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ABSTRACT

The structure of the specific granules of eosinophil leukocytes has been studied by electron
microscopy in sections of tissues, buffy coats, and sediments of peritoneal washings of rats,
mice, guinea pigs, and men. The core of eosinophil granules is a crystal which has a
cubic lattice with a repeat of ~30 A in rodents and ~40 A in man. The chemical composi-
tion of the core is discussed in connection with recent cell fractionation studies, and the
hypothesis that the core is a crystal of peroxidase is considered.

The characteristic structure of the specific gran-
ules of eosinophil leukocytes, hereafter referred to
as eosinophil granules, was recognized in several
vertebrate species (1-5) and in man (6-9) soon
after the development of microtomy techniques
suitable for electron microscopy. Early observa-
tions were summarized by Low and Freeman (10)
and by Bessis and Thiéry (11). The granules were
generally described as biconvex discs bounded by a
membrane and containing, usually in their equa-
torial region, one or several inclusions of a dense,
“crystalloid” material embedded in a less dense
matrix.! The fine structure of the internal dense
inclusion, or core, has received little attention.
Sheldon and Zetterquist (12) mentioned a lamel-
lated structure of alternating dense (50 A) and
light lines in the granules of certain mouse leuko-
cytes, later recognized as eosinophils (13). Barg-
mann and Knoop (13) described the core of eosino-
phil granules in the cat as a hollow cylinder whose
wall consisted of 23 concentric, alternatively dense
and light lamellae, each measuring ~45 A across.

1In the literature (see references 13, 15), the dense
inclusion and the matrix of the granule are some-
times referred to as ‘“‘internum’ and ‘“externum,”
respectively.

Osako (14) confirmed these findings, but failed to
detect a periodic structure in the eosinophil
granule core of a whole spectrum of other verte-
brate species examined. Later on, Bargmann and
Knoop (15) resumed the work on cat eosinophils,
revised the figure given for the thickness of the
light lamellae to ~35 A, and claimed to have
resolved the dense lamellae into three sublayers of
~15 A each.

In this paper we present some new observations
on the structure of the crystalline core of eosinophil
granules in man and in a number of laboratory
rodents, i.e., the mouse, rat, and guinea pig.

MATERIALS AND METHODS

Bone marrow from the femora of mice, rats, and
guinea pigs was removed under ether anesthesia and
fixed at ~ 4°C in: (a) 1% OsOy in 0.1 M Na-phos-
phate or Na-K-phosphate buffer (pH 7.4) for 2 hr,
or (b) 2, 3, or 6% glutaraldehyde in 0.05 to 0.1 M
Na-phosphate, Na-K-phosphate or Na-cacodylate
buffer (final pH 7.2) for 2 to 6 hr. Glutaraldehyde-
fixed specimens were washed overnight in 0.1 M buf-
fer containing 0.22 M sucrose, or in 0.15 M buffer and
postfixed in 1 or 29, OsOy4 in 0.1 M Na-K-phosphate
buffer (pH 7.4) for 2 hr. Sediments of washings from
the peritoneal cavity of rats, and pieces of liver and
intestinal wall (jejunum) of rats and guinea pigs were
also fixed as above. Human eosinophil leukocytes
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Figure 1 Specific granules in a human eosinophil leukocyte showing dense cores (C) of various shapes
embedded in a less dense matrix (M). X 28,000.

