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Summary. The purpose of this study was to clarify
erythrocyte shapes in splenic cords of living mouse
spleens, using our in vivo cryotechnique followed by
scanning (SEM) or transmission (TEM) electron
microscopy. Some spleens of mice were quickly frozen
by the in vivo cryotechnique while their hearts were
beating under anesthesia. In contrast, other spleens were
prepared by an in vitro freezing method after they were
taken out from the abdominal cavity. They were
routinely freeze-substituted, and prepared for SEM and
TEM. A few mouse spleens were also routinely fixed
and embedded in Quetol-812 to obtain conventional
morphology. Erythrocytes in living mouse spleens
showed a variety of shapes with narrow spaces between
them, trapped among reticular fiber tissues. Similar
various shapes of erythrocytes were kept in the red pulp
even after blocking normal blood circulation, as
prepared by the in vitro freezing method. In comparison
to the above-mentioned findings, some erythrocytes
were changed to biconcave discoid shapes by the
conventional immersion fixation with chemical fixatives.
They also showed wide spaces between each other
among reticular fiber tissues. Such conventional
morphological studies could hardly reveal the in vivo
shapes of erythrocytes in functioning spleens with
normal blood circulation. In contrast, the various shapes
of erythrocytes in the functioning spleens were
demonstrated by our in vivo cryotechnique. It is
suggested that most erythrocytes congesting in spleens
keep their original configuration in spite of
microenviromental alteration in splenic blood
circulation.
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Introduction

Erythrocytes in the circulating blood must have an
ability to withstand some frequent deformation forces
during lots of passages through the vascular system in
their life span. It is also well-known that aged
erythrocytes are selectively removed from the blood
circulation by phagocytosis of splenic macrophage
systems. In living animals, the spleen serves as a
complex biological filter interposed in the blood
circulation to clean the aged erythrocytes. Some
investigators studied erythrocyte deformability in
artifical microcirculation by various physiological
methods which could be compared with that of
erythrocytes flowing through spleens (Kubota et al.,
1996; Suzuki et al., 1996). Others also performed
physiological researches on altered properties of the
aged erythrocytes (Kosower, 1993; Ghailani et al.,
1995). Although some light microscopic studies of
erythrocytes in the spleen were performed by
high-resolution video-microscopy (MacDonald et al.,
1987), there has been no detailed examination of
erythrocyte shapes in the red pulp of spleens of living
animals. Therefore, it is necessary to reveal the in
vivo morphology of erythrocytes flowing in the
spleens.

We have already developed an in vivo cryotechnique
to examine erythrocyte shapes in large blood vessels and
hepatic sinusoids in their functioning state (Terada et al.,
1998; Xue et al., 1998). The erythrocytes flowing in the
hepatic sinusoids and the abdominal aorta exhibited a
variety of shapes including ellipsoid during normal
blood circulation. However, biconcave discoid shapes of
erythrocytes promptly appeared in the sinusoids after the
mouse heart arrest, and were also seen in the inferior
vena cava of living mice. In the present study, we have
used the same in vivo cryotechnique to examine
erythrocyte shapes in the red pulp of mouse spleens. For
comparison with these findings, we also prepared
other splenic specimens using an in vitro freezing
method and the conventional immersion fixation
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method.
Materials and methods

A total of 11 BALB/c female mice, aged 6-8 weeks,
were used for the present study and were divided into 3
groups. The 1st group (n=6) was prepared for the in vivo
cryotechnique. The 2nd group (n=3) was prepared for
the in vitro freezing method, and the 3rd one (n=2) was
for the conventional immersion fixation. They were all
intraperitoneally anesthetized with sodium pentobarbital
(50 ug/kg body weight).

In vivo cryotechnique

The abdominal cavity was opened, and a spleen was
placed on a small plastic plate without disturbing blood
vessels. The in vivo cryotechnique was performed under
the physiological condition of their heart beating, as
previously described (Ohno et al., 1996). Briefly, the
spleen was cut and simultaneously frozen by a cryoknife
edge precooled in liquid nitrogen (-196 °C), while the
heart was normally beating (Fig. 1la). The prepared
liquid isopentane-propane cryogen (-193 °C) was
immediately poured over the spleen, as reported before
(Ohno et al., 1996). A large amount of the applied
cryogen remained along the cryoknife edge and
participated in the freezing process. This was followed
by liquid nitrogen application to prevent a rise of the low
temperature. The well-frozen splenic tissue parts were
trimmed with a nipper in liquid nitrogen, preserved in
the liquid nitrogen and then submitted to the following
routine freeze-substitution, as described below.

