramatsu et al., 2000 . Briefly, the sponge implants and

surrounding tissue were excised 7 days after subcutaneous
implantation and homogenized in distilled water. After
centrifugation at 2500=g for 20 min at 48C, the super-
natant was further centrifugated at 5000=g for 30 min,
and we determined the hemoglobin concentration of the

Žsupernatant by using the hemoglobin assay kit Hemo-
.globin B test, Wako .

2.3. Histology of sponge implants

At the 7th day of the experiment, sponge implants were
excised, dissected free of adherent tissue and fixed with

Ž .10% formalin. Thin sections 5 mm were prepared and
stained with hematoxylin or toluidine blue, which were
then processed for light microscopic examination. For
quantitative studies, five randomly selected sections were
photographed on 35-mm film using a =10 objective lens
and the number of microvessels was counted. The lumen
area of microvessels was also calculated in the same
photographs by using NIH image software.

2.4. Measurement of chymase actiÕity

To measure chymase activity, each sample was homog-
enized with a Polytron homogenizer in 10 mM sodium

Ž .phosphate buffer pH 7.4 containing 2 M KCl and 0.1%
Nonidet P-40. After extraction for 1h with continuous
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shaking followed by centrifugation at 20,000=g for 1 h,
chymase activity in the supernatant was determined ac-

Ž .cording to the method of Okunishi et al. 1987 . Briefly,
aliquots of the tissue extract were incubated for 1 h at
378C with 770 mM of angiotensin I in 48.5 mM borax–

Ž .borate buffer pH 8.5 , containing 8 mM dipyridyl, 760
mM diisopropyl phosphorofluoridate and 5 mM ethylene-
diaminetetraacetic acid as inhibitors of angiotensin con-

Ž .verting enzyme ACE and angiotensinases. Reactions were
terminated by addition of 15% cold trichloroacetic acid
Ž .which gives 9% of the final concentration , followed by
centrifugation at 10,000=g for 5 min. The concentration
of His–Leu, an enzymatic cleavage product, in the super-
natant was determined from fluorescent intensity as fol-
lows. Ten % of o-phthaldialdehyde was added to the

Ž .supernatant in an alkaline condition pH 12.0 followed by
Ž .the addition of 6 N HCl brought to pH 3.0 to stabilize.

The fluorescence in the solution was measured at 340 nm
of excitation and at 455 nm of emission.

2.5. Enzymatic actiÕities

The in vitro effects of inhibitors of chymase activity
were examined using hamster chymase purified from the
cheek pouches according to the method described previ-

Ž .ously Muramatsu et al., 2000 and the chromogenic sub-
Ž .strate, N-suc-Ala-Ala-Pro-Phe-pNA 1.5 mM . Tryptase

was also purified from hamster cheek pouches as described
Ž .previously Schwartz, 1994 . Tryptase activity was mea-

sured by adding 2 mM N-p-tosyl-Gly-Pro-Lys-pNA as the
substrate. The enzymes and substrates used for the in vitro
enzyme assay of other serine proteases were as follows:

Ž .N-succinyl-Ala-Ala-Pro-Phe-pNA 3 mM for human
Ž .leukocyte cathepsin G 2.5 Urml ; N-succinyl-Ala-Ala-

Ž . ŽAla-pNA 1 mM for porcine pancreatic elastase 0.8
. Ž .mgrml ; and Bz-L-Arg-pNA 1 mM for porcine pancre-

Ž .atic trypsin 1 Urml .

2.6. Sensitization and antigen challenge

Male Syrian hamsters, weighing 70–90 g, were sensi-
Žtized by intraperitoneal injection of ovalbumin 20

. Žmgrhamster absorbed with aluminium hydroxide 10 mg
.ovalbuminrmg on days 0, 7 and 14. Seven to ten days

after the last injection, sensitization in each hamster was
confirmed by challenging with aerosolized ovalbumin.
Briefly, hamsters anaesthetized with pentobarbital sodium
Ž .25 mgrkg i.p. were intubated using polyethylene tubing
Ž .PE 240 . The inspiratory and expiratory tubes of a rodent

Žventilator model 360; Harvard Apparatus, South Natick,
.MA were attached to the tracheal cannula through a Y

connector. Animals were challenged with aerosolized oval-
Ž .bumin 6% solution in PBS, pH 7.4 through the inspira-

tory tube, and changes in pulmonary resistance were moni-
Žtored by using a bronchospasm transducer Ugo Basile,

.Comerio, Italy . Only hamsters that showed apparent re-
sponsiveness to ovalbumin within 5 min were used for the
experiments. Non-sensitized control hamsters were treated
with aluminium hydroxide alone.

