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The protease mRNA expression pbenotype of in-
dividual mast cells was studied by in situ bybrid-
ization. Mouse mast cell protease (MMCP)-2
mRNA was expressed by mast cells located in the
mucosa of the stomach of WB-+/+ and (WB X
C57BL/6)F ,-+/+ (bereafter WBBG6F ,-+/+) mice
but not by mast cells in the same tissue of C57BL/
6-+/+ mice. Even in the stomach of WBBG6F ,-+/+
mice, mast cells located in the muscularis pro-
pria did not express MMCP-2 mRNA. The mRNAs
of MMCP-4 and mouse mast cell carboxypepti-
dase A were not expressed by mast cells in the
stomach mucosa of untreated WBBG6F ,-+/+ mice
but were expressed after the infection of
Strongyloides venezuelensis We examined
whether MMCP-2 mRNA expression varied by
changing environments of mast cells. Cultured
mast cells of WBB6F ,-+/+ mice that expressed
MMCP-2 mRNA were transplanted into the stom-
ach wall of genetically mast-cell-deficient
WBBGOF ,-W/W"* mice. Mast cells that appeared in
the mucosa expressed the MMCP-2 mRNA, but
mast cells that appeared in the muscularis pro-
pria did not, indicating the adaptation of cul-
tured mast cells into a new environment. In con-
trast to cultured mast cells, peritoneal mast cells
of WBBGF,-+/+ mice that expressed MMCP-2
mRNA as well did not adapt to the muscularis
propria of WBBG6F,-W/W" mice. The MMCP-2
mRNA remained to be expressed after the settle-
ment in eitber the mucosa or the muscularis pro-
pria. Furtbermore, the peritoneal mast cells did
not change the MMCP-4 and MMCP-6 mRNA ex-
pression pbenotype after the settlement in either

the mucosa or the muscularis propria of
WBBGF ,-W/W* mice. The present result indicated
that both intracellular factors such as strain
specificity and source of mast cells and extracel-
lular factors such as tissue specificity and bel-
minth infection influenced the protease expres-
sion  pbenotypes. (Am J Patbol 1997,
150:1373-1382)

Seven distinct serine proteases that are designated
mouse mast cell protease (MMCP) 1 through 7 and
mouse mast cell carboxypeptidase A (MC-CPA)
have been identified in the secretory granules of
different populations of mouse mast cells by protein
sequencing and/or by cDNA cloning.'~® Factors that
influence the expression of MRNA of these proteases
have been studied by Northern blotting analysis.'~®
As relatively large numbers of homogeneous mast
cell populations are necessary for Northern blotting
analysis, cultured mast cells (CMCs) are used as the
material of most experiments.’~® Peritoneal mast
cells (PMCs) can be obtained by pure suspensions,
but many mice should be sacrificed to harvest suffi-
cient numbers of pure PMCs for the Northern analy-
sis. As MMCPs and MC-CPA appear to be ex-
pressed only by mast cells, tissue specimens
containing mast cells may be used as the material for
Northern analysis of these mast-cell-specific pro-
teases.” However, there is a possibility that protease
expression phenotypes of mast cells within a tissue
may not be homogeneous.® In fact, histochemical
and electron microscopic features of mast cells are
different among mast cells within the dermis of rats
and mice.>© As we have shown that the in situ
hybridization histochemistry is applicable for the
analysis of protease expression phenotypes of mast
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cells®'" we used this technique instead of the
Northern blotting in the present study.

We induced changes in histochemical features of
mast cells by transplanting CMCs or PMCs of
WBB6F,-+/+ mice into tissues of mast-cell-deficient
WBB6F,-W/W" mice.'®> When CMCs were injected
into the peritoneal cavity of WBB6F,-W/W" mice,
berberine-sulfate-negative CMCs changed. to ber-
berine-sulfate-positive mast cells, suggesting that
chondroitin-sulfate-containing CMCs may change to
heparin-containing PMCs."2 Chemical analysis of
proteoglycan confirmed this change.’® On the other
hand, when berberine-sulfate-positive PMCs were
injected into the stomach wall of WBB6F,-W/W"
mice, mast cells that developed in the mucosa were
berberine sulfate negative whereas mast cells that
developed in the muscularis propria remained to be
berberine sulfate positive.'* This suggested that he-
parin-containing PMCs may change to chondroitin-
sulfate-containing mucosal mast cells. In the present
study, we examined whether protease expression
phenotypes of CMCs and PMCs of WBB6F,-+/+
mouse origin may change after the transplantation
into the stomach wall of WBB6F,-W/W" mice.

Materials and Methods
Mice

WB-+/+ and C57BL/6-+/+ mice were raised in our
laboratory, and (WB x C57BL/6) F,-W/W" and -+/+
mice (hereafter called WBB6F,-W/W" and -+/+
mice) were purchased from the Japan SLC
(Hamamatsu, Japan). WBB6F,-W/W" mice are ge-
netically deficient in mast cells.'® Mice were used at
2 to 6 months of age.

Establishment of CMCs and Furification of
PMCs

Pokeweed-mitogen-stimulated  spleen-cell-condi-
tioned medium (PWM-SCM) was prepared as de-
scribed by Nakahata et al."® To obtain CMCs, bone
marrow cells were harvested from 2-month-old WB-
+/+, C57BL/6-+/+, and WBB6F,-+/+ mice. Culture
flasks (Nunc, Roskilde, Denmark) containing 1 X
10%/ml bone marrow cells in a-minimal essential me-
dium (a-MEM; ICN Biomedicals, Costa Mesa, CA)
supplemented with 10™% mol/L 2-mercaptoethanol,
10% PWM-SCM and, 10% fetal calf serum (Nippon
Bio-Supplement Center, Tokyo, Japan) were incu-
bated at 37°C in a humidified atmosphere of 5% CO,
in air. One-half of the medium was replaced every 7

days, and more than 95% of cells were CMCs 4
weeks after the initiation of the culture.' Purification
of PMCs from mice were performed according to the
method described by Yurt et al.’”