In vitro freezing method

While the mouse heart was normally beating, the
spleen was removed from the abdominal cavity, and then
placed on a plastic plate (Fig. 1b). It was immediately
cut and frozen with a cryoknife, as described above. The
frozen specimen was also preserved in liquid nitrogen
for the routine freeze-substitution.

Freeze-substitution method

Both frozen samples prepared by the in vivo
cryotechnique and the in vitro freezing method were
freeze-fractured with a scalpel in liquid nitrogen and
transferred into absolute acetone containing 2% osmium
tetroxide at -80 °C. They were routinely freeze-
substituted at -80 °C for 20h, and then their temperature
was raised up to -20 °C for 2h and 4 °C for 2h. Finally,
they were raised to room temperature and washed in
pure acetone 3 times, once every 10 min.

Conventional immersion fixation method

Spleens of 2 mice were removed from their
abdominal cavity, and then cut into small pieces with

razor blades. They were prefixed with 2.5%
glutaraldehyde in 0.1M phosphate buffer (PB), pH7.3, at
4 °C for 2h and then washed with 0.1M PB 3 times, once
every 10 min. They were post-fixed with 1% osmium
tetroxide in 0.1M PB for 2h and routinely dehydrated in
a graded series of ethanol (from 50% to 100%) at room
temperature, once every 10 min.

Scanning (SEM) or transmission (TEM) electron
microscopy

After the freeze-substitution method or the
conventional dehydration steps, some specimens were
transferred into t-butyl alcohol, freeze-dried in an ES-
2030 apparatus (Hitachi Ltd., Japan), ion-sputtered with
platinum/palladium (10-15nm in thickness) and
examined in an S-4500 scanning electron microscope
(Hitachi Ltd., Japan) at an accelerating voltage of 5kV.
Other specimens were embedded in Quetol-812.
Ultrathin sections were routinely prepared, stained with
uranyl acetate and lead citrate and observed in an H-600
transmission electron microscope (Hitachi Ltd., Japan).

Results

Scanning electron micrographs of the frozen splenic
tissues showed relatively well-preserved surface areas,
which had been freeze-fractured along the cut and frozen
tissue surface by a scalpel in liquid nitrogen (Figs. 2b, 3,
4). The well-frozen areas were obtained in the initially
contacted surfaces with the precooled cryoknife
followed by the isopentane-propane mixture (-193 °C)
during the in vivo cryotechnique procedure, as
confirmed by crossly viewing on ultrathin sections (Fig.
2a).

An overall image of erythrocyte shapes in the red
pulp of spleens, which had been prepared by the in vivo
cryotechnique, was obtained in low magnified electron
micrographs (Fig. 2). Variously shaped erythrocytes
were closely localized in the splenic pulp cords. In an
electron micrograph of TEM (Fig. 2a), some ice crystal
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Fig. 1. Schematic representation of the in vivo cryotechnique (a) and the
in vitro freezing method (b).
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damage was recognized in deeper tissue areas beyond
the well frozen part with a depth of 5-8 um. The 3-
dimensionally viewed red pulp areas with SEM were
obtained on the freeze-fractured splenic tissue surfaces
(Fig. 2b). At high magnification, variously shaped
erythrocytes were observed among elaborate parts of
reticular tissues in the splenic pulp cords (Fig. 3). There
were relatively fewer spaces among reticular cells,
reticular fibers, and erythrocytes (Fig. 3a-c).

To compare such erythrocyte shapes under
apparently normal blood circulation conditions,
erythrocytes in spleens removed from the mouse body
before the freezing step were also examined by SEM, as
described in Figure 1b. Although the blood flow into the
spleens was completely stopped, we obtained similar
morphological findings to those revealed by the in vivo
cryotechnique (Fig. 4). Variously shaped erythrocytes
were observed in the splenic pulp venule near
endothelial cells (Fig. 4a) and among reticular tissues
(Fig. 4b). The morphological feature of accumulating
erythrocytes in the spleens indicated no typical
biconcave discoid shapes, which were closely located
near endothelial cells or reticular cells.

