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ABSTRACT As assessed by RNA blot analyses with gene-
specific probes, we report that the perivascular connective
tissue mast ceOls (CTMCs) in the ear and skin ofBALB/cJ mice
contain abundant levels of the mouse mast cell protease
(mMCP) 7 transcript, in addition to those protease transcripts
present in their serosal mast cells (SMCs). High levels of the
mMCP-7 transcript also were detected in the ears of
WBB6F1/J-+/+, WCB6F1/J-+/+, WB/ReJ-+/+, and
WC/ReJ-+/+ mice. However, the ears of these four strains
and the SMCs from the WCB6F1/J-+/+ strain but not the
BALB/cJ strain also contained high steady-state levels of the
mMCP-2 transcript. The mMCP-2, mMCP-4, mMCP-5,
mMCP-6, and mMCP-7 transcripts were not detected in the
ears of mast-cell-deficient WBB6F1/J-W/Wv and WCB6F1/J-
Sli/SId mice, indicating that mast cells were the source of these
protease transcripts in the +/+ animals. When immunohis-
tochemic*l analyses of serial sections of ear and skin from
WBB6F1/J-+/+ mice were performed with anti-mMCP-2
IgG and anti-mMCP-5 IgG, the perivascular CTMCs in these
tissues were found to express both mMCP-2 and mMCP-5 in
their granules. The prominent expression of mMCP-7 in con-
stitutive perivascular CTMCs indicates that this mast cell has
an extended protease phenotype relative to the SMCs of the
same strains. Further, the perivascular CTMCs and SMCs of
the +/+ strains differ from those in BALB/cJ mice in their
prominent expression of mMCP-2.

As assessed by protein sequencing and/or by cDNA cloning,
mouse mast cells differentiated in vivo and in vitro express
varied combinations of carboxypeptidase A (mMC-CPA) (1)
and at least seven serine proteases [designated mouse mast
cell protease (mMCP) 1 to mMCP-7] in their granules (2-11).
The safranin+ staining serosal mast cells (SMCs) of the
BALB/cJ mouse contain high steady-state levels of the
transcripts that encode mMCP-4, mMCP-5, and mMCP-6 but
not mMCP-1, mMCP-2, or mMCP-7. In contrast, the safra-
nin- mucosal mast cells that proliferate in the intestine of
helminth-infected BALB/cJ mice contain high steady-state
levels of the mMCP-1 and mMCP-2 transcripts but not the
mMCP-4, mMCP-5, mMCP-6, or mMCP-7 transcripts. Al-
though these two histochemically distinct populations of
tissue mast cells apparently express their granule proteases in
a strict subclass-specific manner, nontransformed but imma-
ture populations of BALB/cJ mouse mast cells derived in
vitro can express varied combinations of the eight mMCPs in
response to different recombinant cytokines (12-16).

In this study, we have used RNA blot and RNase protec-
tion analyses to demonstrate a third population of mast cells
in situ in BALB/cJ mice, namely, a population of perivas-
cular connective tissue mast cells (CTMCs) that expresses
prominent steady-state levels of the mMCP-7 transcript in
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addition to those protease transcripts expressed by SMCs.
We also present RNA and immunohistochemical data that
indicate that the WBB6F1/J-+/+, WCB6F1/J-+/+, WB/
ReJ-+/+, and WC/ReJ-+/+ strains of mice differ from the
BALB/cJ mouse strain in their prominent expression of
mMCP-2 in both their SMCs and perivascular CTMCs.