Northern Blot Analysis

Total RNA was prepared from CMCs of WB-+/+,
WBB6F,-+/+, or C57BL/6-+/+ mouse origin. The
cDNA probes for MMCP-2, MMCP-6, and MC-CPA
were prepared in our laboratory.®'® Northern blot
analysis was performed using MMCP-2, MMCP-6,
MC-CPA, and mouse B-actin cDNAs labeled with
a-[32P]dCTP (DuPont/NEN Research Products, Bos-
ton, MA; 10 mCi/ml) as probes. After hybridization at
42°C, blots were washed to a final stringency of 0.2X
standard saline citrate (150 mmol/L NaCl, 15 mmol/L
trisodium citrate, pH 7.4) at 50°C and subjected to
autoradiography.

Preparation of Probes for in Situ
Hybridization

Total RNA extracted from CMCs of WBB6F,-+/+
mice was used as a template, and the single-strand
cDNA was synthesized with an antisense primer by
reverse transcriptase (Takara Shuzou, Kyoto, Ja-
pan). cDNAs for MMCP-2, -4, and -6 and MC-CPA
were amplified by a Perkin-Elmer Cetus (Norwalk,
CT) DNA thermal cycler using Taqg DNA polymerase
(Takara Shuzou).'® The products were subcloned
into the EcoRV site of Bluescript KS (=) plasmid
(Stratagene, La Jolla, CA), and the sequence was
confirmed by model 373A DNA sequencer (Applied
Biosystems, Foster City, CA) according to the
method of Sanger et al.'® This plasmid was either
linealized with Hindlll and transcribed with T7 RNA
polymerase to generate an antisense probe or lin-
ealized with EcoRl and transcribed with T3 RNA
polymerase to generate a sense probe.

In Situ Hybridization

CMCs or PMCs (10°%) were collected, washed with
phosphate-buffered saline, and mixed with 2% aga-
rose (FMC BioProducts, Rockland, ME). The mixture
was fixed with 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) overnight and embedded
in paraffin. Tissues were also fixed with 4% parafor-
maldehyde in 0.1 mol/L phosphate buffer (pH 7.4)
and embedded in paraffin. Serial sections (4 um
thick) were cut; sections of odd numbers were used
to identify mast cells by staining alcian blue and



nuclear fast red, and sections of even numbers were
used for in situ hybridization. Hybridization was car-
ried out as described elsewhere with minor modifi-
cations.2° Digoxigenin-labeled single-strand RNA
probes were prepared using a DIG RNA labeling kit
(Boehringer Mannheim GmbH Biochemica, Mann-
heim, Germany) according to the manufacturer’s in-
structions.

Controls included 1) hybridization with the sense
probe, 2) RNAse A treatment (20 ug/ml) before hy-
bridization, and 3) use of neither an antisense RNA
probe nor an anti-digoxigenin antibody.?® None of
the three controls showed any positive signals.

Proportion of Protease mRNA-Expressing
Mast Cells

Number of alcian-blue-positive mast cells and num-
bers of MMCP-2, MMCP-4, MMCP-6, or MC-CPA
mRNA-expressing cells were counted in the adja-
cent sections. Because in some cases numbers of
mast cells counted in a pair of adjacent sections was
few, data of many pairs of adjacent sections were
pooled.

Infection of Helminth

A strain of Strongyloides venezuelensis used in this
study was originally isolated from a wild brown rat in
Okinawa, Japan, established as a laboratory
strain,2! and is now maintained in the Miyazaki Med-
ical College with serial passages in Wistar rats.??
Third-stage infective larvae (L3) were obtained from
fecal culture by the filter paper method.?? The de-
gree of infection was monitored daily by egg excre-
tion in feces (EPG) from five animals. WBB6F-+/+
mice were infected by subcutaneous injections of
1000 L3. Mice were killed on day 12, and the jejunum
was removed and used for in situ hybridization his-
tochemistry.

Transplantation of CMCs or PMCs

Recipient WBB6F,-W/W" mice were anesthetized
with Nembutal; the peritoneal cavity was opened,
and the stomach was exposed. CMCs or PMCs from
WBB6F ,-+/+ or C57BL/6-+/+ mice were counted in
a standard hemocytometer and were injected into
the wall of the glandular stomach of WBB6F,-W/W"
mice.’ Cells (10%) suspended in 0.1 ml of a-MEM
were injected with a tuberculin syringe. Each mouse
received two injections that were marked by tattoo-
ing both sides with India ink. WBB6F,-W/W" mice
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were killed 5 or 10 weeks after the injections. Injec-
tion sites that could be identified by the presence of
India ink were removed. Serial sections were made,
and one section was stained with alcian blue and
nuclear fast red and another section was used for in
situ hybridization.