were studied in: (¢) a liver biopsy (41 yr old male
icteric patient), and (b) peripheral blood (23 yr old
normal female, 57 yr old male with allergic eosino-
philia, and normal 37 yr old female suffering from
Asthma bronchiale). In the latter three cases, 10 to
20 m] of blood were withdrawn by venous puncture,
0.2 ml of Liquemin Roche (heparin) was added, and
the blood was spun at 4000 reM for 5 min. The buffy
coats and the liver biopsy were fixed in OsOy4 as
above. Some specimens were stained in block, before
dehydration, in 0.59 uranyl acetate in acetate-
Veronal buffer pH 5.0 (16). All specimens were de-
hydrated in ethanol and embedded in Epon 812 (17).
Thin sections were cut on LKB ultrotomes or Porter-
Blum microtomes provided with diamond knives
(duPont de Nemours, or R. E. Sugg, Wilmington,
Delaware). They were picked up on naked grids and
stabilized by a layer of carbon (18), or collected on
grids covered with a collodium film reinforced by
carbon. The mounted sections were doubly stained
with 2%, uranyl acetate (19) for 30 min, followed by
lead citrate (20) for 10 min, and examined in three
different Siemens Elmiskop I electron microscopes
operated at 80 kv with double condensors and 50 p
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molybdenum apertures in the objective. A few sections
were examined by using pointed filament cathodes
and an anticontamination device. Micrographs were
taken at magnifications ranging from 4000 to 80,000.
The instrumental magnification was calibrated with a
grating or a cross-linked grating replica provided with
2160 lines per millimeter (E. Fullam, Schenectady,
New York). Measurements were made either on
prints magnified 3 to 6 times from plates taken at a
magnification of 80,000, or on densitometric tracings
made directly from negatives taken at a magnification
of ~ 40,000 and enlarged 50 times in a Joyce double
beam recording microdensitometer (Fig. 12).

OBSERVATIONS

In sections of mouse, rat, guinea pig, and man
leukocytes, the eosinophil granules appear as
elliptical or, more rarely, circular profiles which
measure ~0.3 to 1.2 u in diameter, are limited by
a well defined unit membrane, ~95 A thick, and
contain an amorphous or finely granular matrix.
Embedded in this matrix is a dense core which
appears as a band of varied width usually disposed
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Ficure 2 Two eosinophil granules in a rat leukocyte infiltrating the intestinal mucosa. The granules are
bounded by a single unit-membrane (GM). The matrix (M) consists of a granular material of medium
density. In both granules the cores (C) show a regular longitudinal array of dense bands. The arrow points
to a slight displacement in ~ 10 consecutive bands. Tissue stained in block with uranyl acetate (16).
X 875,000,



FicUrRe 8 Same material as in Fig. 2. At this magnification the bands appear as linear series
dots. X 630,000,
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Figure 4 Same material as in Fig. 2. In this section the bands appear to run parallel to the short axis of
the core. X 440,000.

parallel to the long axis of the granule profile. In
human eosinophil granules, the shape of the cores
is more varied than in rodents: in addition to
rectangular bands, nearly square plates, slender
needles, or irregular forms are encountered (Fig.
1). In the eosinophil granules of the guinea pig, the
band is occasionally bisected by a narrow (~450
A) strip whose density approaches that of the
granule matrix. Sometimes, the central strip can
be followed from one end through part of the core
only, presumably because it passes out of the plane
of the section. In three dimensions, the core could
be a plate or a hollow cylinder, as already postu-
lated by Bargmann and Knoop (13) for the
“internum” of cat eosinophil granules. Since
longitudinal splits were only occasionally observed,
and cylindrical cross-sections were never en-
countered, we assume that, in the species ex-
amined, the core of the eosinophil granules is a
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plate occasionally split parallel to its broad
surfaces. Most of the granules contain a single
core, but sometimes two to four cores lie parallel
to one another or at various angles within the ma-
trix of one granule, especially in human material.
In all species examined, a highly ordered struc-
ture, visible on the electron microscope screen at
direct electronic magnifications of at least 40,000
times,? could be detected in the cores of about one-
third of the granules in a given eosinophil leuko-
cyte profile. It consists of a very regular array of
alternating and equidistant dense and light bands
(Figs. 2 and 7) of which the former frequently
appear, at least in part, as linear series of dense
dots (Figs. 3 and 10). Usually, the bands run
parallel to the long axis of the core from one end to

2 With a 10X viewing microscope, the image is ac-
tually seen magnified ~ 400,000 times.
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Ficure 5§ This rat eosinophil granule has a partially split core which shows a longitudinal array at one
end, and a square lattice at the other, in addition to areas of indistinct structure. X 344,000.

