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Abstract The number, distribution, and ultrastructural
characteristics of mast cells were assessed in the tongue,
heart, and kidney of the frog Rana esculenta. The density
of tongue mast cells (253+45 mast cells/mm?) was signif-
icantly higher than that of the heart (5.3+0.4/mm?) and
kidney (15.3+1.4 /mm?). A striking feature of this study
was the remarkable association of frog mast cells to
nerves. The ultrastructural study of the mast cell/nerve as-
sociation demonstrated that mast cells were closely ap-
posed to or even embedded in nerves. Mast cells were
also physically associated with melanocytes even in the
heart. Mast cells were Alcian blue*/safranin* in the ton-
gue and in the peritoneum, whereas in the heart and in
the kidney they were Alcian blue/safranin*. The mast
cells in the lamina propria of the gastrointestinal tract
were Alcian blue*/safranin™. The cytoplasm of frog mast
cells was packed with numerous heterogeneous, mem-
brane-bound granules. The ultrastructure of these cyto-
plasmic granules was unique, being totally unlike any oth-
er previously described granules in other animal species
as well as in man. The histamine content/frog mast cell
(=0.1 pg/cell) was approximately 30 times lower than that
of human mast cells isolated from different tissues (=3 pg/
cell). A monoclonal anti-histamine antibody was used to
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confirm the ultrastructural localization of histamine in se-
cretory granules in frog mast cells.
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Introduction

Mast cells were initially identified by Paul Ehrlich (1879)
because of the unique staining properties shown by the
biochemical contents of their cytoplasmic granules when
stained with appropriate dyes. Mast cells occur in all
classes of vertebrates (Michels 1923; Galli 1990) and
are the only cells possessing high-affinity receptors for
IgE and synthesizing histamine (Galli 1990; Scharenberg
and Kinet 1995). CD34* cells present in bone marrow, fe-
tal liver, and cord blood are the precursor cells for differ-
entiated mast cells in several species (Irani et al. 1992;
Kirshenbaum et al. 1992; Valent et al. 1992; Mitsui et
al. 1993). Stem cell factor (SCF) (Zsebo et al. 1990), also
termed c-kit ligand (KL) (Huang et al. 1992), mast-cell
growth factor (MGF) (Anderson et al. 1990), or steel fac-
tor (Reith et al. 1991), is the principal hematopoietic
growth factor produced by mesenchymal cells (fibro-
blasts), epithelial cells, keratinocytes, neurons, etc.
(Heinrich et al. 1993) that induces proliferation and dif-
ferentiation of undifferentiated mast cells (Zsebo et al.
1990; Andrews et al. 1995) via interaction with c-Kit, its
cognate receptor, in several species (Anderson et al.
1990; Tsai et al. 1991; Huang et al. 1992). The c-kit/
SCF receptor is a transmembrane receptor important for
the normal development of hematopoietic cells, mast cells
(Tsai et al. 1991; Valent et al. 1992), and melanoblasts
(Funasaka et al. 1992).

Two major subtypes of mast cells, termed connective-
tissue (CTMC) and mucosal (MMC) mast cells, have been
identified in rodents (Enerbick 1966a,b; Tainsh and
Pearce 1992). These subtypes are differentiated by their
histologic, functional, biochemical, and pharmacologic
properties (Enerbick 1966a—c; Bienenstock 1988). MMC
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are found in the digestive tract and bone marrow and are
distinguished by the presence of large granules containing
primarily chondroitin sulphate proteoglycan. CTMC, also
found in the peritoneum of rodents, are distinguished
from MMC by the predominance of heparin in their secre-
tory granules, which mediates their preferential staining
with toluidine blue or safranin (Enerback 1966b). In hu-
mans, an analogous dichotomy has been demonstrated
based on the presence of tryptase (MCry) or tryptase and
chymase (MCrc) in mast cells isolated from different an-
atomic sites (Irani et al. 1986). Moreover, in human mast
cells, the membrane-bound cytoplasmic granules contain-
ing histamine and other preformed mediators are very het-
erogeneous (Dvorak 1991). Finally, non-membrane-
bound lipid bodies have been identified in human mast
cells (Dvorak et al. 1984; Patella et al. 1995; de Paulis
et al. 1995).

Surprisingly, although mast cells were identified in
several tissues of R. esculenta (Michels 1923) and of R.
pipiens (Chiu and Lagunoff 1972) several decades ago,
histochemical and ultrastructural characterization of mast
cells from lower vertebrates is still at a very early stage.
Moreover, early histochemical procedures failed to dem-
onstrate histamine in frog mast cells (Chiu and Lagunoff
1971). The growing interest in the proinflammatory, im-
munomodulatory, and host-defence mechanisms of mast
cells (Marone 1995; Galli and Wershill 1996) prompted
us to characterize the sub-types of mast cells in different
anatomic sites of the frog R. esculenta using histochemi-
cal techniques, to examine the ultrastructure of the cyto-
plasmic granules using electron microscopy, and to eval-
uate the histamine content biochemically and with the im-
munogold technique.

Materials and methods

Reagents

The following reagents were purchased: 60% HClO4 (Baker Chem-
ical Co., Deventer, The Netherlands); BSA, piperazine-N,N'-bis (2-
ethanesulfonic acid), collagenase type II (Sigma Chemical Co., St.
Louis, Mo., USA); Hanks’ balanced salt solution (HBSS), fetal calf
serum (FCS) (GIBCO, Grand Island, N.Y., USA); RPMI 1640 with
25 mM Hepes buffer, Eagle’s minimum essential medium (Flow
Laboratories, Irvine, Scotland). A mouse monoclonal IgG anti-hista-
mine was a generous gift from Dr. D.W. Constable (Miles Inc., Spo-
kane, Wash., USA).