Results

CMCs were obtained from mice of WB-+/+, C57BL/
6-+/+, and WBB6F,-+/+, and the expression of
MMCP-2, MMCP-6, and MC-CPA was examined by
Northern blotting. The expression of MMCP-6 and
MC-CPA was comparable among CMCs of the ex-
amined mouse strains, but the expression of
MMCP-2 was significantly greater in CMCs of WB-
+/+ and WBB6F,-+/+ mouse origin than in CMCs of
C57BL/6-+/+ mouse origin (Figure 1A). We then
examined the MMCP-2 mRNA expression in the
stomach of WBB6F,-+/+ and C57BL/6-+/+ mice by
in situ hybridization. The MMCP-2 mRNA was ex-
pressed by mast cells located in the mucosa of
WBB6F,-+/+ mice but not by those of C57BL/6-+/+
mice (Figure 1B). Mast cells are present not only in
the mucosa but also in the muscularis propria of the
stomach. In contrast to the mast cells located in the
mucosa, those of the muscularis propria did not
express MMCP-2 mRNA even in the WBB6F,-+/+
mice (data not shown). The expression of the
MMCP-2 mRNA was influenced by both mouse
strains and tissue environments.

Enhanced expression of mast cell proteases in the
mucosa of the small intestine has been reported after
the infection of helminths.232% The enhancement
may be attributable to the increase in number of
mast cells in the mucosa. We used the in situ hybrid-
ization histochemistry to examine whether the ex-
pression of mast cell proteases changed after the
infection in individual mast cell levels. WBB6F,-+/+
mice were infected with S. venezuelensis, and the
expression of MMCP-2, MMCP-4, MMCP-6, and MC-
CPA was examined. Mast cells in the jejunal mucosa
expressed only MMCP-2 mRNA before the infection
(Figure 2A). The number of mast cells increased
remarkably after the infection, and the increased
mast cells expressed MMCP-2 (Figure 2B), MMCP-4
(Figure 2C), and MC-CPA (Figure 2D) mRNAs. As
the number of mast cells in the jejunal mucosa of
uninfected mice was small, there is a possibility that
mast cells expressing MMCP-4 or MC-CPA mRNA
could not be recognized. We examined the expres-
sion of these proteases in the mast cells in the stom-
ach mucosa of uninfected animals, in which more
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Figure 1. A: Expression of MMCP-2, MMCP-6, and MC-CPA mRNA transcripts in CMCs of WB-+/+, WBBGF,-+/+, and C57BL/6-+/+ mouse origin.
Total RNA was extracted from CMCs of WB-+/+, WBBGF -+ /+, and C57BL/G-+/+ mice, and 20 pg of total RNA was electropboresed and bybridized
with MMCP-2, MMCP-6, or MC-CPA probe. B: Expression of MMCP-2 mRNA in the stomach mucosa. 1: Stomach mucosa of WBBGF,-+/+ mice stained
with alcian blue and nuclear fast red. 2: An adjacent section of 1. The expression of MMCP-2 mRNA is demonstrated by in situ bybridization. 3:
Stomach mucosa of C57BL/G-+/+ mice stained with alcian blue and nuclear fast red. 4: An adjacent section of 3. No mast cells expressed MMCP-2
mRNA. Arrowheads indicate the same mast cells in the paired photographs. Magnification, X 400.

mast cells were detectable. Mast cells in the stom-
ach mucosa of uninfected animals did not express
MMCP-4 and MC-CPA mRNAs either (Table 1), sug-
gesting that the expression of MMCP-4 and MC-CPA
mRNAs was induced by the infection of S. venezu-
elensis in mast cells of the jejunal mucosa. The
MMCP-6 mRNA was expressed neither before nor
after the infection by mast cells in the jejunal mucosa
of WBB6F,-+/+ mice (Figure 2E). The expression of
MMCP-2 mRNA was also examined in C57BL/6-+/+
mice after the infection. Although the number of mast
cells remarkably increased in the jejunal mucosa of
C57BL/6-+/+ mice after the infection, these mast
cells did not express the MMCP-2 mRNA even after
the infection (Figure 2F).

Mast cells in the mucosa of the stomach ex-
pressed the MMCP-2 mRNA in WBB6F,-+/+ mice,
but those of the muscularis propria did not. Both
CMCs and PMCs of WBB6F,-+/+ mouse origin ex-
pressed the MMCP-2 mRNA (Figure 3, A to D). We
injected CMCs or PMCs of WBB6F,-+/+ mouse or-
igin into the stomach wall of genetically mast-cell-

deficient WBB6F,-W/W" mice to examine whether
the expression of MMCP-2 was influenced by the
tissue environment, in which the injected mast cells
settled. Although CMCs and PMCs were injected into
the muscularis propria, mast cells appeared in both
the mucosa and the muscularis propria. When CMCs
were injected, the mast cells that appeared in the
mucosa expressed the MMCP-2 mRNA (Figure 3, E
and F), but the mast cells that appeared in the mus-
cularis propria did not (Figure 3, G and H). On the
other hand, when PMCs were injected, both the mast
cells that appeared in the mucosa and those that
appeared in the muscularis propria continued to ex-
press the MMCP-2 mRNA (Figure 3, | to L). We
counted the number of alcian-blue-positive mast
cells and MMCP-2 mRNA-expressing cells in the
adjacent sections and calculated the proportion of
MMCP-2 mRNA-expressing mast cells. At 5 weeks
after the injection, the proportion of MMCP-2 mRNA-
expressing mast cells was significantly higher in the
muscularis propria of WBB6F,-W/W" mice injected
with +/+ PMCs than in the muscularis propria of
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Figure 2. Effect of the Strongyloides venezuelensis infection on the protease mRNA expression in WBBGF ,-+/+ and C57BL/6-+/+ mice. A: Expression
of MMCP-2 mRNA by a mast cell in the jejunum of an untreated WBBGF ,-+/+ mouse. B: Increase of MMCP-2 mRNA-expressing mast cells in the
Jejunum of an infected WBBGF -+ /+ mouse. C: Expression of MMCP-4 mRNA by the increased mast cells in the jejunum of a WBBGF -+ /+ mouse.
D: Expression of MC-CPA mRNA by the increased mast cells in the jejunum of an infected WBBGF ,-+/+ mouse. E: MMCP-6 mRNA was not expressed
by the increased mast cells in the jejunum of an infected WBBGF ;-+/+ mouse. F: Jejunum of C57BL/6-+/+ mouse. The increased number of mast

cells did not express MMCP-2 mRNA. Magnification, X 400.

