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Abstract X-ray microanalysis was performed on rat
mast cells prepared by quick-freezing, cryosectioning
and freeze-drying (QF-FD) method, or quick-freezing
and freeze-substitution (QF-FS) method. Peritoneal cells
including mast cells were stimulated with compound
48/80 for 0, 10 or 30 s at 17° C, and the mast cells stimu-
lated for 30 s started exocytosis. In X-ray spectra of the
QF-FD specimen, mast cells stimulated for 10s in-
creased their levels of phosphorus, sodium and chlorine
in the intergranular cytoplasm prior to exocytosis, and
kept this increase until 30 s after stimulation. In the QF-
FS specimen, where soluble elements were removed,
peaks of phosphorus, sulphur and potassium could be de-
tected as elements in X-ray spectra. Phosphorus in-
creased and potassium decreased in intergranular cyto-
plasm of mast cells stimulated for 10 s, and these chang-
es became more obvious after 30 s. However, supple-
mental increase of other cations such as sodium could
not be detected in the QF-FS specimens.
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Introduction

Conventional electron microscopic studies have reported
that compound 48/80-induced exocytosis in rat peritone-
al mast cells starts from fusion between perigranular
membrane and plasma membrane [2, 6, 7, 16]. Few cyto-
plasmic events prior to the fusion can be demonstrated in
such exocytosis. Actin filaments exist in resting mast
cells [15, 18], and may prevent membrane fusion [5, 12]
and recently it was demonstrated that disassembly of ac-
tin filaments in stimulated mast cells was followed by fu-
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sion between adjacent granule membranes in the entire
cytoplasm [17]. These morphological findings suggest
that preparatory states for degranulation occurred physi-
ologically in the whole cytoplasm at an early stage of
exocytosis. It has been pointed out that calcium influx
also plays an important role as a trigger for exocytosis in
mast cells [8, 14, 18]. However, further general changes
of cytoplasmic elements in the stimulated mast cells
have not yet been investigated.

X-ray microanalysis has been utilized to analyse
changes of cytoplasmic elements which are related to dy-
namic processes such as exocytosis in biological speci-
mens [20, 21]. We performed X-ray microanalysis in
combination with quick-freezing (QF), cryosectioning
and freeze-drying (FD) methods, which did not permit
significant artefactual shifts of elements in the specimens
in order to study cytoplasmic elements in mast cells
stimulated with compound 48/80. We also used QF and
freeze-substituted (QF-FS) specimens for X-ray micro-
analysis as the QF-FS method has been used widely in
electron microscopy where elements associated with cel-
lular architecture are less altered than soluble electro-
Iytes in the QF-FS specimens [21]. We expected that X-
ray spectra of the QF-FS specimens would give clues
about cytoplasmic changes during exocytosis. We exam-
ined some elemental shifts which might promote mast
cell exocytosis.

Materials and methods

Twenty-five male Wistar rats weighing 240-280 g were purchased
from Japan SLC (Shizuoka, Japan). Each was anaesthetized with
ether and bled our from both carotid arteries. Ten millilitres of
Dulbecco’s modified Eagle’s medium (Flow Laboratories, USA)
containing 10 unit/ml heparin and 0.1% bovine serum albumin
was injected into the peritoneal cavity. After massage of the abdo-
men, the peridoneal fluid was pipetted out as described elsewhere
[13, 16, 17]. The peritoneal fluid of each rat was mixed and centri-
fuged at 1000 rpm for 10 min. Then the supernatant was discard-
ed, and centrifuged peritoneal cells were collected. For exocytosis
to occur, they were stimulated with 10 ug/ml compound 48/80
(Sigma, USA) at 17° Cfor 0, 10 or 30 s [1, 17, 19]. Unstimulated



Fig. 1a—f Light and electron micrographs of mast cells at different
stages of compound 48/80-induced degranulation. a—c The con
ventional procedure. d—f The quick-freezing and freeze-substitu-
tion (QF-FS) procedure. a and d Resting mast cells. b, e Mast
cells stimulated for 10 s. ¢, € Mast cells stimulated for 30 s, which
start degranulation of their peripherally located granules (arrows).
a—c x12300. d—f x18600. Insets Light micrographs of mast cells at
each stage, which were prepared by the QF-FS method. Small ar-
rows indicate liberated secretory granules. X900

mast cells were designated as resting cells. Compound 48/80 stim-
ulation was stopped by QF for electron microscopy (EM) and X-
ray microanalysis, or by fixation for conventional EM to detect re-
leased secretory granules [17].