The angiogenic effects of ovalbumin on sensitized ani-
mals were examined by direct injection of ovalbumin into

Žthe implanted sponges. Sterile ovalbumin solution 100
. Ž .mgrml in PBS was injected into the sponge 100 mlrsite

Žonce a day in sensitized and non-sensitized hamsters non-
.sensitized control . In the vehicle control group, PBS alone

was injected in sensitized animals. The sponges were
excised with the surrounding granuloma tissues on day 2,
4, 7 or 11, and hemoglobin contents were determined.

2.7. Agents

Compound 48r80, chymostatin, pyrilamine, protamine,
Ž . Ž .ovalbumin grade VI , lima bean trypsin inhibitor LBTI

Žand angiotensin I were purchased from Sigma St. Louis,
.MO . Leupeptin, diisopropyl phosphorofluoridate, alu-

minium hydroxide, SBTI and Hemoglobin B test WAKOw

Ž .were purchased from Wako Osaka, Japan . Dipyridyl was
Ž .purchased from Kanto Chemicals Tokyo, Japan . Enzyme

substrates, N-succinyl-Ala-Ala-Pro-Phe-pNA, N-succinyl-
Ala-Ala-Ala-pNA and p-tosyl-Gly-Pro-Lys-pNA were ob-
tained from Sigma, and Bz-L-Arg-pNA was from Peptide

Ž . Ž .Institute Osaka, Japan . Cathepsin G Elastin Products ,
Ž .elastase Type III; Sigma and porcine pancreatic trypsin

Ž . Ž .Wako were also used. N- o-fluoro-benzyloxycarbonyl -
Ž .L-phenylalanine chloromethyl ketone CI-21 was a syn-

thetic chloromethylketone derivative developed as a spe-
cific human chymase inhibitor described by Hayashi et al.
Ž .manuscript submitted . This compound was a kind gift

Žfrom Dr. Yoshio Hayashi Kyoto Pharmaceutical Univer-
.sity .

2.8. Statistical analysis

All data were expressed as mean"S.E.M. Differences
between groups were examined for statistical significance
using the Kruskal–Wallis test followed by the Scheffe’s´
F-test. A p value less than 0.05 denoted the presence of a
statistically significant difference.

3. Results

3.1. Compound 48r80-induced angiogenesis

In this hamster sponge-implant model, spontaneous an-
Ž .giogenesis PBS-injected controls in Fig. 1A occurred

after day 7, as evident by a gradual increase in hemoglobin
contents. Daily injection of compound 48r80 significantly
induced angiogenesis in the sponge implants. As shown in
Fig. 1A, the hemoglobin contents in compound 48r80
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Fig. 1. Compound 48r80-induced angiogenesis in hamster sponge granu-
lomas. Compound 48r80 was injected daily into the sponge implanted in
the subcutaneous pouch. After a predetermined period, sponges were
excised together with the surrounding granulomas, and the hemoglobin
content in each sponge granuloma was determined as an index of

Ž . Ž .angiogenesis. A Time-course of compound 48r80 100 mgrsiterday -
induced angiogenesis. Closed circles: compound 48r80-injected group;
open circles: PBS-injected control. Each symbol represents the mean"

S.E.M. of six samples. ) P -0.05, ) ) P -0.01 versus corresponding
Ž .PBS-injected control. B Dose-dependent curve of compound 48r80-in-

duced angiogenic response. Compound 48r80 at various concentrations
was injected daily into the sponge, and the hemoglobin content was
determined at day 7. Each symbol represents the mean"S.E.M. of 10
samples. ) P -0.05, ) ) P - 0.01 versus PBS-injected control.