WBB6F ,-W/W" mice injected with +/+ CMCs (Table
2). There is a possibility that 5 weeks may not be
enough to induce changes in the phenotype of
PMCs that reside in the muscularis propria of the
stomach of WBB6F,-W/W" mice. Therefore, we

killed several WBB6F,-W/W" mice 10 weeks after
the injection of PMCs. The proportion of MMCP-2
mRNA-expressing mast cells remained to be high in
the muscularis propria even 10 weeks after the in-
jection of +/+ PMCs (Table 2). In one experiment,

Table 1. Effect of Strongyloides venesuelensis Infection on Proportion of Mast Cells that Expressed MMCP-2, MMCP-4,
MMCP-6, or MC-CPA mRNA in the Mucosa of the Jejunum of WBBOF,~+/+ Mice

Number of cells*

Percentage of cells expressing

Alcian- Protease mRNA of each protease to

Proteases Infection Tissue blue+ mRNA+ alcian-blue+ cells
MMCP-2 No Stomach' 154 145 94

No Jejunum 11 10 91

Yes Jejunum 205 195 95
MMCP-4 No Stomach' 150 0 0

No Jejunum 10 0 0

Yes Jejunum 250 235 94*
MMCP-6 No Stomach? 138 0 0

No Jejunum 8 0 0

Yes Jejunum 233 0 0
MC-CPA No Stomach? 154 0 0

No Jejunum 9 0 0

Yes Jejunum 188 172 91%

*Pooled data of two to three mice. As the number of mast cells in the jejunal mucosa of uninfected mice was small, approximately three

sections were examined for each mouse.

TData of stomach mucosa are shown because the number of mast cells in the jejunal mucosa of uninfected mice was small.
*P < 0.01, when compared with the value observed in the mucosa of the jejunum or stomach of uninfected mice.
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Figure 3. Expression of MMCP-2 mRNA demonstrated by in situ hybridization. A: CMCs of WBBGF -+ /+ mice stained with alcian blue and nuclear
Jfast red. B: Expression of MMCP-2 mRNA by CMCs of WBBGF -+ /+ mouse origin. C: PMCs obtained from WBBGF ,-+/+ mice stained with alcian
blue and nuclear fast red. D: Expression of MMCP-2 mRNA by PMCs from WBBGF -+ /+ mice. E: Development of mast cells in the stomach mucosa
of a WBBGF -W/W " mouse after the transplantation of CMCs derived from WBBGF ,-+/+ mice, demonstrated by staining with alcian blue and
nuclear fast red. F: An adjacent section of E. Expression of MMCP-2 mRNA by the CMC-derived mast cells was demonstrated by in situ bybridization.
G: Development of mast cells in the muscularis propria of a WBBGF;-W/W" mouse after the transplantation of CMCs derived from WBBGF,-+/+ mice,
stained with alcian blue and nuclear fast red. H: An adjacent section of G. MMCP-2 mRNA was not expressed by the CMC-derived mast cells. |:
Development of mast cells in the stomach mucosa of a WBBGF,;-W/W" mouse after the transplantation of PMCs from WBBGF,-+/+ mice, stained with
alcian blue and nuclear fast red. J: An adjacent section of |. MMCP-2 was expressed by the PMC-derived mast cells. K: Development of mast cells in
the muscularis propria of a WBBGF,-W/W" mouse after the transplantation of PMCs from WBBGF,-+/+ mice, stained with alcian blue and nuclear
fast red. L: An adjacent section of K. In contrast with the CMC-derived mast cells shown in L, the PMC-derived mast cells remained to express MMCP-2
mRNA even dfter the settlement in the muscularis propria. Arrowheads indicate the same mast cells in the paired photographs. Magnification, X 1000
(A to D) and X400 (E toL).

CMCs of C57BL/6-+/+ mouse origin were injected
into the muscularis propria of WBB6F,-W/W" mice.

tlement in the stomach of WBB6F,-W/W" mice. At 5
weeks after the injection of +/+ PMCs into the stom-

Although mast cells appeared in both the mucosa
and the muscularis propria, both mast cells did not
express the MMCP-2 mRNA at all (data not shown).