For conventional EM, specimens were fixed with 2.5% glutar-
aldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 30 min,
washed in phosphate buffered saline (PBS), and postfixed with 2%
osmium tetroxide (OsQ,) in PB for 30 min. They were washed in
PBS, dehydrated in a graded series of ethanol, immersed with pro-
pylene oxide and routinely embedded in Epok 812. Ultrathin sec-
tions were cut, mounted on copper grids and doubly stained with
uranyl acetate and lead citrate. They were examined by EM, Hita-
chi H-600 at an accelerating voltage of 75 kV.

For EM and X-ray microanalysis of QF-FS specimens, mast
cells treated on egg albumin stages were attached to copper blocks
cooled in liquid nitrogen (~196° C) and quickly frozen. Then they
were placed in pure acetone containing 2% OsO, at —~80° C for 20
h. Temperature of the samples was then raised, firstly to —20° C
for 2 h, then to 4° C for 2 h and finally to room temperature [11].
They were washed in absolute acetone and embedded in Epok
812. Thick sections of the QF-FS specimens were stained with tol-
uidine blue and examined under a light microscope. Ultrathin sec-
tions were cut and examined as described above.

For energy-dispersive X-ray microanalysis fresh unfixed mast
cells were plunged into a liquid isopentane-propane mixture

(—=193° C) cooled in liquid nitrogen [10]. Then 0.2 um semithin
sections of the frozen specimens, cooled at —~130° C, were cut using
a ultramicrotome equipped with a cryosectioning apparatus. The
semithin sections were mounted on nylon grids and freeze-dried in
a freeze-fracture apparatus under vacuum conditions of 6-8x10-¢
Pa for 30 min at —95° C. They were coated with carbon to reinforce
the specimens. The QF-FS sections were also mounted and coated
with carbon [9, 10]. Mast cells could be easily distinguished from
other peritoneal cells by their larger size and appearance.

X-ray microanalysis was performed in a Hitachi H-8§8100 EM
equipped with an energy-dispersive X-ray microanalysing system,
Kevex Delta. Intergranular cytoplasm of different mast cells
(about 15 areas for each specimen) were examined at an accelerat-
ing voltage of 200 kV, for 100 s analysing time and with 20 nm of
beam spot diameter. Obtained X-ray spectra were evaluated quan-
titatively with a software Quantex version 6 (Fisions Instru-
ments/Kevex, USA), which could separate some overlapped X-ray
peaks mathematically. The results were represented as weight per-
cents of cytoplasmic elements. In QF-FS specimens, some ele-
ments such as chlorine, which originated not only from mast cells
but also from the resin or fixative, were used for quantitative eval-
uation; neglect of these elements might cause confusion although
they were omitted from the final adjustment and changes in cyto-
plasmic elements in QF-FS specimens were finally represented as
percentages of phosphorus, sulphur and potassium by recalcula-
tion among these three elements. Elements with atomic numbers
under ten could not be detected.

Results

Figure 1 illustrates light and EM appearances of the mast
cells. Resting mast cells had a smooth contour of the cell
surface and many secretory granules (Figs. la, d). The
granules showed staining with toludine blue by light mi-
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Fig. 2a-c Examples of X-ray spectra by energy-dispersive X-ray
microanalysis in resting mast cells. a X-ray spectra examined in
the QF-freeze-drying specimen. Those in the QF-FS specimen. ¢
Those in background epoxy resin

croscopy (Fig. 1d, inset), and had compact and uniform
appearance by EM. Mast cells stimulated for 10 s did not
show morphological changes (Fig. 1b, e). In contrast,
mast cells stimulated for 30 s showed irregular contour
of the cell surface and exocytosis (Fig. lc, f). Released
secretory granules in QF-FS specimens had compact ap-
pearance (Fig. 1f), while such granules showed distinct
expansion and rough network appearance in convention-
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al EM (Fig. 1¢), which was probably a morphological ar-
tefact [17]. However, they could be easily distinguished
from compact and electron dense granules within the cy-
toplasm before exocytosis [6, 16].

Figure 2 illustrates examples of X-ray spectra ob-
tained from resting mast cells. In QF-FD specimens, X-
ray peaks of sodium, sulphur, phosphorus, chlorine, po-
tassium and calcium were detected (Fig. 2a). X-ray
peaks of the other elements were not distinguishable
from background noise and hard to use for quantitative
evaluation. In QF-FS specimens, X-ray peaks of sulphur,
phosphorus and potassium could be identified (Fig. 2b),
while they did not exist in the background resin (Fig.
2¢). Chlorine was also detected in both areas (Fig. 2b, ¢).