Ž .100 mgrsiterday -injected sponge granulomas increased
Ž .progressively from day 2 2.2"0.17 mgrg of wet tissue

Ž .to day 16 7.5"0.42 mgrg of wet tissue . The hemoglobin
contents were significantly higher in compound 48r80-
treated group compared to PBS-injected control rats from
day 2.

Furthermore, the effect of compound 48r80 on angio-
Ž .genesis was dose-dependent Fig. 1B . At a higher dose

Ž .1000 mgrsiterday , compound 48r80 caused bleeding
around the sponges and damage of the back skin. Since
local injection of compound 48r80 at a dose of 100
mgrsiterday for 7 days induced significant and repro-

ducible angiogenesis in our hamster model, this dosage
was used in the following experiments.

3.2. Histology of compound 48r80-treated sponges

The formation of new microvessels in sponge granulo-
mas was confirmed by microscopic examination of paraf-
fin sections prepared from sponges treated with compound
48r80 for 7 days. As shown in Fig. 2, the sponge was
surrounded by a well-developed granuloma tissue charac-
terized by the presence of fibroblasts at a high density,
together with matrix formation. The space between the
sponge matrix was infiltrated with fibrous stroma, in which
numerous leukocytes including macrophages, neutrophils

Ž .or lymphocytes also existed. Most microvessels arrows
were localized within the granulomas encapsulating the
sponges, and several microvessels were observed in the
stroma. These microvessels were not uniformly distributed
in the granulomas and a cluster of vessels was often
observed. As we previously showed in basic FGF-treated

Ž .sponges Muramatsu et al., 2000 , the hemoglobin content
correlated significantly with the number of microvessels in
each sponge granuloma treated with compound 48r80 or

Ž .vehicle solution Fig. 3A, rs0.778, P-0.001 . As shown
in Fig. 3B, there was also a linear relationship between
lumen area of the microvessels and hemoglobin contents
Ž .rs0.837, P-0.001 .

Toluidine blue stained sections, which were prepared
from sponge granulomas 24 hr after the final injection of
compound 48r80, showed the presence of a relatively
large number of mast cells. In most mast cells, the cyto-
plasm was weakly stained, suggesting that degranulation

Ž .had occurred data not shown .

Fig. 2. Histological sections of 7-day old sponge granulomas treated with
compound 48r80. Sections of the sponge and surrounding granulomas

Ž .stained with hematoxylin. Microvessels arrows , which appear as tubular
structures often filled with erythrocytes, are localized in a cluster within
the granuloma encapsulating the sponge. Bar scale: 100 mm.
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Fig. 3. Hemoglobin contents in sponge granulomas as a parameter for
Ž .angiogenesis. PBS or compound 48r80 100 mgrsiterday was injected

once a day for 7 days. The sponge granulomas were excised at day 7 and
divided into two halves, one for measuring the haemoglobin contents,

Ž .while the other was used for histological studies. A Relationship
between hemoglobin contents and number of microvessels. Open circles:
PBS-injected sponges; closed circles: compound 48r80-injected sponges.

Ž .The regression line was drawn by the least-square method. B Relation-
ship between the hemoglobin contents and lumen area of microvessels.
Open circles: PBS-injected sponges; closed circles: compound 48r80-in-
jected sponges. The regression line was drawn by the least-square method.

3.3. Effects of serine protease inhibitors

Several serine proteases, such as tryptase, chymase,
cathepsin G and carboxypeptidase A, are stored in the

secretary granules of mast cells. We had previously con-
firmed that mast cells in the hamster skin and sponge
granulomas treated with basic FGF or angiotensin II are

Ž .connective tissue type Muramatsu et al., 2000 . Because
tryptase and chymase are major proteases in the connective
tissue mast cells, we investigated the roles of these pro-
teases in compound 48r80-induced angiogenesis. As
shown in Table 1, leupeptin is an inhibitor of hamster
tryptase with an IC value of 8.3 mM. It did not inhibit50

hamster chymase even at 1 mM. Local injection of leu-
Žpeptin, combined with compound 48r80 100 mgrsiter

.day , did not affect compound 48r80-induced angiogene-
sis, even at a dose of 700 nmolrsiterday, which was the

Žhighest dose examined in this series of experiments Fig.
.4A . Leupeptin itself did not have any angiogenic effects

at 700 nmolrsiterday and it also had no effects on
hemoglobin contents in the PBS-treated controls at day 7
Ž .data not shown .