On the contrary, typical biconcave discoid shapes of
erythrocytes were often detected in the splenic cord by
the conventional fixation method (Fig. 5). Some
erythrocytes appeared to be extravasated during the
tissue preparation procedure, and other remaining
erythrocytes were clearly seen in frameworks of bundled
reticular fibers throughout the splenic pulp cords (Fig.
5a). The erythrocytes were loosely localized among the
frameworks, and showed two types of morphological
contours, such as typical biconcave discoid shapes and
shrunken peculiar or irregular ones.

Discussion

The 3-dimensional image of erythrocyte shapes in
the red pulp of mouse spleens was obtained by the in
vivo cryotechnique, which was compared with that
revealed by the in vitro freezing method and
conventional immersion fixation. First, it is necessary to
discuss some advantages and disadvantages of these 3
methods. When the in vivo cryotechnique was performed
by using a precooled cryoknife, a high cooling rate was
critically necessary for freezing the living spleens. The
higher the freezing rate was, the better the ultrastructure
was preserved in biological specimens (Plattner and
Bachmann, 1982; Bald, 1986). In the present study, the
isopentane-propane mixture (-193 °C) with a cryoknife
was selected as liquid cryogen for freezing the spleens,
because it remained liquid even at the liquid nitrogen
temperature and possessed good thermal conductivity
(Jehl et al., 1981; Murray et al., 1989; Cole et al., 1990).
All biological processes in the living spleens were
instantly stopped by the freezing step, and their
structural components were usually maintained in vivo.
Therefore, a morphological alteration induced by
stopping the blood supply was avoided in the present
experiment. Some well-frozen erythrocytes could be
usually obtained up to a depth of about 5 um from the
cut tissue surface, as shown in Figure 2a. The narrow
spaces among erythrocytes, reticular cells and reticular
fibers probably indicate functional significance of the
erythrocyte deformability and aggregation. The network
matrix structure can easily trap aged erythrocytes in the
red pulp of spleens and help macrophages for their
phagocytosis, even though the mechanism to initially
determine such phagocytotic factors remains unclear in

Fig. 2. a. Montage of transmission electron micrograph of erythrocytes in the splenic red pulp, as prepared by freeze-substitution method after the in
vivo cryotechnique. The depth of well-frozen areas is within 5-8 um from the frozen tissue surface (small arrows), but it is enough to observe various
erythrocytes (large arrows). Ice crystal damage is detected in the deep areas (asterisks). Bar: 5 um. x 2,760. b. Scanning electron micrograph of
erythrocytes in the splenic red pulp, as prepared by freeze-substitution method after the in vivo cryotechnique. At a depth of 15-20 um from the frozen
tissue surface (small arrows), variously shaped erythrocytes are also observed (large arrows). Bar: 6.5 um. x 1,840
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vivo cryotechnique. a. Widely viewed areas are obtained by a montage technique with a series of electron micrographs. Small arrows indicate the
frozen tissue surface. There are fewer spaces between freeze-fractured reticular cells and variously shaped erythrocytes (large arrows). Bar: 5 um.
X 5,700. Inset: Variously shaped erythrocytes (large arrows) in the splenic red pulp are observed among the reticular cells (R). Bar: 5§ um. x 2,850.
b. and c. Variously shaped erythrocytes. Bar: 5 um. x 5,700
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vivo (Tang, 1997; Venerando et al., 1997).