Table 1 demonstrates the weight percentages of cyto-
plasmic elements in the mast cells. In QF-FD specimens,
mast cells stimulated for 10 s increased phosphorus and
chlorine, and decreased potassium in their intergranular
cytoplasm. They also increased their sodium after 30 s of
stimulation. Changes in calcium, however, were hardly
detected. In QF-FS specimens, mast cells stimulated for
10 s increased phosphorus and decreased potassium.
They progressively increased phosphorus and further de-
creased potassium after 30 s stimulation.

Discussion

Resting mast cells had smooth contour of the cell surface
and did not show degranulation. However, mast cells
stimulated for 30 s released peripherally located gran-
ules. Liberated granules in the extracellular space
showed a compact morphological appearance in QF-FS
specimens, indicating existence of considerable contents.
The granules regulate some aspects of the inflammatory
reaction [4], and their gradual release would be reason-
able as a regulatory process [17]. Conventional EM,
however, produced an appearance of distinct expansion
and loose network formation [1, 6, 7, 16], as shown in
Fig. 1c, and suggested rapid collapse of the granules dur-
ing exocytosis. In contrast, granules released in QF-FD
specimens have kept a relatively rich content. The gran-
ule in the QF-FD specimens may reflect a more natural
appearance than that in conventional preparations.
Energy-dispersive X-ray microanalysis has advantages
for showing elemental features in biological specimens
[20, 21]. The QF-FD specimen allowed examination of
general elemental changes related to their functional con-
ditions at the moment of quick-freezing {20]. Free cells in
culture medium are easy to treat under controlled condi-
tions [22], so in vitro mast cells would be useful for X-
ray microanalysis. In QF-FD specimens, stimulated mast
cells increased their content of electrolytes such as sodi-
um and chlorine, and decreased potassium. These chang-
es suggested that exchanges of extracellular and intracel-
lular liquid might occur in the mast cells. The stimulated
mast cells also increased phosphorus in their intergranu-
lar regions. It has been reported that disassembly of inter-
granular actin filaments promotes exocytosis in mast cells
[17], requiring oxidative phosphorylation [3]. The shift of
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Table 1 Percentages of the elements in the cytoplasm of mast cells, represented as meantstandard deviation (QF quick-freezing, FS

freeze-substitution, FD freeze-drying)

Time (s) Sodium Phosphows Sulphur Chlorine Potassium Calcium
QF-FD

0 4.114£3.00 11.124+13.88 58.89+14.58 13.5446.10 11.66£4.00 0.78+0.53
10 5.69+1.75 24.13422.16 35.95+24.61 28.32+9.85 5.2442.40 0.69+0.56
30 11.0746.74 21.08+17.28 36.28+25.27 24.43% 6.03 6.08+1.52 1.06+0.56
QF-FS

0 - 15.89+3.99 62.87+3.38 - 21.24+2.67 -
10 - 20.03£5.74 66.09+5.93 - 5.89+2.65 -
30 - 41.2814.84 58.80+4.76 - 0.91+1.04 -
back - 0.00£0.00 0.00+0.00 - 0.0010.00 -

phosphorus presented in the present study may be related
to these biochemical events. Moreover, reorganization of
membranous structure may occur in the stimulated mast
cells, and the changes in phopshorus may be related to
this reorganization.

In QF-FS specimens, both increase of phosphorus and
decrease of potassium could be detected, when sodium
had been removed from the specimens. It is interesting
that considerable amounts of potassium could be detected
in the QF-FS specimens which had been allowed to retain
some soluble proteins, especially in resting mast cells.
Furthermore, the postassium in resting cells decreased af-
ter compound 48/80 stimulation, and sodium, which was
increased in QF-FD specimens, was not detected. It is
widely accepted that potassium exists as a free cation in
the cells and no binding proteins have been reported, so it
is hard to explain these findings. Potassium binding sites,
however, might be able to regulate cell volume and func-
tions during rapid exocytosis. Further examination to pu-
rify binding proteins with biochemical techniques would
be required to confirm the present finding.

The present study reflects general changes in cyto-
plasmic elements in the stimulated mast cells. Dramatic
shift of a minor element like calcium, a trigger for exo-
cytosis, could be hardly detected. Another physiological
approach in combination with X-ray microanalysis
would be required to reveal a slight shift of calcium.
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