Chymostatin is an inhibitor of chymotrypsin-like serine
Ž .proteases and inhibits hamster chymase IC s0.24 mM ,50

Ž . Ž .but not hamster tryptase IC )100 mM Table 1 . Daily50

injections of chymostatin 1 h prior to the injection of
compound 48r80 dose-dependently inhibited angiogenesis
Ž .Fig. 4B . Significant inhibition was observed at doses
higher than 1 nmolrsiterday, and 65% inhibition was
obtained at a dose of 10 nmolrsiterday, which was the
highest dose examined because of insolubility of this
compound. Chymostatin treatment did not cause bleeding

Žor tissue damage. Treatment with chymostatin alone 10
.nmolrsiterday in PBS-treated controls for 7 days did not

Ž .produce any effects data not shown .
Ž .SBTI is a potent inhibitor of trypsin IC s0.14 mM50

although its inhibitory action is less potent on chy-
Ž . Ž .motrypsin IC s22 mM and elastase IC s340 mM .50 50

SBTI inhibited hamster chymase and tryptase at submicro-
Ž .molar concentrations Table 1 . Local injection of SBTI

into the sponges also inhibited compound 48r80-induced
angiogenesis in a dose-dependent manner. Such inhibition
was significant at 0.14–14 nmolrsiterday, and maximum
inhibition was noted at 4.7 nmolrsiterday, where 75%

Ž .inhibition was observed Fig. 4C .

Table 1
Inhibitory activities of serine protease inhibitors

Inhibitors IC values50

Ž . Ž . Ž . Ž . Ž . Ž .Chymase mM Tryptase mM Chymotrypsin mM Cathepsin G mM Elastase mM Trypsin mM

Leupeptin )1000 8.3"0.74 )1000 )1000 )1000 0.33"0.028
SBTI 0.023"0.002 0.021"0.002 1.0"0.13 1.3"0.11 16"1.8 0.007"0.0005
LBTI 0.019"0.002 0.080"0.009 0.46"0.057 1.4"0.11 )110 0.021"0.002
Chymostatin 0.24"0.018 )100 0.018"0.0015 0.022"0.0019 0.21"0.017 )100
CI-21 0.31"0.033 )100 34"1.6 )100 310"27 )100

Concentrations inhibiting 50% of the activities of the corresponding enzymes were listed. SBTI: soybean trypsin inhibitor; LBTI: lima bean trypsin
inhibitor. The origins of the enzymes and the enzyme assay conditions are described in detail in Section 2. The values are means"S.E.M. from three
independent experiments. Molecular weights of SBTI and LBTI used here were 21,500 and 9000, respectively.
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Ž .Fig. 4. Inhibition of compound 48r80-induced angiogenesis by serine protease inhibitors. Compound 48r80 100 mgrsiterday was injected into the
Ž . Ž . Ž .sponges 1 h after injection of leupeptin A , chymostatin B or SBTI C at various concentrations for 7 days. PBS was used as vehicle to solubilize

leupeptin and SBTI, and PBS containing 0.1% DMSO was used for chymostatin. The mean hemoglobin content at day 7 of each experimental group was
compared with the vehicle-treated control. Each column represents the mean"S.E.M. of eight samples.

We also examined the effects of LBTI, another potent
inhibitor of chymase but a less potent inhibitor of hamster
tryptase. LBTI also inhibited compound 48r80-induced
angiogenesis and the degree of the inhibition was almost

Žsimilar to that of SBTI about 70% inhibition at 11.1
.nmolrsiterday, data not shown .