MATERIALS AND METHODS
Mouse Mast-Cell-Specific Protease mRNA Levels in Ear and

Skin CTMCs and Isolated SMCs. Female mice of the WB/
ReJ-+/+, WC/ReJ-+/+, WBB6F1/J-+/+, WCB6F1/J-
+/+, WBB6F,/J-W/Wv, WCB6Fj/J-Sl/Sld, and BALB/cJ
strains (The Jackson Laboratory) were killed by cervical
dislocation, and their ears and/or abdominal skin were re-
moved and placed in liquid nitrogen for RNA isolation. Ears
from three to six mice of the same strain were pooled, ground
in liquid nitrogen with a mortar and pestle, and homogenized
briefly in 4 M guanidinium thiocyanate/0.5% sarcosyl/0.1 M
2-mercaptoethanol/25 mM sodium citrate. SMCs were iso-
lated from BALB/cJ mice and WBB6F1/J-+/+ mice by
peritoneal lavage of the animals (17) and purified by density-
gradient centrifugation of the cells obtained (18). Total (19)
and/or poly(A)+ (20) RNAs were isolated from the various
ear, skin, and SMC samples, denatured in formaldehyde/
formamide, electrophoresed in 1.3% formaldehyde/agarose
gels, and transferred to MagnaGraph membranes (Micron
Separations, Westover, MA) (21). The resulting blots were
analyzed sequentially with gene-specific probes for mMCP-1
(8, 14), mMCP-2 (3), mMCP-5 (7), mMCP-6 (5), mMCP-7 (9),
mMC-CPA (1), and f-actin (22) and with a gene-selective
probe for mMCP-4 (6). An RNase protection assay (14) was
performed with a kit from Ambion (Austin, TX), [32P]dUTP-
labeled (DuPont/New England Nuclear) complementary
RNA probes, and =2.5 ,g ofpoly(A)+ RNA from the ear and
skin of WCB6F1/J-+/+ mice and WCB6Fu/J-Sl/Sld mice.
The mMCP-2, mMCP-4, mMCP-5, and mMCP-7 complemen-
tary RNA antisense probes corresponded to the residues
804-956, 497-633, 768-972, and 854-1021 of their respective
cDNAs. The protected RNA fragments were resolved on a
6% polyacrylamide/8 M urea sequencing gel and analyzed by
autoradiography.

Histochemistry and Immunohistochemistry of Mouse Ear
and Skin CTMCs. For histological examination, 2-,um-thick
glycol methacrylate sections of ear and back skin from
BALB/cJ, WBB6F1/J-+/+, and WBB6F1/J-W/Wv mice
were cut on a Reichert-Jung model 2065 supercut rotary
microtome (Leica, Deerfi'eld, IL), placed on coverslips or
slides, air-dried, and stained for 20 s in a 5% (wt/vol)

Abbreviations: mMC-CPA, mouse mast cell carboxypeptidase A;
mMCP, mouse mast cell protease; SMC, serosal mast cell; IL,
interleukin; CTMC, connective tissue mast cell.
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ethanolic solution of methylene blue (23) or stained sequen-
tially with hematoxylin, azure II, and eosin Y (24). For
immunoperoxidase and immunoalkaline phosphatase label-
ing, coverslips supporting 2-,um-thick serial sections ofglycol
methacrylate-embedded Carnoy's-fixed ear and back skin
from BALB/cJ and WBB6F1/J-+/+ mice were incubated
for 10 min at 37°C in phosphate-buffered saline (PBS) con-
taining 0.25% trypsin. The samples were washed with 0.2%
Tween 20, incubated for 30 min at 37°C in PBS containing
0.05% Tween 20 and 4% (vol/vol) goat serum, and then
incubated overnight at 4°C with affinity-purified rabbit anti-
mMCP-2 IgG (epitope, residues 56-71) (15) or anti-mMCP-5
IgG (epitope, residues 146-162) (25) diluted in goat serum.
The samples were washed, incubated for 1 h at room tem-
perature in buffer containing biotin-labeled goat anti-rabbit
IgG, and washed again. Endogenous peroxidase was elimi-
nated before the diaminobenzidine reaction by incubating the
samples in 0.3% H202/30% (vol/vol) methanol or in 0.23%
periodic acid. Before the alkaline phosphatase reaction prod-
uct was developed, the tissues were washed in 0.1% bovine
serum albumin/0.05% Tween 20 in PBS. After another wash,
the samples were incubated in the peroxidase or alkaline
phosphatase Vectastain ABC reagent (Vector Laboratories)
for 30 min at room temperature. The developing peroxidase
reaction was carried out for 10 min in the dark in 10 ml ofPBS
containing 5 mg of diaminobenzidene and 0.125 g of imidaz-
ole. H202 (0.01%) was added, and the sections were incu-
bated for another 15 min in the dark. The developing alkaline
phosphatase substrate was used according to directions in the
Vectastain kit. Because of the melanocytes in the skin of the
WBB6F1/J-+/+ mouse, the red alkaline phosphatase reac-
tion product is depicted in the figures to distinguish the
reporter color from the endogenous brown melanin pigment.
Sections were counterstained with equal volumes of hema-
toxylin 3 and 20% (vol/vol) ethylene glycol, washed, dried,
and mounted with Permount for the peroxidase reaction
product and Equamount (Shandon-Lipshaw, Pittsburgh) for
alkaline phosphatase reaction product. Controls consisted of
sections treated without primary antibodies, with IgG pre-
absorbed with a relevant blocking peptide, or with an irrel-
evant IgG (Endogen, Boston). Twelve sets of serial sections
of ear and six sets of serial sections of back skin were
examined for reactivity with anti-mMCP-2 IgG (15) and
anti-mMCP-5 IgG (25).