Approximately one-half of PMCs of WBB6F,-+/+
mice expressed MMCP-4 and MMCP-6 mRNAs.
Then we examined whether +/+ PMCs continued to
express MMCP-4 and MMCP-6 mRNAs after the set-

ach wall of WBB6F-W/W" mice, the recipient mice
were killed and the proportion of MMCP-4 mRNA-
expressing cells to alcian-blue-positive mast cells
and the proportion of MMCP-6 mRNA-expressing
cells were obtained. Although mast cells in the stom-
ach mucosa of WBB6F,-+/+ mice did not express
MMCP-4 and MMCP-6 mRNAs, approximately one-
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Table 2. Proportion of MMCP-2 mRNA-Expressing Cells in Various Mast Cell Populations

Mast cells

Percentage of cells

Number of cells expressing MMCP-2

mRNA to alcian-blue+

Mast cells in +/+ mucosa*

Mast cells in +/+ muscle*

+/+ CMCs

+/+ CMCs in W/W" mucosa 5 weeks after injectiont*
+/+ CMCs in W/WY muscle 5 weeks after injection*
+/+ PMCs

+/+ PMCs in W/WY mucosa 5 weeks after injection?!
+/4+ PMCs in W/W" muscle 5 weeks after injection*!
+/+ PMCs in W/W" mucosa 10 weeks after injection*!
+/+ PMCs in W/W" muscle 10 weeks after injection*!

Alcian-blue+  MMCP-2 mRNA+ cells
140 124 89
120 0 0
205 193 95

78 68 87
247 2 18
202 175 87

35 28 80
230 166 727

M 30 73
141 99 70"

*Mast cells in the mucosa and those of the muscularis propria of WBB6F,-+/+ mice, respectively.
TCMCs of WBB6F;-+/+ mouse origin were injected into the stomach wall of WBB6F,-W/W" mice.

*Pooled data of two to three injection sites.

SP < 0.01, when compared with the value of +/+ CMCs or with the value of mast cells that appeared in the mucosa of WBB6F,-W/W

mice after injection of +/+ CMCs.

PMCs of WBB6F,-+/+ mouse origin were injected into the stomach wall of WBB6F,-W/W " mice.
P < 0.01, when compared with the value of mast cells in the muscularis propria of WBB6F,-+/+ mice or with the value of mast cells
that appeared in the muscularis propria of WBB6F,-W/W" mice after injection of +/+ CMCs.

half of mast cells in the stomach mucosa of the
WBB6F ,-W/W" recipient mice expressed MMCP-4
and MMCP-6 (Tables 3 and 4).

Discussion

The present results showed that several factors in-
fluence the protease expression phenotype of mast
cells in tissues of mice. The poor expression of
MMCP-2 in the ear of BALB/c-+/+ mice has been
reported by Stevens et al.?*2® The present results
showed the poor expression of MMCP-2 mRNA in
the stomach mucosa, stomach muscle, and CMCs of
C57BL/6-+/+ mice. Whether the same genetic
mechanisms regulate the poor MMCP-2 expression
in both BALB/c and C57BL/6 mice should be exam-
ined. The poor MMCP-2 expression was also ob-
served after the transplantation of C57BL/6-+/+
CMCs into the stomach mucosa of WBB6F,-W/WY
mice. As the CMCs derived from WBB6F,-W/WVY
mice did express MMCP-2,25 the poor MMCP-2 ex-

pression in mast cells of C57BL/6-+/+ mouse origin
did not appear to be influenced by the tissue envi-
ronment of WBB6EF,-W/W" mice.

The physiological importance of the MMCP-2
mRNA expression in the gastrointestinal mucosa has
not been reported to our knowledge. However, Goyal
et al®® described that the response to Trichinella spi-
ralis was different among strains of mice. The rapidity
and level of the mast cell response in the C57BL/10
strain were lower than the values observed in the NIH
strain. The mRNA expression of MMCP-2 has not
been reported in C57BL/10 mice, and the mast cell
response of C57BL/6 mice to T. spiralis has not been
compared with that of NIH mice. If C57BL/6 mice
show the poor mast cell response and if NIH mice
express the normal level of MMCP-2, there is a pos-
sibility that MMCP-2 may be involved in the mast cell
response to T. spiralis.

Tissue environments also influenced the expres-
sion of MMCP-2 mRNA. When CMCs of WBB6F,-

Table 3. Proportion of MMCP-4 mRNA-Expressing Cells in Various Mast Cell Populations

Percentage of cells

Number of cells expressing MMCP-4

mRNA to alcian-blue+

Mast cells Alcian-blue+ MMCP-4 mRNA+ cells
Mast cells in +/+ mucosa* 110 0 0
Mast cells in +/+ muscle* 62 26 42
+/+ PMCs 179 79 44
+/+ PMCs in W/W" mucosa 5 weeks after injection’* 47 21 448
+/+ PMCs in W/W" muscle 5 weeks after injection’™ 192 80 42

*Mast cells in the mucosa and those of the muscularis propria of WBB6F,-+/+ mice, respectively.
TPMCs of WBB6F,-+/+ mouse origin were injected into the stomach wall of WBB6F,-W/W ¥ mice.

*Pooled data of two to three injection sites.

SP < 0.01, when compared with the value of mast cells in the mucosa of WBB6F,-+/+ mice.
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Table 4. Proportion of MMCP-6 mRNA-Expressing Cells in Various Mast Cell Populations

Percentage of cells

Number of cells expressing MMCP-6

mRNA to alcian-blue+

Mast cells Alcian-blue+  MMCP-6 mRNA+ cells
Mast cells in +/+ mucosa* 105 0 0
Mast cells in +/+ muscle* 116 59 51
+/+ PMCs 179 91 51
+/+ PMCs in W/W" mucosa 5 weeks after injectiont* 40 23 578
+/+ PMCs in W/W" muscle 5 weeks after injectiont* 246 131 53

*Mast cells in the mucosa and those of the muscularis propria of WBB6F,-+/+ mice, respectively.
TPMCs of WBB6F,-+/+ mouse origin were injected into the stomach wall of WBB6F,-W/W " mice.