CI-21 was a synthetic chloromethylketone derivative
Žthat was a relatively specific inhibitor for chymase Table

.1 . In in vitro enzyme assays, its inhibitory activity on
elastase, cathepsin G, trypsin or tryptase was at least 1000
times less potent as compared with the activity on hamster
chymase. As shown in Fig. 4, the administration of this
compound directly into the implanted sponges resulted in a
dose-dependent inhibition of compound 48r80-induced
angiogenesis.

These results suggest that chymase derived from acti-
vated mast cells may be implicated in compound 48r80-
induced angiogenesis.

3.4. Roles of histamine and heparin

It has been demonstrated that histamine and heparin are
Žangiogenic in several angiogenesis models Zauberman et

al., 1969; Jakobsson et al., 1990; Unger et al., 1991; Sorbo
.and Norrby, 1992; Norrby and Sorbo, 1995 . Because

connective tissue mast cells contain relatively large
amounts of histamine and heparin in their granules, we
also examined their roles in compound 48r80-induced
angiogenesis in hamsters. We examined the effects of
pyrilamine, a histamine H1 receptor antagonist on angio-
genesis, and found that only a weak inhibition was noted
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Fig. 5. Inhibition of compound 48r80-induced angiogenesis by pyril-
Ž .amine or protamine. Compound 48r80 100 mgrsiterday was injected

Ž . Ž .into the sponges 1 h after injection of pyrilamine A or protamine B at
various concentrations for 7 days. PBS was used as vehicle to solubilize
these inhibitors. The hemoglobin content of each experimental group at
day 7 was compared with the vehicle-treated control. Each column
represents the mean"S.E.M. of eight samples.

even at a dose more than 860 nmolrsiterday. Administra-
tion of pyrilamine alone in the absence of compound
48r80 did not have any effect even at the highest dose
Ž .2580 nmolrsiterday , compared with the control group
Ž .data not shown . These results suggest that histamine is
only partly involved in compound 48r80-stimulated an-
giogenesis via histamine H1 receptor. We also investigated
the effects of protamine, an inhibitor of heparin, on com-
pound 48r80-induced angiogenesis, as shown in Fig. 5B.
Protamine combined with compound 48r80 inhibited
compound 48r80-induced angiogenesis, resulting in 35%
reduction in hemoglobin contents at 100 mgrsiterday.

Protamine had no effects when administered alone even at
Ž .the highest dose data not shown .

3.5. Chymase in sponge granulomas

Chymase activity, which was determined from His–Leu
release from angiotensin I, in the sponge granulomas was
detected from day 2 and gradually increased to 0.58"0.15
mg of His–Leurminrg wet tissue at day 7. The time
course of this increment was almost parallel to that of

Ž .hemoglobin contents data not shown . As shown in Fig. 6,
His–Leu release correlated with the hemoglobin contents
in the sponge granulomas. These results suggest that chy-
mase activity in the sponge granulomas may play a signifi-
cant role in the progression of angiogenesis. Immunohisto-
chemical studies using an anti-hamster chymase antibody
were also carried out. In frozen sections prepared from

Žsponge granulomas at day 7 24 h after the final injection
.of compound 48r80 , almost all mast cells in the granulo-

Žmas were positively stained with the antibody data not
.shown . In several preparations, the fibrous matrix in close

proximity to mast cells was only slightly stained.

3.6. Antigen-induced angiogenesis in sensitized hamsters

To examine whether activation of mast cells through
antigen- and IgE-dependent pathways can also evoke the
angiogenic response, we determined the effects of local
injection of ovalbumin into the sponges implanted in ham-
sters that had been sensitized with ovalbumin. As shown in

Ž .Fig. 7A, daily injection of ovalbumin 10 mgrsite signi-
ficantly increased hemoglobin contents in the sponge gra-
nulomas from day 2 to day 11 in sensitized hamsters.
Morphologically, developed granulomas encapsulating the