RESULTS
Mouse Mast-Cell-Specific Protease mRNA Levels in Ear and

Skin CTMCs and Isolated SMCs. As assessed by RNA blot
analysis, the ears of BALB/cJ mice (n = 5) (Fig. 1A)
contained abundant levels of the transcripts that encode
mMCP-4, mMCP-5, mMCP-6, mMCP-7, and mMC-CPA but
not mMCP-1 or mMCP-2. No substantial difference was
noted in the steady-state levels of these different mast cell
protease transcripts in the ears of 9-week-old BALB/cJ mice
vs. retired BALB/cJ breeders (data not shown) (n = 1).
Because no mature mast cell has been found that expresses
abundant levels of the mMCP-7 transcript and to ensure that
the mMCP-7 transcript originated from the mast cells in the
ear, the levels of the seven protease transcripts were evalu-
ated in the ears of two mast-cell-deficient strains, their +/+
littermates, and related ReJ-+/+ strains. As assessed by
RNA blot analysis, the ears of WBB6F1/J-+/+ (n = 5),
WCB6F1/J-+/+ (n = 5), WB/ReJ-+/+ (n = 1), and WC/
ReJ-+/+ (n = 1) mice contained abundant levels of the
transcripts that encode mMCP-2, mMCP-4, mMCP-5,
mMCP-6, and mMCP-7 but not mMCP-1 (Fig. 1). Since none
of these protease transcripts was detected in the ears of
mast-cell-deficient WBB6F,/J-W/Wv mice (n = 5) or
WCB6F,/J-Sl/Sld mice (n = 5) (Fig. 1B), it is likely that they
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FIG. 1. Steady-state levels of mast-cell-specific protease tran-
scripts in mouse ears. The blots (A and B), containing total RNA from
the ears of the indicated mice, were analyzed with the designated
probes.

all originated from the safranin+ mast cells in the tissues of
the +/+ mice. Whereas the perivascular CTMCs in the ears
of all five strains contained high steady-state levels of
mMCP-7 mRNA, the prominent steady-state level of the
mMCP-2 transcript appeared to be strain-dependent.
To ensure that the results of the RNA blot analyses were

not consequences of cross hybridization of the mMCP-2,
mMCP-4, mMCP-5, and mMCP-7 cDNAs to homologous
transcripts and to determine whether perivascular CTMCs in
other tissues express these transcripts, a RNase protection
experiment was performed with poly(A)+ RNA isolated from
the ear and skin of WCB6F1/J-+/+ mice and WCB6F1/J-
Sl/Sld mice. Poly(A)+ RNA from both the skin and the ear of
the WCB6F1/J-+/+ mouse protected the mMCP-2,
mMCP-4, mMCP-5, and mMCP-7 probes from degradation
(Fig. 2). In contrast, poly(A)+ RNA from the skin and ear of
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FIG. 2. RNase protection analyses. The presence or absence of
the transcripts that encode mMCP-2, mMCP-4, mMCP-5, and
mMCP-7 was assessed with antisense complementary RNA probes
and RNA isolated from the skin (lanes 1 and 3) and ears (lanes 2 and
4) of WCB6F1/J-+/+ mice (lanes 1 and 2) and WCB6F,/J-Sl/Sld
mice (lanes 3 and 4). The arrows indicate the sizes of the probes that
were expected to be protected if the specific transcript was present
in the sample.
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the mast-cell-deficient WCB6F,/J-Sl/Sld mouse failed to
protect these probes from degradation.
RNA blot analysis revealed that isolated SMCs from