*Pooled data of two to three injection sites.

SP < 0.01, when compared with the value of mast cells in the mucosa of WBB6F,-+/+ mice.

+/+ mice were injected into the stomach wall of
WBB6F,-W/W" mice, mast cells developed in both
the muscularis propria and the mucosa.’® The in-
jected CMCs and the mast cells that appeared in the
mucosa expressed MMCP-2 mRNA, but the mast
cells that appeared in the muscularis propria did not,
suggesting that the MMCP-2 mRNA expression was
suppressed in the muscularis propria by certain tis-
sue factors. By the transplantation of CMCs into the
stomach wall of WBB6F,-W/W" mice, both the ex-
pression of MMCP-2 and the type of proteoglycan
changed.™ The MMCP-2 expression continued in
the mucosa but stopped in the muscularis propria.
Mast cells in the muscularis propria were stained
with berberine sulfate, suggesting the content of
heparin, but those of the mucosa were not stained
with berberine sulfate as observed in the injected
CMCs, suggesting the content of chondroitin sul-
fate.’2 In both cases, the injected CMCs showed the
phenotype of mast cells located in the stomach of
WBB6F,-+/+ mice (MMCP-2 positive and berberine
sulfate negative in the mucosa and MMCP-2 nega-
tive and berberine sulfate positive in the muscularis
propria).

In contrast with CMCs the phenotype of which
adapted to the new tissue environment after the
transplantation to WBB6F,-W/W" mice, PMCs of
WBB6F,-+/+ mice remained to express MMCP-2
mRNA in both the mucosa and the muscularis pro-
pria of WBB6F,-W/W" mice even 10 weeks after the
injection. This suggested the presence of different
regulation mechanisms of MMCP-2 mRNA between
CMCs and PMCs. The MMCP-2 mRNA expression of
PMCs did not appear to be suppressed by tissue
factors of the stomach muscle that could suppress
the MMCP-2 expression in CMCs. The mRNA ex-
pression of MMCP-4 and MMCP-6 by +/+ PMCs
was not suppressed by the transplantation into the
stomach mucosa of WBB6F,-W/W" mice either. The
present result is not consistent with the change of

staining characteristics observed after the transplan-
tation of PMCs of WBB6F,-+/+ mice into the stom-
ach wall of WBB6F,-W/W" mice. Berberine-sulfate-
positive PMCs retained its original phenotype in the
muscularis propria but became berberine sulfate
negative in the mucosa.'® The present result sug-
gests that the protease expression phenotype and
the type of proteoglycan phenotype may be regu-
lated by different mechanisms.

Infection of S. venezuelensis induced the expres-
sion of MMCP-4 and MC-CPA in mast cells localized
in the jejunal mucosa of WBB6F,-+/+ mice. Finkel-
man et al®” reported the expression of interleukin
(IL)-3, IL-4, IL-5, IL-9, and IL-10 genes in mesenteric
lymph nodes and Peyer’s patches increased after
the infection of Nippostrongyloides brasiliensis. Friend
et al®® reported that the protease phenotype of mast
cells changed during the course of T. spiralis infec-
tion. However, the physiological significance of this
change is not clear. As addition of stem cell factor
and IL-9 in the culture medium increased the expres-
sion of MMCP-4 in CMCs,2°-3° the cytokine for which
production was induced by the helminth infection led
in turn to the expression of MMCP-4 mRNA. This is
also consistent with the present result that the ex-
pression of MMCP-6 mRNA was not detectable after
the helminth infection. Production of IL-3 followed the
helminth infection,?® and IL-3 has been reported to
suppress the MMCP-6 mRNA expression.2®3

The present result showed that various factors can
influence the protease expression phenotype of
mast cells. These factors can divide into two cate-
gories: intracellular and extracellular factors. The
strain specificity has not been well defined but ap-
pear to be intracellular in nature. The poor expres-
sion of MMCP-6 in the mutant mi/mi mice was attrib-
uted to the abnormality of the transcription factor
encoded by the mouse mi locus.”®3'32 GATA-bind-
ing transcription factors are also known to influence
the expression of MC-CPA.34 Transcription factors



are apparently intracellular factors. Soluble cyto-
kines such as IL-3, IL-4, and IL-9, cell-bound cyto-
kines such as stem cell factor, and extracellular ma-
trices are extracellular factors. The in situ
hybridization histochemistry is considered to be a
suitable method to study the protease expression
phenotypes of mast cells in tissues.

Several potential properties of mast cell proteases
have been reported. The human mast cell tryptase
degrades fibrinogen,®® activates prostromelysin,3®
and stimulates the proliferation of fibroblasts.3” On
the other hand, the human mast cell chymase de-
grades basement membrane,®® activates the IL-18
precursor,® and generates angiotensin 11.4° Al-
though the present study did not directly demon-
strate any physiological roles of mast cell proteases,
the dynamic changes in the mRNA expression of
mast cell proteases may implicate their physiological
importance.