Human skin tissue

Skin tissue was obtained from two patients undergoing skin biopsy
for diagnostic procedures. Written, informed consent was obtained
from each patient to procure 4-mm punch biopsies of skin after in-
duction of local anaesthesia (0.5 ml of 1% lidocaine, injected intra-
dermally at least 1 cm away from the site to be biopsied). The skin
tissue was cut in 1-2 mm fragments and immediately fixed for ultra-
structural studies.

Animals

Adult males (n=5) and females (n=5) of the frog, Rana esculenta,
were caught near Naples and reared in a 14-h day/10-h night cycle

at 22°C. Frogs were anaesthetised with MS 222 (SIGMA) and de-
capitated. Macroscopically “normal” pieces of different tissues (ton-
gue, heart, kidney, and testis) were divided and fixed for light- and
electron-microscopic studies as described below. The “Principles of
laboratory animal care” (NIH publication no. 86-23, revised 1985)
were followed throughout the experiments.

Determination of histamine content of frog tongue, heart, testis,
and kidney and of human lung, heart, and skin

Samples of tongue, heart, testis, and kidney from R. esculenta were
dried on filter paper, weighed, and boiled in 8% HCIO,4 for 30 min.
The mixtures were filtered to remove particles, and supernatants
were assayed for histamine using a fluorometric assay (Siraganian
1974). All values are based on the means of duplicate or triplicate
determinations. Replicates differed in histamine content by <10%.
Samples of human lung, heart, and skin were obtained from patients
undergoing surgery, and the histamine content was measured as de-
scribed previously (Stellato et al. 1992; Patella et al. 1995). Protein
concentrations were estimated with the method of Lowry et al.
(1951).

Histochemistry

The various tissues (tongue, heart, testis, and kidney) were dissected
and rapidly fixed in Bouin’s fluid. The histochemical properties of
the mast cells were studied on paraffin sections (5 um) stained with
toluidine blue in Walpole buffer (pH 4.2) and with the sequential Al-
cian blue-safranin staining method: 1% Alcian blue in 3% acetic ac-
id (pH 2.2) and 0.5% safranin in HCI (pH 1.3) according to previ-
ously described techniques (Chieffi Baccari et al. 1991; Gaytan et
al., 1990).

Electron microscopy

Samples of tissues (=2 mm?®) were promptly immersed for 2 h in
Karnovsky buffer (pH 7.4) and postfixed for 1 h in Millonig’s phos-
phate-buffered 1% osmium tetroxide. The samples were dehydrated
in a graded series of ethanol and finally embedded in Epon 812.
Semithin sections were stained with 1% toluidine blue. Ultrathin
sections were stained with 4% uranyl acetate followed by 1% lead
citrate and were examined with a Philips 301 transmission electron
microscope as described previously (Chieffi Baccari et al. 1991;
Minucci et al. 1997).

Electron immunocytochemistry

For electron immunocytochemistry, samples of tongue (=2 mm?)
were embedded in Araldite CY212 epoxy resin (TAAB) at 60°C.
The small blocks were serially sectioned at 0.1 um, and the sections
were mounted on Formvar-coated nickel grids. The sections were
preincubated with normal goat serum diluted 1:30 in TBS 0.05 M
— 1% bovine-serum albumin (BSA) and subsequently incubated
overnight with the anti-histamine monoclonal antibody diluted
1:30 in TBS 0.05 M - 1% BSA - 0.5% sodium-azide buffer. The
sections were then washed (3x) and incubated for 1 h with goat an-
ti-mouse IgG+IgM gold-conjugate (20 nm) diluted 1:50 with TBS
0.05 M - 1% BSA. After washing in TBS 0.05 M, pH 7.6, — 1%
BSA and successively in H,O, the grids were dried and stained
for 15 min with aqueous uralyl acetate (4%), then with 1% lead ci-
trate for 1 min, and subsequently examined with a Philips 301 trans-
mission electron microscope. The following controls were per-
formed: (1) omission of the first antibody layer; (2) replacement
of the primary antibody with isotype-matched irrelevant antibody
at the same concentration; and (3) neutralization of the primary an-
tibody with histamine (1 pg/ml). The results of the control proce-
dures excluded non-specific reactivity.



Numerical and statistical analyses

Five randomly chosen sections from each animal for each tissue
were viewed in a light microscope at a magnification of x400 usin
an eyepiece with a square-ruled grid with a total area of 0.062 mm~.
The mast cell number within the tongue, heart, and kidney was
counted in 60 different areas. This allowed the calculation of mast
cell number/mm?+S.E.M. (Snedecor 1980).

Results
Histology of frog mast cells

Mast cells were identified in all sections of the specimens
from the frog tissues examined. The number of mast cells
varied greatly between different tissues, being highest in
the tongue (25345 mast cells/mm?). Mast cells were also
present in the heart (5.3+0.4 mast cells/mm?), and in the
kidney (15.3+1.4 mast cellsymm?). In the tongue tissue,
mast cells were elongated, fully granulated, and distribut-
ed throughout the connective tissue between the striated
muscle fibers and the tubules of the salivary glands
(Fig. 1). Mast cells were also found in perivascular loca-
tions. Mast cells were present in the frog heart around
blood vessels and between myocytes. Interestingly, in
contrast to other anatomic sites, heart mast cells were usu-
ally round or oval.

Mast cell/nerve association

Mast cell/nerve associations have been previously demon-
strated in rodents (Enerbiack et al. 1965; Olsson 1968;
Newson et al. 1983; Stead et al. 1987; Blennerhassett et
al. 1991; Hukkanen et al. 1991) and humans (Stead et
al. 1989). A striking feature of this study was the predom-
inant association of frog mast cells to nerves. In the frog
tongue, mast cells were closely apposed to or embedded
within nerve fibers (Fig. 2). Close to 100 mast cell pro-
files were studied to determine their anatomical relation-
ship to nerves. The majority of mast cells within nerves
were elongated, and the cytoplasm was packed with large,
dense, membrane-bound granules. Some mast cells were
round or angular.