BALB/cJ mice contained high steady-state levels of the
mMCP-4 and mMC-CPA transcripts, barely detectable levels
of the mMCP-7 transcript, and no detectable amount of the
mMCP-2 transcript (Fig. 3). SMCs isolated from WBB6F1/
J-+/+ mice also contained high steady-state levels of the
mMCP-4 and mMC-CPA transcripts. However, they con-
tained a very high level ofmMCP-2 mRNA and slightly more
mMCP-7 mRNA than SMCs isolated from BALB/cJ mice.

Histochemistry and Immunohistochemistry of Mouse Ear
and Skin CTMCs. Morphometric analysis of the >1000
methylene blue+ mast cells detected in 2-pLm-thick sections of
ear (Figs. 4 and 5) and skin (Fig. 6) of BALB/cJ and
WBB6F1/J-+/+ mice revealed the following number ofmast
cells per mm2 of tissue: ears of BALB/cJ mice, 106 + 30
(mean ± SD, n = 3); ears of WBB6F1/J-+/+ mice, 85 ± 27
(mean ± SD, n = 4); skin of BALB/cJ mice, 100 ± 19 (mean
+ Y2 range, n = 2); skin of WBB6F1/J-+/+ mice, 84 ± 11
(mean ± 1/2 range, n = 2). Only 1 mast cell was found in 8 mm2
of skin from the WBB6F1/J-W/WI' mouse. In the mouse ear,
most of the mast cells were found aligned parallel to the
cartilage plates in close proximity to small blood vessels,
nerves, and fibroblasts. A few were found immediately
beneath the squamous epithelium. In the skin of the mouse,
some mast cells were detected beneath the basal layer of
epithelium, but most were found enmeshed in collagen near
small blood vessels, nerves, fibroblasts, and adipocytes.

In a representative experiment, 138 methylene blue+ mast
cells were detected in a section of a WBB6F1/J-+/+ mouse
ear. Analysis of comparable-sized sections from the same
specimen revealed 135 cells that reacted strongly with anti-
mMCP-2 IgG, 130 cells that reacted strongly with anti-
mMCP-5 IgG, and 5 cells that reacted weakly when no
primary antibody was used (data not shown). In four exper-
iments, 86 ± 11% (mean ± SD) of the mast cells in the ears
of this strain expressed mMCP-2 and 93 ± 11% expressed
mMCP-5. Analysis of a section of BALB/cJ mouse ear
processed at the same time revealed 229 methylene blue+
mast cells. In comparable-sized sections from the same
specimen, 177 cells reacted strongly with anti-mMCP-5 IgG,
51 reacted weakly with anti-mMCP-2 IgG, and 7 cells reacted
weakly when no primary antibody was used (Fig. 5). In
another experiment, 88% of the mast cells reacted strongly
with anti-mMCP-5 IgG, 13% reacted weakly with anti-
mMCP-2 IgG, and 3% reacted weakly when no primary
antibody was used. Serial sections of ear (data not shown)
and serial sections of skin (Fig. 6) from the WBB6F1/J-+/+
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FIG. 3. Steady-state levels of mast-cell-specific proteases in
isolated SMCs. The blot containing total RNA from BALB/cJ (lane
1) and WBB6Fi/J-+/+ (lane 2) mouse SMCs was analyzed with the
indicated probes. In a second experiment, abundant amounts of the
mMCP-2 transcript were again detected in the SMCs from the +/+
mice but not BALB/cJ mice.

mouse were examined with anti-mMCP-2 IgG and anti-
mMCP-5 IgG for individual cells that express both mMCP-2
and mMCP-5. As assessed immunohistochemically, a typical
x20 objective microscopic field of a 2-,um-thick section of
skin from a WBB6F1/J-+/+ mouse contained 15 cells that
expressed immunoreactive mMCP-5; 7 of these specific mast
cells in the adjacent 2-,m section also expressed immuno-
reactive mMCP-2. The mast cells immediately beneath the
stratified squamous epithelium generally were less reactive to
anti-mMCP-2 IgG than the mast cells that resided deep in the
dermis. In the ear, similar consecutively sectioned fields
typically contained 28 mast cells, two-thirds of which ex-
pressed both serine proteases.