References

1. Reynolds DS, Stevens RL, Gurley DS, Lane WS, Austen
KF, Serafin WE: Isolation and molecular cloning of mast
cell carboxypeptidase A: a novel member of the car-
boxypeptidase gene family. J Biol Chem 1989, 264:
20094 -20099

2. Serafin WE, Reynolds DS, Rogelj S, Lane WS, Conder
GA, Johnson SS, Austen KF, Stevens RL: Identification
and molecular cloning of a novel mouse mucosal mast
cell serine protease. J Biol Chem 1990, 265:423-429

3. Serafin WE, Sullivan TP, Conder GA, Ebrahimi A, Mar-
cham P, Johnson SS, Austen KF, Reynolds DS: Cloning
of the cDNA and gene for mouse mast cell protease 4:
demonstration of its late transcription in mast cell sub-
classes and analysis of its homology to subclass-spe-
cific neutral proteases of the mouse and rat. J Biol
Chem 1991, 266:1934-1941

4. Reynolds DS, Gurley DS, Austen KF, Serafin WE: Clon-
ing of the cDNA and gene of mouse mast cell
protease-6: transcription by progenitor mast cells and
mast cells of the connective tissue subclass. J Biol
Chem 1991, 266:3847-3853

5. McNeil HP, Austen KF, Somerville LL, Gurish MF,
Stevens RL: Molecular cloning of the mouse mast cell
protease-5 gene: a novel secretory granule protease
expressed early in the differentiation of serosal mast
cells. J Biol Chem 1991, 266:20316-20322

6. McNeil HP, Reynolds DS, Schiller V, Ghildyal N, Gurley
DS, Austen KF, Stevens RL: Isolation, characterization,
and transcription of the gene encoding mouse mast
cell protease 7. Proc Natl Acad Sci USA 1992, 89:
11174-11178

7. Ebi Y, Kanakura Y, Jippo-Kanemoto T, Tsujimura T,
Furitsu T, lkeda H, Adachi S, Kasugai T, Nomura S,
Kanayama Y, Yamatodani A, Nishikawa S-1, Matsuzawa

11.

12.

13.

14,

15.

16.

17.

18.

19.

Mast-Cell-Specific Proteases 1381
AJP April 1997, Vol. 150, No. 4

Y, Kitamura Y: Low c-kit expression of cultured mast
cells of mi/mi genotype may be involved in their defec-
tive responses to fibroblasts that express the ligand for
c-kit. Blood 1992, 80:1454-1462

. Kasugai T, Oguri K, Jippo-Kanemoto T, Morimoto M,

Yamatodani A, Yoshida K, Ebi Y, Isozaki K, Tei H,
Tsujimura T, Nomura S, Okayama M, Kitamura Y: De-
ficient differentiation of mast cells in the skin of mi/mi
mice: usefulness of in situ hybridization for evaluation of
mast cell phenotype. Am J Pathol 1993, 143:1337-
1347

. Aldenborg F, Enerbéack L: Histochemical heterogeneity

of dermal mast cells in athymic and normal rats. Histo-
chem J 1988, 20:19-28

. Yamamura T, Nakano T, Fukuzumi T, Waki N, Asai H,

Yoshikawa K, Kitamura Y: Electron microscopic
changes of bone marrow-derived cultured mast cells
after injection into the skin of genetically mast cell-
deficient W/W" mice. J Invest Dermatol 1988, 91:269—
273

Isozaki K, Tsujimura T, Nomura S, Morii E, Koshimizu U,
Nishimune Y, Kitamura Y: Cell type-specific deficiency
of c-kit gene expression in mutant mice of mi/mi geno-
type. Am J Pathol 1994, 145:827-836

Nakano T, Sonoda T, Hayashi C, Yamatodani A, Ka-
nayama Y, Yamamura T, Asai H, Yonezawa T, Kitamura
Y, Galli SJ: Fate of bone marrow-derived cultured mast
cells after intracutaneous, intraperitoneal, and intrave-
nous transfer into genetically mast cell-deficient W/WY
mice: evidence that cultured mast cells can give rise to
both connective tissue type and mucosal mast cells. J
Exp Med 1985, 162:1025-1043

Otsu K, Nakano T, Kanakura Y, Asai H, Katz HR, Aus-
ten KF, Stevens RL, Galli SJ, Kitamura Y: Phenotypic
changes of bone marrow-derived mast cells after intra-
peritoneal transfer into W/W" mice that are genetically
deficient in mast cells. J Exp Med 1987, 165:615-627
Sonoda S, Sonoda T, Nakano T, Kanayama Y, Ka-
nakura Y, Asai H, Yonezawa T, Kitamura Y: Develop-
ment of mucosal mast cells after injection of a single
connective tissue-type mast cell in the stomach mu-
cosa of genetically mast cell-deficient W/W" mice.
J Immunol 1986, 137:1319-1322

Kitamura Y, Go S, Hatanaka K: Decrease of mast cells
in W/W" mice and their increase by bone marrow
transplantation. Blood 1978, 52:447-452

Nakahata T, Spicer SS, Cantey JR, Ogawa M: Clonal
assay of mouse mast cell colonies in methylcellulose
culture. Blood 1982, 60:352-361

Yurt RW, Leid RW, Austen KF, Silbert JE: Native hep-
arin from rat peritoneal mast cellis. J Biol Chem 1977,
252:518-521

Jippo T, Ushio H, Hirota S, Mizuno H, Yamatodani A,
Nomura S, Matsuda H, Kitamura Y: Poor response of
cultured mast cells derived from mi/mi mutant mice to
nerve growth factor. Blood 1994, 84:2977-2983
Sanger F, Nicklen S, Coulson AR: DNA sequencing



1382

Jippo et al

AJP April 1997, Vol. 150, No. 4

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

with chain-terminating inhibitors. Proc Natl Acad Sci
USA 1977, 74:5463-5467

Nomura S, Wills AJ, Edwards DR, Heath JK, Hogan
BLM: Developmental expression of 2ar (osteopontin)
and SPARC (osteonectin) RNA as revealed by in situ
hybridization. J Cell Biol 1988, 106:441-450