The ultrastructural study of the mast cell/nerve associ-
ation clearly demonstrated that mast cells are located be-
neath the epineurium of myelinated nerve fibers. In most
specimens, mast cells were adjacent to Schwann-cell cy-
toplasm (Fig. 3).

Mast cell/melanocyte association

There is increasing evidence of both microanatomic asso-
ciation and physiologic interactions between melanocytes
and mast cells in rodents (Matsui et al. 1990; Nishikawa
et al. 1991) and in humans (Longley et al. 1993; Costa
et al. 1996). In frog tissues, we found a close anatomic as-
sociation between melanocytes and mast cells. This was
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evident not only in skin tissue but also in such internal or-
gans as the heart (Fig. 4).

Histochemistry and mast cell subtypes

CTMC and MMC have been identified in rodents based
on different histologic, functional, compositional, and
pharmacologic regulatory properties (Enerback 1996a—c;
Bienenstock 1988). MMC contain large granules primar-
ily containing chondroitin sulphate proteoglycan. CTMC
are distinguished by the predominance of heparin proteo-
glycan in their secretory granules, which mediates their
preferential staining with metachromatic dyes, such as
toluidine blue or safranin (Enerbick 1966b; Bienenstock
1988).

In all of the examined tissues, the mast cells of the frog
R. esculenta contained granules which stained metachro-
matically with toluidine blue at pH 4.2 (Figs. 1, 4, and
5a). The metachromatic property of frog mast cells dif-
fered from those of humans in that the former stained dark
purple and the latter reddish purple. When the combined
Alcian blue-safranin method was employed to differenti-
ate between CTMC and MMC, both red and blue cyto-
plasmic granules were observed in the tongue (Fig. 5b)
and peritoneal mast cells (Fig. 5c) whereas, in the heart
(Fig. 5d) and in the kidney (data not shown), mast cells
showed only Alcian blue/safranin® granules. The mast
cells in the lamina propria of the gastrointestinal tract
were Alcian blue*/safranin™ (Fig. 5e). Therefore, frog
mast cells were of the “connective type” in the tongue,
peritoneal cavity, and kidney, and of the “mucosal type”
in the lamina propria of the gastrointestinal tract.

In situ ultrastructural features of frog mast cells

The ultrastructural study of frog tongue demonstrated that
mast cells contained a single lobed, central nucleus with
peripheral condensation of nuclear chromatin. The cyto-
plasm was packed with numerous heterogeneous, mem-
brane-bound granules. The surface of frog mast cells
was not adorned with elongated, narrow surface folds.
A few mitochondria and free ribosomes were occasionally
seen in the cytoplasm (Fig. 6).

The membrane-bound cytoplasmic granules were ex-
tremely heterogeneous in shape: ovoid>fusiform>round
in descending order of frequency. Secretory granules con-
tained an elaborate and heterogenous substructural archi-
tecture: some had crystal particles in hexagonal arrays,
others had a crystalline structure with regular parallel ar-
rays of several periodicities, while others had fusiform in-
clusions with a “sandwich-like” structure and a few par-
tial scrolls (Fig. 7). Non-membrane-bound lipid bodies
were never observed in frog mast cells. Figure 8 shows
the typical ultrastructural characteristics of human-skin
mast cells, which are very different from those of frog
mast cells. In particular, the cytoplasmic granules present-
ed well-defined ultrastructural patterns: homogeneously






Fig.3 Electron micrograph of
the tongue of the frog R. escu-
lenta. Two mast cells are locat-
ed beneath the epineurium (EP)
of myelinated nerve fibers. ED
Endoneurium, arrows myelin-
ated fibers, SC Schwann cell,
arrowhead nucleus of Schwann
cell. x2200 (original magnifica-
tion)

dense, scroll, mixed granules, lamellar, and swirl patterns
(Dvorak 1991; Patella et al. 1995; de Paulis et al. 1996).
The surface of human mast cells is sometimes adorned
with numerous elongated, narrow surface folds (Dvorak
1991; de Paulis et al. 1996) and contains lipid bodies

Fig.1 Paraffin-embedded section from the tongue of the frog R.
esculenta showing numerous mast cells in the connective tissue be-
tween the striated muscular tissue and the tubules of the salivary
glands (asterisk). Mast cells are metachromatic with toluidine blue
at pH 4.2. x50

Fig.2 Semithin section from the tongue of the frog R. esculenta.
Note the mast cells embedded in nerve fibers. One nerve fiber con-
tains two elongated mast cells (arrows), whereas the other contains
one elongated and one round mast cell (arrows). One mast cell is
closely associated with a nerve fiber (arrowhead). x1250

Fig. 4 Paraffin-embedded section from the heart of the frog R. escu-
lenta. A mast cell is closely apposed to a melanocyte (arrow). Tolu-
idine blue at pH 4.2. x1250

Fig.5 a Four mast cells in tongue tissue of the frog R. esculenta.
Mast cells are metachromatic with toluidine blue at pH 4.2.
x1250. b Two mast cells of the “connective” type in tongue tissue
of the frog R. esculenta, i.e., they show affinity for both safranin
(red) and Alcian blue staining. x1250. ¢ Three peritoneal mast cells
Alcian blue*/safranin®. x1250. d Two mast cells Alcian blue/safra-
nin* (arrows) in heart tissue of the frog R. esculenta. Mast cells are
in close proximity to a melanocyte (arrowhead). x1250. e A typical
mucosal mast cell Alcian blue*/safranin™ in the lamina propria of gut
tissue of the frog R. esculenta. x1250
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(Dvorak 1991; Dvorak et al. 1984). The complete or par-
tial loss of cytoplasmic granules reported in approximate-
ly 5% of human mast cells in situ (Dvorak 1991; Patella et
al. 1995; de Paulis et al. 1996) was not observed in this
study. Table 1 summarizes some of the ultrastructural dif-
ferences between human and frog mast cells.