DISCUSSION
This study shows that the perivascular CTMCs in the ears
and skin of the BALB/cJ mouse express prominent steady-
state levels ofmMCP-7 transcript, thereby distinguishing this
population from SMCs and mucosal mast cells of the same
strain. This study also shows that the SMCs and perivascular
CTMCs of +/+ mice prominently express mMCP-2 while
those in BALB/cJ mice do not, thereby establishing a
strain-dependent difference in the expression of a granule
constituent.
SMCs from BALB/cJ mice preferentially express

mMCP-4, mMCP-5, mMCP-6, and mMC-CPA (1, 4-7),
whereas the mast cells that proliferate in the intestines of
helminth-infected BALB/cJ mice preferentially express
mMCP-1 and mMCP-2 (2, 14, 15). RNA blot analyses (Fig.

FIG. 4. (A) A 2-tim-thick cross-section of a BALB/cJ mouse ear was stained with methylene blue. Arrows indicate three CTMCs (among
12 cells) between the cartilage (C) and squamous epithelium (Ep). Mast-cell density is greater around glands, hair follicles, and blood vessels.
(B) A comparable section of a WBB6F1/J-+/+ mouse ear stained with hematoxylin, azure II, and eosin. Mast cells (arrows) stain purple. The
brown cells are melanin+ melanocytes.
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FIG. 5. Two mast cells (arrows) in serial secti
a BALB/cJ mouse stained with methylene blue
IgG (B), and anti-mMCP-5 IgG (C). In this mouse
of alkaline phosphatase reaction product formed
IgG in cells that we scored positive is consider;
obtained with anti-mMCP-5 IgG. In some instanc
the reaction is comparable to that of sections not e
antibody.

Se contained high mice are the source of the transcripts for mMCP-2, mMCP-4,
ncode mMCP-4, mMCP-5, mMCP-6, mMCP-7, and mMC-CPA.
C-CPA but not The failure to detect mMCP-1 mRNA (Fig. 1) indicates that
iature interleukin classical mucosal mast cells are not present in these connec-
red mast cells and tive tissues. The abundance of the mMCP-7 transcript in ear
,s Abelson virus- and skin mast cells is additional evidence that the RNA blot
9), to our knowl- analyses are not a composite of the known separate SMCs
st cells has been and mucosal mast cell phenotypes in the BALB/cJ mouse.
dy-state levels of The safranin+ KiSV-MC5 cell line, which has been main-
-s of the ears of tained in continuous culture for 5 years, contains high steady-state levels of the mMCP-2, mMCP-4, mMCP-5, and/ReJ-+/+, and mMCP-6 transcripts, lower levels of the mMCP-7 transcript,
our strains con- and undetectable levels of the mMCP-1 transcript (1, 3-7, 9,
P-2 transcript, in 15). As with in vitro-differentiated cells (4, 12-16), the data
-6, mMCP-7, and obtained in this study on in vivo-differentiated mast cells
otection analysis indicate that the ability ofa mast cell to be stained by safranin
he skin of a +/+ does not define its protease phenotype. Whether or not a
g. 2). No mMCP mast cell is safranin+ appears to be determined almost
es obtained from exclusively by its heparin content, and the biosynthesis of
B), and poly(A)+ heparin is differentially regulated from most of the secretory
VCB6F,/J-Sl/Sld granule proteases (12, 18).
'-4, mMCP-5, and As was found (1, 3-7), the SMCs of BALB/cJ mice
Thus, the meth- contained high steady-state levels of the transcripts that
lskin of the +/+ encode mMCP-4 and mMC-CPA but not mMCP-2 or

mMCP-7 (Fig. 3). SMCs from the WBB6F1/J-+/+ strain
differed in that they contained high steady-state levels of the
mMCP-2 transcript and low levels of the mMCP-7 transcript.
Thus, the SMCs in this strain are similar to the CTMCs in ear

5 and skin in terms of their steady-state levels of the mMCP-2
pff transcript but differ in regard to the mMCP-7 transcript.