Sato Y, Toma H: Strongyloides venezuelensis infections
in mice. Int J Parasitol 1990, 20:57-62

Khan Al, Horii Y, Tiuria R, Sato Y, Nawa Y: Mucosal
mast cells and the expulsive mechanisms of mice
against Strongyloides venezuelensis. Int J Parasitol
1993, 23:551-555

Ghildyal N, McNeil HP, Stechschulte S, Austen KF,
Silberstein D, Gurish MF, Somerville LL, Stevens RL:
IL-10 induces transcription of the gene for mouse mast
cell protease-1, a serine protease preferentially ex-
pressed in mucosal mast cells of Trichinella spiralis-
infected mice. J Immunol 1992, 149:2123-2129
Stevens RL, Friend DS, McNeil HP, Schiller V, Ghildyal
N, Austen KF: Strain-specific and tissue-specific ex-
pression of mouse mast cell secretory granule pro-
teases. Proc Natl Acad Sci USA 1994, 91:128-132
Eklund KK, Ghildyal N, Austen KF, Friend DS, Schiller
V, Stevens RL: Mouse bone marrow-derived mast cells
(mBMMC) obtained in vitro from mice that are mast
cell-deficient in vivo express the same panel of granule
proteases as mMBMMC and serosal mast cells from their
normal littermates. J Exp Med 1994, 180:67-73

Goyal PK, Wakelin D: Influence of variation in host
strain and parasite isolate on inflammatory and anti-
body responses to Trichinella spiralis in mice. Parasitol-
ogy 1993, 106:371-378

Finkelman FD, Madden KB, Cheever AW, Katona IM,
Morris SC, Gately MK, Hubbard BR, Gause WC, Urban
JF Jr: Effects of interleukin 12 on immune responses
and host protection in mice infected with intestinal
nematode parasites. J Exp Med 1994, 179:1563-1572
Friend DS, Ghildyal N, Austen KF, Gurish MF, Matsu-
moto R, Stevens RL: Mast cells that reside at different
locations in the jejunum of mice infected with Trichinella
spiralis exhibit sequential changes in their granule ul-
trastructure and chymase phenotype. J Cell Biol 1996,
135:279-290

Gurish MF, Ghildyal N, McNeil HP, Austen KF, Gillis S,
Stevens RL: Differential expression of secretory gran-
ule proteases in mouse mast cells exposed to interleu-
kin 3 and c-kit ligand. J Exp Med 1992, 175:1003-1012
Eklund KK, Ghildyal N, Austen KF, Stevens RL: Induc-
tion by IL-9 and suppression by IL-3 and IL-4 of the
levels of chromosome 14-derived transcripts that en-

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

code late-expressed mouse mast cell proteases. J Im-
munol 1993, 151:4266-4273

Hashimoto K, Tsujimura T, Moriyama Y, Yamatodani A,
Kimura M, Tohya K, Morimoto M, Kitayama H, Ka-
nakura Y, Kitamura Y: Transforming and differentiation-
inducing potential of constitutively activated c-kit mu-
tant genes in the IC-2 murine interleukin-3-dependent
mast cell line. Am J Pathol 1996, 148:189-200

Morii E, Takebayashi K, Motohashi H, Yamamoto M,
Nomura S, Kitamura Y: Loss of DNA binding ability of
the transcription factor encoded by the mutant mi lo-
cus. Biochem Biophys Res Commun 1994, 205:1299—
1304

Morii E, Tsujimura T, Jippo T, Hashimoto K, Takeba-
yashi K, Tsujino K, Nomura S, Yamamoto M, Kitamura
Y: Regulation of mouse mast cell protease 6 gene
expression by transcription factor encoded by the mi
locus. Blood 1996, 88:2488-2494

Zon LI, Gurish MF, Stevens RL, Mather C, Reynolds
DS, Austen KF, Orkin SH: GATA-binding transcription
factors in mast cells regulate the promoter of the mast
cell carboxypeptidase A gene. J Biol Chem 1991, 266:
22948-22953

Schwartz LB, Bradford TR, Littman BH, Wintroub BU:
The fibrinogenolytic activity of purified tryptase from
human lung mast cells. J Immunol 1985, 135:2762-
2767

Gruber BL, Marchese MJ, Suzuki K, Schwartz LB,
Okada Y, Nagase H, Ramamurthy NS: Synovial procol-
lagenase activation by human mast cell tryptase de-
pendence upon matrix metalloproteinase 3 activation.
J Clin Invest 1989, 84:1657-1662

Hartmann T, Ruoss SJ, Raymond WW, Seuwen K,
Caughey GH: Human tryptase as a potent, cell-specific
mitogen: role of signaling pathways in synergistic re-
sponses. Am J Physiol 1992, 262:L 528-1534
Briggaman RA, Schechter NM, Fraki J, Lazarus GS:
Degradation of the epidermal-dermal junction by a pro-
teolytic enzyme from human skin and human polymor-
phonuclear leukocytes. J Exp Med 1984, 160:1027-
1042

Mizutani H, Schechter N, Lazarus G, Black RA, Kupper
TS: Rapid and specific conversion of precursor inter-
leukin 1B (IL-1B) to an active IL-1 species by human
mast cell chymase. J Exp Med 1991, 174:821-825
Wintroub BU, Kaempfer CE, Schechter NM, Proud D: A
human lung mast cell chymotrypsin-like enzyme: iden-
tification and partial characterization. J Clin Invest
1986, 77:196-201