Fig. 6. Relationship between hemoglobin contents and chymase activity
Ž .in each sponge sample. PBS or compound 48r80 100 mgrsiterday

was injected each day and the sponge granulomas were excised at
Ž .predetermined experimental days at days 2, 4, 7, 12 or 16 to measure

the hemoglobin contents and His–Leu releasing activity from angiotensin
I as described in Section 2. Each symbol represents the mean"S.E.M. of

Ž .the given experimental day ns6 . The regression line was drawn by the
least-square method.
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Fig. 7. Antigen-induced angiogenesis in hamsters pre-sensitized with
Ž .ovalbumin. A Time course of increment of haemoglobin contents in

Ž .sponge granulomas. Ovalbumin 10 mgrsiterday or PBS was injected
into the sponges and the hemoglobin contents were determined at days 2,
4, 7 and 11. Closed circles: ovalbumin-injected sponges in the pre-sensi-
tized hamsters; open circles: PBS-injected sponges in the pre-sensitized
hamsters; closed triangles: ovalbumin-injected sponges in non-sensitized

Ž . )hamsters. Each symbol represents the mean"S.E.M. ns6 . P -0.05,
) ) Ž .P -0.01 versus PBS-injected control. B Effects of chymase in-

Žhibitors on angiogenesis induced by ovalbumin. Ovalbumin 10
.mgrsiterday was injected for 7 days and sponge granulomas were

excised at day 7 to determine the hemoglobin contents. Each inhibitor
was injected into the sponge 1 h prior to the injection of ovalbumin. CS:
10 nmolrsiterday chymostatin; SBTI: 100 mgrsiterday SBTI; Leu-
peptin: 100 mgrsiterday. Data are the mean"S.E.M. of four samples in
each group. ) P -0.05 versus vehicle control.

implanted sponge were observed from day 4 and microves-
sels were seen both in the granulomas and stroma infiltrat-

Ž .ing into the sponge matrix data not shown . In control
hamsters injected with the vehicle only, no increment in
hemoglobin contents was observed throughout the experi-
mental period. Injection of ovalbumin in non-sensitized
hamsters induced a slight increase in hemoglobin contents
only at day 11. Finally, we examined the involvement of
mast cell chymase in ovalbumin-induced angiogenesis at
day 7 after sponge implantation by using inhibitors of

Ž . Žchymase Fig. 7B . Direct injection of chymostatin 10
. Ž Ž . .nmolrsiterday or SBTI 100 mg 4.7 nmol rsiterday

significantly inhibited the increment of hemoglobin con-

tents elicited by ovalbumin injections by 71% and 59%,
respectively. Leupeptin, a tryptase inhibitor but not chy-
mase inhibitor, did not show any inhibitory effects at 100
mgrsiterday. A slight, but significant inhibition was ob-

Žserved by treatment with pyrilamine 860 nmolrsiterday;
.data not shown .

4. Discussion

In the present study, we showed that chymase, derived
from activated mast cells, was involved in mast cell-media-
ted angiogenesis. This finding complements our recent

Ž .study Muramatsu et al., 2000 , in which we confirmed
that hamster chymase is angiogenic when injected directly
into the subcutaneously implanted sponges. While our
previous study suggested that basic FGF-induced angio-
genesis might be partly mediated through the endogenous
chymase, the exact origin of chymase in sponge granulo-
mas was not elucidated.

The significant role of mast cell chymase in angiogene-
sis was demonstrated in the present study where several
kinds of chymase inhibitors including chymostatin, SBTI
and LBTI inhibited angiogenesis induced by compound
48r80. As shown in Table 1 and also in many previous
studies, chymostatin is a potent inhibitor of serine pro-
teases with chymotrypsin-like substrate selectivity such as
chymase, cathepsin G or chymotrypsin or elastase. SBTI
and LBTI are also potent inhibitors of hamster chymase at
submicromolar concentrations. It is likely that cathepsin G,

Žwhich are contained in neutrophils or mast cells Schechter
.et al., 1990 or leukocyte-derived elastase may be impli-

cated in new blood vessel formation because mast cells,
neutrophils and macrophages are often observed in the
sponge granulomas or stroma. However, not only chymo-
statin, but also SBTI and LBTI, much weaker inhibitors of
cathepsin G and elastase, inhibited compound 48r80-in-
duced angiogenesis to the same extent, suggesting the
significant role of chymase, which was the primary en-
zyme inhibited by these inhibitors, in angiogenesis.