Histamine content and subcellular localization
of histamine in frog mast cells

The correlation between the histamine content and mast-
cell counts in various tissues was first established by
Riley and West (1953). While all mammalian mast cells
tested contain histamine (Galli 1990), early histochemical
examinations of frog mast cells led to the conclusion that
these cells lacked histamine (Chiu and Lagunoff 1971).
The histamine content of different preparations of frog tis-
sues (tongue, heart, kidney, and testis) is reported in Table
2. The histamine content expressed per gram of wet tissue
was lower than that of human tissues (Patella et al. 1995;
de Paulis et al. 1996). When the histamine content was
expressed per gram of protein, it was clear that the high
content of water in the tongue influenced the results. As-
suming that mast cells were the sole source of histamine
in our preparations, the histamine content of frog mast
cells (=0.1 pg/cell) was approximately 30 times lower
than that of human mast cells isolated from different an-



156

Fig. 6 Electron micrograph of a
mast cell from R. esculenta
tongue in situ surrounded by
collagen fibers. The cytoplasm
contains numerous heterogene-
ous, polymorphic granules.

%10 000 (original magnifica-
tion)

Table 1 Ultrastructural differ-

ences between human and frog Human mast cells Frog mast cells
mast cells
Cytoplasmic surface Numerous, elongated narrow Absence of surface folds
surface folds
Lipid bodies Common Absent
Ultrastructural Homogeneously dense, Mixed, crystall-parallel
pattern of secretory scroll, mixed granules, array, sandwich-like,
granules lamellar partial scroll
Shape Round, fusiform Ovoidal>fusiform>round
In situ degranulation Occasionally (»5%) observed Rarely observed
Nucleus Excentric Central
Nuclear chromatin Marked condensation Peripheral condensation
Table 2 Histamine content of various frog tissues atomic sites (=3 pg/cell) (Patella et al. 1995; de Paulis et
Histamine content al. 1996).
s ¢ conte A monoclonal anti-histamine antibody was used to de-
ng/g wet tissue mg/g protein tect histamine in frog mast cells. After immunogold stain-
ing of the frog tongue, 20-nm gold particles were present
Eong“e %‘7“1"—'2‘% 322’—’33 over all secretory granules in more than 95% of frog mast
Kf;rltey 586f1 16 7 4f1'8 cells (Fig. 9a). Very few granules were present over the
Testis 688+76.8 12.541.4 nucleus or in areas of cytoplasm surrounding the granules.

No staining was observed when the first antibody was
omitted (Fig. 9b) or when granules of frog mast cells were
incubated with a murine myeloma against an irrelevant
antigen at concentrations similar to those of the primary
anti-histamine antibody (data not shown).
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Fig. 7a—e Ultrastructural features of frog mast-cell secretory gran-  different ultrastructural features. d Fusiform cytoplasmic granule
ules. a A crystal granule in hexagonal arrays (arrow). b A crystalline  (arrow) and a round granule containing a triangular structure (ar-
structure with regular parallel arrays of several periodicities (arrow)  rowhead). e Two cytoplasmic granules with “sandwich”-like inclu-
and a partial scroll (arrowhead). ¢ Two ovoidal granules showing sions. x46 000 (original magnification)
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Fig. 8 Ultrastructural features
of a human skin mast cell in situ
surrounded by collagen fibers.
Note the abundance and hetero-
geneity of secretory granules,
some of which show scroll,
mixed granules, and homoge-
neously dense structures (inset).
x4600; x46 000 (inset) (original
magnification)

Discussion

In this study we used histochemical, biochemical, and ul-
trastructural methods to characterize mast cells in the frog
R. esculenta in situ. Mast cell density varied greatly in the
different tissues and was highest in the tongue. Frog mast
cells were identified within myelinated nerve fibers and in
close proximity to melanocytes. Histochemical analysis
of frog mast cells in different tissues revealed properties
of the connective type (tongue, heart, kidney, testis, and
the peritoneum) and of the mucosal type (gastrointestinal
tract) previously found in rodents (Enerbdck 1966a,b;
Bienenstock 1988). Ultrastructural analysis of these mast
cells showed that the cytoplasmic secretory granules had
unique morphologic characteristics formerly unrecogni-
sed in any human or animal mast cells (Dvorak 1991).
Despite the low histamine content of frog mast cells with
respect to that of mast cells of several mammalian spe-
cies, the immunogold technique was able to detect immu-
noreactive histamine in the secretory granules.

The mast cell density varied greatly in the various frog
tissues examined: the highest percentage of mast cells was
found in the tongue. Mast cells were detected in perivas-

cular locations, in loose connective tissue, close to the tu-
bules of the salivary glands, and embedded in nerves. His-
tamine and other vasoactive mediators contained in frog
mast cell secretory granules could play a physiological
role in the control of blood vessels (Vigorito et al.
1983), nerve terminals (Ishikawa and Sperelakis 1987),
and salivary glands (Caughey 1991). It is not inconceiv-
able that mast cells and their mediators might play a role
in the complex functions of the frog tongue.

The striking mast cell/nerve association documented
in this study is intriguing. Although anatomical and func-
tional mast cell/nerve associations have been previously
documented in rodents (Enerbick et al. 1965; Olsson
1968; Newson et al. 1983; Stead et al. 1987; Arizono et
al. 1990; Blennerhassett et al. 1991; Hukkanen et al.
1991) and humans (Stead et al. 1989), in R. esculenta
mast cells occurred next to the endoneurium of myelinat-
ed nerve fibers. This might suggest the existence of re-
ciprocal and/or feedback interactions between neurons
and mast cells brought about by their metabolic products.
Indeed, earlier studies by Enerbiack and co-workers
(1965) showed a marked increase in the number of endo-
neurial mast cells in association with sectioned sciatic