Ficure 6 Higher magnification showing in greater detail the square lattice seen in Fig. 5. X 800,000,
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Figore 7 Part of a core of an eosinophil granule in a Swiss mouse myelocyte showing the longitudinal
repeat. X 470,000,

Froure 8 Same material as in Fig. 7, showing the transverse repeat of the core. X 470,000,
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Figure 9 Transverse repeat in the core of a human eosinophil granule. The bands appear as linear
arrays of dots. X 820,000.

Figure 10 This small field in the core of a human eosinophil granule shows a square array of dots, pre-
sumably because in this case the plane of the section is nearly parallel to one plane (100) or (010) of the

cubic lattice of the core erystal. X 640,000,
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Figure 11 Small field in the core of a human eosinophil granule showing the 28 A repeat occasionally
seen in sections through the core crystal. Geometric considerations explaining the occurrence of 2 repeats
(the usual ~40 A and the less frequent 28 A) are given in the Discussion. X 480,000.

the other (Figs. 2, 3, and 7); less frequently, they
run parallel to the short axis (Figs. 4, 8, and 9);
and occasionally they form a square lattice by
running in both directions (Figs. 5, 6, and 10). The
structure of the core is not always faultless along
its entire length: the longitudinal arrays may be
disturbed by the displacement of one or more
bands (Fig. 2), or become locally indistinct, being
apparently replaced by more or less homogenous
areas beyond which the regular arrays reappear.
Finally, a square lattice may be found in one part
of the core, and a linear array in the rest (Figs. 5
and 6).

Table I gives the measured spacings in the
crystalline lattice of the core and shows that, in
conventional preparations, the longitudinal repeat
is ~30 A in the rat, ~31 A in the guinea pig,
~28 A in the mouse, and ~40 A in man.? In

3 Preliminary observations on the ecsinophil granules
of the rabbit also showed an array of dense and light
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a few cores of human eosinophil granules, a band
pattern with a smaller repeat of ~28 A was
observed (Fig. 11). The two repeats (40 and 28 A)
were found in different granule cores in the same
eosinophil leukocyte. In uranyl-treated rat leuko-
cytes, the longitudinal repeat (Figs. 2 and 3) is
smaller by ~109% (27 A). The transverse repeat
in the rat (Fig. 4), mouse, and man is nearly
equal to the longitudinal spacing, the differences
being <5%. Each dense band or light interspace in
the lattice measures accordingly ~14 to 15 A
across in rodents and ~20 A in man (see Discus-
sion).

The features described apply to eosinophil
granules in all locations mentioned, i.e., bone
marrow, peripheral blood, peritoneal fluid, liver,
and lamina propria of the intestinal mucosa. In
the guinea pig and in man, the granules are

bands (mean center-to-center distance 30.1 £ 0.42
A; s = 1.45) in the very slender and needle-shaped
cores.
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Ficure 12
equivalent dimensions and comparable density.

more irregular in shape, and many of them have
more than one core; in addition, the matrix fre-
quently contains small membrane-bounded vesicles
and other polymorphic inclusions.

DISCUSSION

Our observations show that parallel bands or a
square lattice can be demonstrated in the case of
eosinophil granules of rats, mice, guinea pigs, and
men. In all cases, the repeat is ~30 A in rodents,
and ~40 A in men; in the latter, an additional
28 A repeat is occasionally encountered.

The regular patterns observed cannot be inter-
preted as real images of a structure in which
contrast is provided by scattering (mass-thickness
contrast) because the sections are relatively thick,
namely 200 to 400 A (22), and are penetrated by
stain to a depth of at least 400 A (22). Assuming a
section thickness of 200 A and a molecular diame-
ter of ~15 A, a tilt of ~4° of the (100) or (010)
lattice plane on the optical axis would be sufficient
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Densitometric tracing of the entire width of a core (C), showing 39 consecutive bands of

to obscure the banded patterns which, accordingly,
should be encountered with a frequency <2%.
The corresponding figure would be <19% for
sections 400 A thick. In our observations, banded
patterns were recorded at a considerably higher
frequency.