In the present study with the in vivo cryotechnique,
morphological changes of erythrocytes were observed in
the living spleens, which are different from stable
erythrocytes in vitro. So, many microenvironmental
factors are probably responsible for alterations of
variously shaped erythrocytes in the living spleens.
Some of them include the weak deformability of aged
erythrocytes (Tillmann et al., 1980; Mohandas and
Groner, 1989; Marikovsky, 1996), the slower and
intermittent blood flow and the narrow passage routes
formed by reticular tissues (Blue and Weiss, 1981;
Kashimura and Fujita, 1987). Moreover, a special pH
condition was reported to be as low as 6.8 in the splenic
red pulp (Levesque and Groom, 1976), which would lead
to an increase in mean volume and membrane rigidity of
erythrocytes. Such a physical change occurring in an
acidic environment might be due to erythrocyte

Fig. 4. Scanning electron micrographs of erythrocytes in the splenic red
pulp, as prepared by freeze-substitution method after the in vitro
freezing method. a. Variously shaped erythrocytes (arrows) are
observed near endothelial cells (E). Bar: 5 um. x 5,980. b. Some
erythrocytes are trapped among reticular cells (R). Bar: 5 um. x 4,140

metabolic changes, and may cause their short lifespan
within the red pulp, indicating a postulated role of
intrasplenic reduced pH for the erythrocyte destruction
(Maeda et al., 1988; Baumann et al., 1994; Gedde et al.,
1997).

The in vitro freezing method, which has often been
used as a promising cryofixation, also arrests all
biological reactions of cells and tissues within a very
short time (Nicolas, 1991; von Schack et al., 1993).
When the blood circulation is stopped in mouse livers, as
in the case of the in vitro freezing method,
heterogeneous erythrocyte shapes are suddenly changed
to homogeneous biconcave discoids in the hepatic
sinusoid (Terada et al., 1998). Moreover, the circulating
erythrocytes, which have a good deformability, adapted
for various living microenvironments, easily changed
their ellipsoid shapes in the abdominal aorta into
biconcave discoid shapes in the inferior vena cava under
normal blood circulation condition (Xue et al., 1998). In
contrast, the blood supply was completely stopped after
the removal of spleens, and various shapes of
erythrocytes were still detected in the splenic specimens
prepared by the in vitro freezing method. This finding
may be due to the increased rigidity of membrane
skeletal proteins in the aged erythrocytes (Abe and Orita,
1990; Kosower, 1993; Marikovsky, 1996; Bosman et al.,
1996) and the high splenic hematocrit-concentrating
blood (MacDonald et al., 1991). Moreover, the time
needed for shape recovery of the aged erythrocytes has
already been reported to be longer than that of young
erythrocytes (Bronkhorst et al., 1995).

The conventional fixation method has often been
used to examine the ultrastructure of animal spleens for
SEM and TEM (Hataba et al., 1981; Blue and Weiss,
1981). However, it is well-known that it usually extracts
splenic cell and tissue components and alters their
structural organization in vitro. A rapid dehydration step
in organic solvents at room temperature has been
reported to induce their drastic shrinkage during the
conventional preparation steps (Chan et al., 1993; Ohno
et al., 1996). Such an ultrastructural alteration could be
avoided by using slow and gentle dehydration of the
freeze-substitution at a low temperature, as reported
before (Parthasarathy, 1995; Takahashi et al., 1996).
Chemical fixation with common glutaraldehyde and
osmium tetroxide and radical dehydration with a series
of ethanol have usually modified the natural
ultrastructure of experimental mouse spleens. In the
present study, we obtained an apparently native
ultrastructural image of erythrocyte shapes in the splenic
red pulp, as shown in Figures 2-3.

Erythrocyte shapes in the splenic red pulp are
probably affected by various microenvironmental factors
in vivo, including chemical metabolic state, osmotic
pressures, hemodynamic state, hematological
components, and also erythrocytes themselves. It is our
goal to clarify the structure closely related to native
flowing erythrocytes in various organs and to determine
each critical factor in their microenvironment.
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Fig. 5. Electron micrographs of erythrocytes in the splenic red pulp, as prepared by a graded series of ethanol dehydration after conventional
immersion fixation. a. Widely viewed areas are obtained by a montage technique with a series of electron micrographs. a, b and c. The reticular fibers
merge to form coarser bundled fibers (large arrows). There are biconcave discoid shaped erythrocytes (small arrows) and some irregularly shaped
erythrocytes (asterisks) loosely localized among them. Bar: 5 um. x 5,700. Inset: Transmission electron micrograph of erythrocytes in the splenic red
pulp, as prepared with the conventional fixation. Bar: 5 um. x 2,850
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