Fig. 9 a Immunogold staining of the tongue from the frog R. escu-
lenta stained with anti-histamine antibody (mouse anti-histamine
monoclonal antibody, diluted 1:30; 20-nm-gold complex). Gold par-
ticles identifying histamine are present over all secretory granules,
but not in the perigranular cytoplasm. x30 000 (original magnifica-
tion). b Negative control in which anti-histamine antibody was omit-
ted. x30 000 (original magnification)

nerve from the rat. In vivo administration of nerve
growth factor (NGF) can induce mast cell hyperplasia
(Aloe and Levi-Montalcini 1977). Moreover, mast cells
synthesize, store, and release NGF (Leon et al. 1994),
and NGF can cause mediator and cytokine release from
mast cells (Marshall et al. 1990; Horigome et al. 1993;
Bullock and Johnson 1996). Thus, it is possible that mast
cells exert a paracrine control of neurons. In addition,
several neuropeptides, such as substance P, VIP, and neu-
rokinins, locally released from nerve fibers (Morley et al.
1987), cause mast cells to release chemical mediators
(Benyon et al. 1987; Lowman et al. 1988; Stellato et
al. 1992). Our findings provide the microanatomic basis
for potential paracrine and autocrine interactions between
frog mast cells and nerves.

Another interesting anatomical association was found
between frog mast cells and melanocytes. Stem cell factor
is a hematopoietic growth factor produced by mesenchy-
mal cells (Zsebo et al. 1990) that induces proliferation and
maturation of bone-marrow progenitor cells and mast
cells (Zsebo et al. 1990; Tsai et al. 1991; Andrews et al.
1995) via interaction with c-kit, its cognate receptor
(Anderson et al. 1990). The kit/SCF receptor is a trans-
membrane tyrosine kinase receptor of fundamental im-

portance for the normal development of mast cells (Tsai
et al. 1991; Irani et al. 1992; Kirshenbaum et al. 1992;
Valent et al. 1992) and melanocytes (Matsai et al.
1990). Studies on mice bearing mutations within the c-
kit gene indicate that this tyrosine-kinase receptor plays
a functional role in the development of melanocytes
(Matsui et al. 1990; Nishikawa et al. 1991). In vivo
administration of SCF induces mast cell and melanocytic
hyperplasia (Grichnik et al. 1995; Costa et al. 1996). Fi-
nally, patients with cutaneous or systemic mastocytosis
show marked hyperpigmentation (Metcalfe 1991;
Genovese et al. 1995; Marone et al. 1995). Taken togeth-
er, these observations suggest that SCF is an important ac-
tivation and growth factor for both mast cells and melano-
cytes, thus explaining the co-existence of mast cell and
melanocyte hyperplasia in the frog tissues. Furthermore,
histamine has been reported to increase size, dendricity
and tyrosinase production of melanocytes (Tomita et al.
1993). The close anatomic association between mast cells
and melanocytes in R. esculenta might indicate paracrine
interactions between these cells, which could be mediated
by SCF, histamine, or by unknown mediators and/or
mechanisms.

Different staining techniques can be used to distin-
guish CTMC and MMC in rodents. These staining tech-
niques reflect the structural properties of the proteoglycan
core, especially its glycosaminoglycan (GAG), and to
some extent those of the protease subtypes of mast cell
granules (Enerbick et al. 1989). The Alcian blue-safranin
staining sequence can be used to distinguish mature
CTMC from MMC in the rat, but the staining does not
specifically distinguish heparin from chondroitin sulphate
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E. The fluorescent Berberine binding and more important-
ly the in situ desulphation cleavage of heparin can distin-
guish GAG composition in situ (Enerbéck et al. 1989). In
our study, the combined Alcian blue-safranin staining
method revealed several subtypes of frog mast cells in tis-
sues from various anatomical sites. In particular, we
found both blue and red granules in tongue and peritoneal
mast cells, whereas heart and kidney mast cells were Al-
cian blue /safranin*. These two staining patterns are char-
acteristic of CTMC in rodents and probably reflect
biochemical differences of the granules, for example
differences in the proteoglycan and/or protease content
(Enerbiack 1966a,b; Bienenstock 1988). The histochemi-
cal properties of mast cells revealed with the Alcian
blue-safranin staining method have been used to assess
maturational changes in the granules of CTMC (Combs
et al. 1965). It has been postulated that the Alcian blue-sa-
franin reaction differentiates degrees of sulphation, the
more highly sulphated the polysaccharide, the greater its
affinity for safranin. It was proposed that Alcian blue*
granules contain a polysaccharide that is poor or totally
lacking in N-sulphate, presumably a heparin precursor
(Spicer 1960; Combs et al. 1965). Similarly, cells that
bear safranin* granules contain highly N-sulphated poly-
saccharide, probably heparin (Combs et al. 1965; Gaytan
et al. 1990). More recently, a close correlation between
the presence of safranin* granules and the amount of rat
mast-cell protease I has been reported (Koretou 1988).
Frog mast cells in the intestinal lamina propria were Al-
cian blue*/safranin™, as previously reported in rodents
(Enerbick 1966a,b; Bienenstock 1988). If the staining
properties are conferred on the different frog mast cell
subtypes by virtue of their proteoglycan content, it is like-
ly that frog mast cells already express a certain degree of
specialization in proteoglycan synthesis. Studies using the
fluorescent Berberine binding procedure and the in situ
desulphation cleavage of heparin will provide additional
insights into the dye-binding properties of the proteogly-
cans of secretory granules of frog mast cells.

Rodent and human mast cells contain membrane-
bound secretory granules, which contain not only hista-
mine and neutral proteases (tryptase, chymase, and car-
boxypeptidase), but also non-membrane-bound lipid bod-
ies (Dvorak et al. 1984; Dvorak 1991; Patella et al. 1995;
de Paulis et al. 1996). Such lipid bodies are less frequent
in mouse, rat, and guinea pig mast cells (Dvorak 1991).
Secretory granules of mast cells display substructural pat-
terns unique to the different species. Frog mast cells con-
tain cytoplasmic granules that also display unique ultra-
structural patterns. They are heterogeneous in shape and
contain an elaborate substructural architecture: some of
them had a granular content, and others showed a crystal-
line structure different from those of human mast cells
(Dvorak 1991; Patella et al. 1995; de Paulis et al.
1996). In addition, different from human mast cells,
non-membrane-bound lipid bodies were never observed
in our frog mast cell preparations.