CI-21 was a chloromethylketone derivative that was
highly specific for human and hamster chymase. Its in-
hibitory action on elastase, cathepsin G, tryptase or trypsin

Ž .was much less potent more than 1000 times , as compared
Ž .with that on hamster chymase Table 1 . Therefore, the

result of the present experiment shown in Fig. 4D strongly
suggests that chymase, not tryptase, elastase or cathepsin
G, should be responsible for the compound 48r80-induced
angiogenesis.

The presence of chymase in the compound 48r80-
treated sponge granulomas was confirmed by the enzy-
matic activity and the immunoreactivity. As shown in Fig.
6, the increase in chymase activity paralleled the progress
of angiogenesis. Immunohistochemical studies also re-
vealed that chymase-like immunoreactivity was also de-
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tected in sponge granulomas, mainly in the granules of
mast cells and in the matrix adjacent to mast cells. These
results suggest a close relationship between mast cell-de-
rived chymase and the angiogenesis in this hamster angio-
genesis model. Probably, the active chymase, released
from mast cells activated by compound 48r80 or various
endogenous stimuli, may be retained on the cell surface of
mast cells or extracellular matrix by binding to heparin-like
molecules and may exert its angiogenic effects.

The possible role of mast cell chymase in the activation
of matrix metalloproteinases and in subsequent angiogene-

Žsis has been recently reported in mice Coussens et al.,
.1999 . The substrate specificity of mouse chymase is

different from that of hamster and human chymase. There-
fore, the substrates of chymase responsible for neovascu-
larization are still unknown in hamsters. It is probable that
chymase may promote angiogenesis by degrading the ma-
trix proteins, generating active cytokines from their latent
forms or activating certain enzymes, including matrix met-

Žalloproteinases in hamsters Vartio et al., 1981; Gruber et
al., 1990; Saarinen et al., 1994; Taipale et al., 1995; Kido

.et al., 1998 . It is also likely that the local generation of
Angiotensin II is mediated by chymase in the sponge
granulomas. Probably, these factors may synergistically
promote the migration and the proliferation of vascular
wall cells, resulting in the formation of new blood vessels.

ŽAs previously reported Majima et al., 1997; Mura-
.matsu et al., 2000 , the hemoglobin contents in the sponge

implants and surrounding granuloma tissues correlated with
the extent of angiogenesis. We also confirmed here that the
hemoglobin contents in sponge granulomas treated with
compound 48r80 correlated significantly with the number

Žand lumen area of newly formed microvessels Fig. 3A
.and B . Furthermore, in our preliminary study, we investi-

Ž .gated the expression of CD31 P-selectin as a marker of
the endothelial cells in the sponge granulomas by reverse-

Ž .transcriptional polymerase chain reaction RT-PCR and
found that expression of CD31 was also correlated with

Žthe hemoglobin contents in the sponge granulomas unpub-
.lished observations . Therefore, the hemoglobin content

represented the extent of angiogenesis in sponge implants.
The sensitivity of mast cells to compound 48r80 varies

Žbetween species Barrett et al., 1983; Leung and Pearce,
.1984 . For example, guinea pig lung mast cells are resis-

tant to the action of compound 48r80. We have confirmed
that hamster peritoneal and cheek pouch mast cells are
activated by treatment with compound 48r80 at physio-
logical concentrations. Although we have not thoroughly
investigated the specificity of compound 48r80 in ham-
sters, it did not show any cytotoxicity or other pharmaco-
logical effects when used with various hamster cell lines

Žincluding HPD-NR Syrian hamster pancreatic cancer cell
. Žline , HIT-T15 cell line from Syrian hamster pancreatic b

. Ž .cells and BHK-21 cell line from Syrian hamster kidney
at the doses employed in the present study. Therefore, we
believe that compound 48r80 is specific as a mast cell

secretagogue in hamsters at the doses used in hamsters, as
in rats.