The micrographs obtained can be interpreted as
interference patterns of crystals (21) with a cubic
lattice. In this situation, the spacings in the micro-
graphs correspond to true spacings in the lattice,
but the thickness of the dense bands and the
diameter of the dense dots in the image do not
represent the dimensions of the molecules of the
crystal.

The presence of square lattices and of bands
parallel to the long as well as to the short axis of
the cores, and the fact that the repeats are nearly
equal in two directions in the plane of the section,
suggest that the cores are crystals with a cubic
lattice. This assumption is compatible with the
observation of two different repeats in the human
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Freure 18 Diagram of the crystalline lattice of the
human eosinophil core. The repeat b observed in the
(11) direction is smaller than the repeat a seen in the
(10) and (01) directions. The calculated value of this
repeat (40/+/2 = 28.2 A) agrees well with the smaller
repeat (28 A) found in some micrographs (see Fig. 11).

a

material. As shown in the diagram (Fig. 13) the
repeat a (40 A) can be obtained in the (/0) and
(01) directions, and the repeatb = a/+/3 = 28.2 A
in the (17) direction. The ratio a/b = +/2 fits well
with the ratio 40/28 = 1.43 = /2 measured in
the human material.

From these observations it appears that in the
species examined the structure of the core is quite
different from that described by Bargmann and
Knoop (15) in cat eosinophil granules; the core of
the latter is a lamellar structure with a periodicity
2 to 3 times larger than those found in rodents and
man.

The chemical composition of these crystals
remains unknown. Histochemical observations
show that the “core” of the eosinophil granules
contains a protein rich in arginine, positively
charged at physiological pH’s (23) and responsible
for the staining with acidic dyes (24, 25), whereas
the “cortex’ is PAS-positive (24) and rich in
phospholipids (25-27). Yet there is no clear corre-
spondence between the “core” (or “body’”) and
“cortex,” distinguished in these tests by light
microscopy, and the structural elements, i.e.
crystalline core, matrix and membrane, resolved
by electron microscopy. Half the total cell protein
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of rat eosinophils is localized in the granules, and
only about one-fourth of it is soluble after freezing
and thawing (28). These data imply a high concen-
tration of protein in the eosinophil granule and
suggest that the crystalline core consists of protein.
The dimensions of the lattice are compatible with
this assumption (29).

Some of the proteins of isolated rat and horse
eosinophil granules have been identified as lyso-
somal enzymes by Archer and Hirsch (28) who
showed, in addition, that cathepsin, ribonuclease,
arylsulfatase, and 8-glucuronidase are almost fully
released in soluble form upon disruption of the
granules, while acid and alkaline phosphatases are
only partly solubilized. Under these conditions,
the entire peroxidase activity remains with the
insoluble granule debris from which it can be
extracted with weak acid (28).4 A hemoprotein with
the enzymic and spectral properties of a peroxidase
has been extracted and partially purified from rat
eosinophil granules, and found to be different from
the myeloperoxidase or neutrophil peroxidase
present in neutrophil granulocytes (30). Of all the
enzymes so far identified in eosinophil granules,
the specific peroxidase seems to be the most likely
candidate for the protein of the crystalline core. In
the future, this hypothesis could be put to test by
subfractionating eosinophil granules and by using
the parameters of the lattice here described to
correlate the presence of the crystals with the
activities of the subfractions.

It is noteworthy that, although the eosinophil
granule contains a large number of different en-
zymes, only one of them seems to crystallize. A
comparable situation has been found and studied
in hepatic microbodies (31) in which the crystal
seems to consist of urate oxidase (32). A potentially
similar situation exists in the specific granules of
basophil leukocytes in which a crystalline content
has been recently detected (33, 34).

This work was aided by the Health Research Council
of the City of New York, Contract No. I-325, to E.
de Harven, and the United States Public Health
Service, Grant 05648, to G. E. Palade.

Received for publication 14 December 1965.

4In cytochemical tests for acid phosphatase, which
are carried out at pH 5.0, the crystalline core of rat
and man eosinophil granules is partly extracted
during the incubation. The reaction product is
preferentially localized in the matrix of the granules
(35-37).
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