The histamine content of various frog tissues varied
markedly, and the histamine content of frog mast cells

(approximately 0.1 pg per mast cell) was approximately
30 times lower than in mast cells isolated from different
human tissues (Patella et al. 1996; de Paulis et al.
1996). The low concentration of histamine in frog mast
cells could explain why earlier histochemical techniques
failed to reveal histamine (Chiu and Lagunoff 1971). In
rodents, the histamine content is higher in CTMC (ap-
proximately 15 pg per mast cell) than in MMC (approxi-
mately 1.5 pg per mast cell) (Galli 1990). Despite the sim-
ilarities in staining properties of the CTMC, the histamine
content was extremely low in all of our frog mast-cell
preparations. These differences in mediator content
emphasize the complexity of subtypes of mast cells from
different species.

In conclusion, mast cells characterized in situ in differ-
ent tissues from R. esculenta were remarkably different in
ultrastructural, biochemical, and histochemical properties
from mast cells previously identified in human tissues and
in other animal species. A striking feature of this study
was the close association of frog mast cells to nerves
and to melanocytes. This raises the possibility that the lo-
cal microenviroment influences their phenotype and per-
haps their functions. Isolation of mast cells from different
frog tissues may lead to the identification of additional
mediators and cytokines synthesized, stored, and released
by mast cells and may help to clarify their pathophysio-
logic role.

Acknowledgements We thank Mr. Oreste Marino and Mr. Giov-
anni Gragnaniello for technical support and Mrs. Lina Tagliaferri
for secretarial help. The authors thank Dr. Michele Columbo for per-
forming some of the initial measurements of the histamine content
of frog mast cells.

References

Aloe L, Levi-Montalcini R (1977) Mast cells increase in tissues of
neonatal rats injected with the nerve growth factor. Brain Res
133:358-366

Anderson DM, Lyman SD, Baird A, Wignall JM, Eisenman J, Rau-
ch C, March CJ, Boswell HS, Gimpel SD, Cosman D, Williams
DE (1990) Molecular cloning of mast cell growth factor, a he-
matopoietin that is active in both membrane bound and soluble
forms. Cell 63:235-243

Andrews RG, Briddell RA, Knitter GH, Rowley SD, Appelbaum
FR, McNiece IK (1995) Rapid engraftment by peripheral blood
progenitor cells mobilized by recombinant human stem cell fac-
tor and recombinant human granulocyte colony-stimulating fac-
tor in nonhuman primates. Blood 85:15-20

Arizono N, Matsuda S, Hattori T, Kojima Y, Maeda T, Galli SJ
(1990) Anatomical variation in mast cell nerve associations in
the rat small intestine, heart, lung, and skin. Lab Invest 62:
626-634

Benyon RC, Lowman MA, Church MK (1987) Human skin mast
cells: their dispersion, purification and secretory characteriza-
tion. J Immunol 138:861-867

Bienenstock J (1988) An update on mast cell heterogeneity. J Aller-
gy Clin Immunol 81:763-769

Blennerhassett MG, Tomioka M, Bienenstock J (1991) Formation of
contacts between mast cells and sympathetic neurons in vitro.
Cell Tissue Res 265:121-128

Bullock ED, Johnson EM (1996) Nerve growth factor induces the
expression of certain cytokine genes and bcl-2 in mast cells. J
Biol Chem 271:27500-27508



Caughey GH (1991) The structure and airway biology of mast cell
proteinases. Am J Respir Cell Mol Biol 4:387-394

Chieffi Baccari G, Minucci S, Marmorino C, Vitiello Izzo I (1991)
Number of mast cells in the Harderian gland of the green frog,
Rana esculenta: the annual cycle and its relation to environmen-
tal and hormonal factors. J Anat 179:75-83

Chiu H, Lagunoff D (1971) Histochemical comparison of frog and
rat mast cells. J Histochem Cytochem 19:369-375

Chiu H, Lagunoff D (1972) Histochemical comparison of vertebrate
mast cells. Histochem J 4:135-144

Combs JW, Lagunoff D, Benditt EP (1965) Differentiation and pro-
liferation of embryonic mast cells of the rat. J Cell Biol 25:577—-
592

Costa JJ, Demetri GD, Harrist TJ, Dvorak AM, Hayes DF, Merica
EA, Menchaca DM, Gringeri AJ, Schwartz LB, Galli SJ
(1996) Recombinant human stem cell factor (kit ligand) pro-
motes human mast cell and melanocyte hyperplasia and func-
tional activation in vivo. J Exp Med 183:2681-2686

Dvorak AM (1991) Blood cell biochemistry, vol 4. Basophil and
mast cell degranulation and recovery. Plenum Press, New York
London

Dvorak AM, Hammel I, Schulman ES, Peters SP, MacGlashan DW
Jr, Schleimer RP, Newball HH, Pyne K, Dvorak HF, Lichten-
stein LM, Galli SJ (1984) Differences in the behavior of cyto-
plasmic granules and lipid bodies during human lung mast cell
degranulation. J Cell Biol 99:1678-1687

Ehrlich P (1879) Beitrdge zur Kenntnis der granulierten Bindege-
webszellen und der eosinophilen Leukocyten. Arch Anat Phy-
siol 3:166-169

Enerbick L (1966a) Mast cells in rat gastrointestinal mucosa. Ef-
fects of fixation. Acta Pathol Microbiol Immunol Scand
66:289-302

Enerbick L (1966b) Mast cells in rat gastrointestinal mucosa. Dye-
binding and metachromatic properties. Acta Pathol Microbiol
Immunol Scand 66:303-312