The profile of the ear and skin perivascular CTMCs of one
of the + /+ strains was confirmed at the protein level by the
immunohistochemical detection of both mMCP-2 and
mMCP-5 in the same cell. As assessed immunohistochemi-
cally in the WBB6F1/J-+/+ mouse, at least 85% of the ear
(data not shown) and skin (Fig. 6) CTMCs react strongly with
anti-mMCP-5 IgG and anti-mMCP-2 IgG. The concomitant
expression of mMCP-2 and mMCP-5 was demonstrated in
one-half to two-thirds of the mast cells in adjacent serial
sections of the ear and skin. If the thickness of the sections

1 . ~~is considered relative to the size of the mast cell, this result
is compatible with most of the perivascular CTMCs in the
WBB6F1/J-+/+ mouse strain expressing both proteases.
Not only was the intensity of the immunohistochemical
reaction for mMCP-2 notably less in the BALB/cJ strain
relative to the +/+ strain (Fig. 5), but only a net of =15% of
the CTMCs in the ears of the BALB/cJ mouse were immu-
noreactive. Although the RNA blot analyses indicated that
the skin and ears of the adult BALB/cJ mouse do not contain
high steady-state levels of the mMCP-2 transcript, a minor
population of mast cells in these tissues may contain a low

* amount of mMCP-2 mRNA. Since the kinetics of loss of
* mMCP-2 protein is slowed relative to that of the mMCP-2

z .** .. transcript in IL-10-treated BALB/cJ bone marrow-derived
mast cells that are subsequently cultured in medium lacking
IL-10 (15), an alternative explanation would be that progen-
itor mast cells that home to the ear and skin of the BALB/cJ

- mice transiently express high steady-state levels of the
mMCP-2 transcript.
The factors that induce the expression of mMCP-7 in the

mast cells of the ear and skin of all strains studied and
suppress the expression of mMCP-2 in the BALB/cJ strain
are unknown. The strain dependence of mMCP-2 expression

ions of an ear from was unexpected because the mucosal mast cells that increase
(A), anti-mMCP-2 in the intestines of helminth-infected BALB/cJ mice express
strain, the amount mMCP-2 (14,15), and mouse bone marrow-derived mast cells
ably less than that derived from this strain express mMCP-2 when they are
es, the intensity of cultured with IL-10 (13, 15) or IL-9 (16). Thus, the mast-cell-
txposed to primary committed progenitor cells in BALB/cJ mice do not have a

genetic inability to elicit expression of mMCP-2. Since ke-
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FIG. 6. Serial sections of skin from a WBB6F1/J-+/+ mouse stained with anti-mMCP-2 IgG (A and C) or with anti-mMCP-5 IgG (B and
D). In the low magnification views (A and B), arrows indicate serially sectioned cells that can be positively identified as the same cell having
the red alkaline phosphatase reaction product. C andD are higher magnifications of the same fields. The arrows indicate three cells that contain
immunoreactive mMCP-2 and mMCP-5.

ratinocytes produce IL-10 (26), it is possible that IL-10 or

another mMCP-2-inducing cytokine is constitutively overex-

pressed in the +/+ mouse strains relative to the BALB/cJ
mouse strain. Whatever the mechanism, the strain-
dependent expression of mMCP-2 indicates that WCB6F1/
J-+/+ and WBB6F1/J-+/+ mice can no longer be consid-
ered analogous to all other strains of mice in terms of their
granule constituents. The finding that in BALB/cJ mice the
steady-state level of the mMCP-7 transcript is considerably
higher in its perivascular CTMCs than in its SMCs also
indicates that not all safranin+ mast cells in this strain are

identical in terms of their granule constituents.
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