The importance of mast cells has been suggested in
experiments demonstrating that activation of mast cells
could induce microvessel formation in several in vivo
angiogenesis models including the chick chorioallantoic

Ž .membrane Clinton et al., 1988 and the rat mesentery
Ž .microcirculation model Norrby et al., 1986 . The hamster

sponge-implant model is different from these angiogenesis
models in that angiogenesis is accompanied by develop-
ment of granulation tissue and is partly influenced by
inflammatory andror wound healing reactions. Therefore,
it is probable that certain endogenous angiogenicranti-
angiogenic factors would synergistically act with mast
cell-derived mediators. We confirmed in the previous study
Ž .Muramatsu et al., 2000 that the angiogenic effects of
chymase was pronounced in the presence of other angio-
genic mediators such as basic FGF, although chymase
alone was a proangiogenic factor. Therefore, we used the
sponge-implant model in the present study because the
angiogenic action of chymase should be evaluated in the
presence of endogenous factors.

In addition to chymase, mast cells release or produce
several types of mediators with a variety of biological
functions, such as histamine, proteoglycans, e.g., heparin
and neutral proteases including tryptase, carboxypeptidase
A and cathepsin G. Recent studies also suggest the pres-

Žence of cytokines and growth factors in mast cells Brown
et al., 1987; Gordon and Galli, 1990; Reed et al., 1995;

.Grutzkau et al., 1998 . Activation of mast cells also in-¨
duces the de novo synthesis and release of lipid-mediators,

Ž .such as leukotrienes leukotriene C and leukotriene B ,4 4
Ž .prostaglandins prostaglandin D and platelet-activating2

Ž .factor PAF . Several of these factors have been proved to
be angiogenic. The in vivo angiogenic effects of histamine

Ž .were first reported in the cornea Zauberman et al., 1969 .
Heparin is also angiogenic in vivo and protamine sulphate,

Ža heparin inhibitor, blocks angiogenesis Taylor and Folk-
.man, 1982 . Tryptase stimulates the proliferation of vari-

ous types of cells including smooth muscle cells and
Ž .fibroblasts Ruoss et al., 1991; Brown et al., 1995 . It also

stimulates endothelial cells to form a tubular structure in
Ž .vitro Blair et al., 1997 .

We also investigated in the present study the roles of
some of these factors in the hamster sponge angiogenesis
model. Our results suggest that histamine is, at least, in
part implicated in compound 48r80-induced angiogenesis

Ž .because pyrilamine histamine H1 receptor antagonist had
only weak inhibitory effects. Further, pyrilamine showed
only a slight inhibitory effect in antigen-induced angiogen-
esis. Hence, histamine released from mast cells seems to
be only partially involved in the angiogenic process in
hamsters.

Compound 48r80-induced angiogenesis is probably not
mediated by mast cell-derived tryptase, because leupeptin,
a potent inhibitor of tryptase, did not suppress angiogene-
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sis at a dose of 100 mgrsite. In addition, leupeptin did not
inhibit the development of granulomas, suggesting that
tryptase is unlikely to be involved in the proliferation of
fibroblasts. Although the reason for the discrepancy be-
tween the in vitro mitogenicrangiogenic activity in cul-
tured cells and the present in vivo study is not known, it is
likely that tryptase activity in vivo is regulated by the
intrinsic inhibitors.

Mast cell is known as a major participant in certain
inflammatory diseases including allergic reactions and
asthma. The present results suggest that repetitive antigen
challenge could induce angiogenesis via chymase-depen-
dent mechanisms in these human diseases. These findings
suggest the therapeutic potential of specific chymase in-
hibitors in allergic diseases.

In conclusion, we demonstrated in the present study that
mast cell activation by compound 48r80 or antigen in-
duced angiogenesis in the hamster sponge angiogenesis
model. Our results also showed that the angiogenic re-
sponse was inhibited by treatment with chymase inhibitors,
suggesting that mast cell-derived chymase is an important
mediator of mast cell-dependent angiogenesis in hamsters.
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