Enerbéck L (1966¢) Mast cells in rat gastrointestinal mucosa. Reac-
tivity towards compound 48/80. Acta Pathol Microbiol Immunol
Scand 66:313-322

Enerbick L, Olsson Y, Sourander P (1965) Mast cells in normal and
sectionated peripheral nerve. Z Zellforsch 66:596—-608

Enerbick L, Pipkorn U, Aldenborg F, Wingren U (1989) Mast cell
heterogeneity in man: properties and function of human mucosal
mast cells In: Galli SJ, Austen KF (eds) Mast cell and basophil
differentiation and function in health and disease. Raven Press,
New York, pp 27-37

Funasaka Y, Boulton T, Cobb M, Yarden Y, Fan B, Lyman SD, Wil-
liams DE, Anderson DM, Zakut R, Mishima Y, Halaban R
(1992) c-kit-Kinase induces a cascade of protein tyrosine phos-
phorylation in normal human melanocytes in response to mast
cell growth factor and stimulates mitogen-activated protein ki-
nase but is down-regulated in melanomas. Mol Biol Cell 3:
197-209

Galli SJ (1990) Biology of disease. New insights into “the riddle
of the mast cells”: microenvironmental regulation of mast cell
development and phenotypic heterogeneity. Lab Invest 62:5—
33

Galli SJ, Wershill BK (1996) The two faces of the mast cell. Nature
381:21-22

Gaytan F, Bellido C, Carrera G, Aguilar E (1990) Differentiation of
mast cells during postnatal development of neonatally estrogen-
treated rats. Cell Tissue Res 259:25-31

Genovese A, Spadaro G, Triggiani M, Marone G (1995) Clinical ad-
vances in mastocytosis. Int J Clin Lab Res 25:178-188

Grichnik JM, Crawford J, Jimenez F, Kutzberg J, Buchanan M,
Blackwell S, Clark RE, Hitchcock MG (1995) Human recombi-
nant stem-cell factor induces melanocytic hyperplasia in suscep-
tible patients. J] Am Acad Dermatol 33:577-583

Heinrich MC, Dooley DC, Freed AC, Band L, Hoatlin ME, Keeble
WW, Peters ST, Silvey KV, Ey FS, Kabat D, Maziarz RT, Bag-
by GC Jr (1993) Constitutive expression of steel factor gene by
human stromal cells. Blood 82:771-783

161

Horigome K, Pryor JC, Bullock ED, Johnson EM (1993) Mediator
release from mast cells by nerve growth factor. Neurotrophin
specificity and receptor mediation. J Biol Chem 268:14881-
14887

Horigome K, Bullock ED, Johnson EM Jr (1994) Effects of nerve
growth factor on rat peritoneal mast cells. Survival promotion
and immediate-early gene induction. J Biol Chem 269:2695—
2702

Huang EJ, Nocka KH, Buck J, Besmer P (1992) Differential expres-
sion and processing of two cell associated forms of the kit-li-
gand: KL-1 and KL-2. Mol Biol Cell 3:349-362

Hukkanen M, Gronblad M, Rees R, Konttinen YT, Gibson SJ,
Hietanen J, Polak JM, Brewerton DA (1991) Regional distribu-
tion of mast cells and peptide containig nerves in normal and ad-
juvant arthritic rat synovium. J Rheumatol 18:177-183

Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB (1986)
Two types of human mast cells that have distinct neutral prote-
ase compositions. Proc Natl Acad Sci USA 83:4464-4468

Irani AA, Nilsson G, Miettinen U, Craig SS, Ashman LK, Ishizaka
T, Zsebo KM, Schwartz LB (1992) Recombinant human stem
cell factor stimulates differentiation of mast cells from dispersed
human fetal liver cells. Blood 80:3009-3021

Ishikawa S, Sperelakis N (1987) A novel class (H3) of histamine re-
ceptors on perivascular nerve terminals. Nature 327:158-160

Kirshenbaum AS, Goff JP, Kessler SW, Mican JM, Zsebo KM, Met-
calfe DD (1992) Effect of IL-3 and stem cell factor on the ap-
pearance of human basophils and mast cells from CD34* pluri-
potent progenitor cells. J Immunol 148:772-777

Koretou (1988) Relationship between the staining property of mast
cell granule with alcian blue-safranin O and toluidine blue O,
and the content of mast cell protease I in the granule of rat peri-
toneal mast cell. Acta Histochem Cytochem 21:25-32

Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S, Aloe L,
Levi-Montalcini R (1994) Mast cells synthetize, store, and re-
lease nerve growth factor. Proc Natl Acad Sci USA 91:3739—
3743

Longley BJ, Morganroth GS, Tyrrell L, Ding TG, Anderson DM,
Williams DE, Halaban R (1993) Altered metabolism of mast-
cell growth factor (c-kit ligand) in cutaneous mastocytosis. N
Engl J Med 328:1302-1307

Lowman MA, Benyon RC, Church MK (1988) Characterization of
neuropeptide-induced histamine release from human dispersed
skin mast cells. Br J Pharmacol 95:121-130

Lowry OH, Kosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the folin phenol reagent. J Biol Chem 193:
265-275

Marone G (1995) Human basophils and mast cells: biological as-
pects. Karger, Basel

Marone G, Spadaro G, Genovese A (1995) Biology, diagnosis and
therapy of mastocytosis. In: Marone G (ed) Human basophils
and mast cells: clinical aspects. Karger, Basel, pp 1-21

Marshall JS, Stead RH, McSharry C, Nielsen L, Bienenstock J
(1990) The role of mast cell degranulation products in mast cell
hyperplasia. I. Mechanism of action of nerve growth factor. J
Immunol 144:1886-1892

Matsui Y, Zsebo KM, Hogan BLM (1990) Embryonic expression of
a haematopoietic growth factor encoded by the SI locus and the
ligand for c-kit. Nature 347:667-669

Metcalfe DD (1991) Classification and diagnosis of mastocytosis:
current status. J Invest Dermatol 96:2S-4S

Michels NA (1923) The mast cell in the lower vertebrates. La Cel-
lule 33:339-461

Minucci S, Di Matteo L, Chieffi P, Pierantoni R, Fasano S (1997)
17B-estradiol effects on mast cell number and spermatogonial
mitotic index in the testis of the frog, Rana esculenta. J Exp
Zool 278:93-100

Mitsui H, Furitsu T, Dvorak AM, Irani AA, Schwartz LB, Inagaki N,
Takey M, Ishizaka K, Zsebo KM, Gillis S, Ishizaka T (1993)
Development of human mast cells from umbilical cord blood
cells by recombinant human and murine c-kit ligand. Proc Natl
Acad Sci USA 90:735-739



162

Morley JE, Kay NE, Solomon GF, Plotnikoff NP (1987) Neuropep-
tides: conductors of the immune orchestra. Life Sci 41:527-544

Newson B, Dahlstrom A, Enerbéck L, Ahlman H (1983) Suggestive
evidence for a direct innervation of mucosal mast cells. An elec-
tron microscopic study. Neuroscience 10:565-570

Nishikawa S, Kusakabe M, Yoshinaga K, Ogawa M, Hayashi SI,
Kunisada T, Era T, Sakakura T, Nishikawa SI (1991) In utero
manipulation of coat color formation by a monoclonal anti-c-
kit antibody: two distinct waves of c-kit-dependency during
melanocyte development. EMBO J 10:2111-2118

Olsson Y (1968) Mast cells in the nervous system. Int Rev Cytol
24:27-70

Patella V, Marind I, Lampirter B, Arbustini E, Adt M, Marone G
(1995) Human heart mast cells. Isolation, purification, ultra-
structure, and immunologic characterization. J Immunol 154:
2855-2865

Patella V, de Crescenzo G, Marino I, Genovese A, Adt M, Gleich
GJ, Marone G (1996) Eosinophil granule proteins activate hu-
man heart mast cells. J Immunol 157:1219-1225

de Paulis A, Marino I, Ciccarelli A, de Crescenzo G, Concardi M,
Verga L, Arbustini E, Marone G (1996) Human synovial mast
cells. I. Ultrastructural in situ and in vitro immunologic charac-
terization. Arthritis Rheum 39:1222-1233

Reith AD, Ellis C, Lyman SD, Anderson DM, Williams DE, Bern-
stein A, Pawson T (1991) Signal transduction by normal iso-
forms and W mutant variants of the Kit receptor tyrosine kinase.
EMBO J 10:2451-2459

Riley JF, West GB (1953) Presence of histamine in tissue mast cells.
J Physiol 120:528-537

Scharenberg AM, Kinet JP (1995) Early events in mast cell signal
transduction. In: Marone G (ed) Human basophils and mast
cells: biological aspects. Karger, Basel, pp 72-87

Siraganian RP (1974) An automated continuous-flow system for the
extraction and fluorometric analysis of histamine. Anal Biochem
57:383-394

Snedecor GW (1980) Statistical methods. Iowa State University
Press, Ames

Spicer SS (1960) A correlative study of the histochemical properties
of rodent acid mucopolysaccharides. J Histochem Cytochem 8:
18-33

Stead RH, Tomioka M, Quinonez G, Simon GT, Felten SY, Bienen-
stock J (1987) Intestinal mucosal mast cells in normal and nem-
atode-infected rat intestines are in intimate contact with pepti-
dergic nerves. Proc Natl Acad Sci USA 84:2975-2979

Stead RH, Dixon MF, Bramwell NH, Riddell RH, Bienenstock J
(1989) Mast cells are closely apposed to nerves in the human
gastrointestinal mucosa. Gastroenterology 97:575-585

Stellato C, de Paulis A, Ciccarelli A, Cirillo R, Patella V, Casolaro
V, Marone G (1992) Anti-inflammatory effect of cyclosporin A
on human skin mast cells. J Invest Dermatol 98:800-804

Tainsh KR, Pearce FL (1992) Mast cell heterogeneity: evidence that
mast cells isolated from various connective tissue locations in
the rat display markedly graded phenotypes. Int Arch Allergy
Immunol 98:26-34

Tomita Y, Maeda K, Tagami H (1993) Histamine stimulates normal
human melanocytes in vitro: one of the possible inducers of hyper-
pigmentation in urticaria pigmentosa. J Dermatol Sci 6:146-154

Tsai M, Shih LS, Newlands GFJ, Takeishi T, Langley KE, Zsebo
KM, Miller HRP, Geissler EN, Galli SJ (1991) The rat c-kit li-
gand, stem cell factor induces the development of connective
tissue-type and mucosal mast cells in vivo. Analysis by anatom-
ical distribution, histochemistry, and protease phenotype. J Exp
Med 174:125-131

Valent P, Spanblochl E, Sperr WR, Sillaber C, Zsebo KM, Agis H,
Strobl H, Geissler K, Bettelheim P, Lechner K (1992) Induction
of differentiation of human mast cells from bone marrow and
peripheral blood mononuclear cells by recombinant human stem
cell factor/kit-ligand in long-term culture. Blood 80:2237-2245

Vigorito C, Russo P, Picotti GB, Chiariello M, Poto S, Marone G
(1983) Cardiovascular effects of histamine infusion in man. J
Cardiov Pharmacol 5:531-537

Zsebo KM, Wypych J, McNiece IK, Lu HS, Smith KA, Karkare SB,
Sachdev RK, Yuschenkoff VN, Birkett NC, Williams LR, Sat-
yagal VN, Tung W, Bosselman RA, Mendiaz EA, Langley KE
(1990) Identification, purification, and biological characteriza-
tion of hematopoietic stem cell factor from buffalo rat liver-con-
ditioned medium. Cell 63:195-201



