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Abstract

The shape of RBCs in the shear flow at low shear stress has been studied. It has been shown that at a
low shear stress (3 Pa) in the shear flow, discocytes turn into stomatocytes. Treatment of RBCs with
agents leading to clusterization of integral proteins: acridine orange and Zn?* leads to the
transformation of discocytes into stomatocytes. Stomatocytes and control cells were fixed in a
glutaraldehyde solution. Microscopic analysis showed that glutaraldehyde-fixed stomatocytes
obtained in the shear flow at low shear stress and after treatment of RBCs with acridine orange and
Zn* were aggregated in autologous plasma and a 3% dextran 70 solution. At the same time, normal
RBCs (discocytes) fixed with glutaraldehyde did not aggregate in autologous plasma and dextran 70
solution. The results obtained indicate that discrete sites are formed on the membranes of
stomatocytes for binding protein molecules and dextran 70, which are absent in discoidal RBCs. The
possible mechanism of formation of discrete sites on the membranes of stomatocytes is discussed.
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Introduction

Red blood cell (RBC) aggregation is a reversible process of formation and destruction of RBC
aggregates, which largely determines blood viscosity at low shear stress [1-3]. As a consequence, the
aggregation of RBCs significantly affects the efficiency of blood microcirculation and oxygen delivery
to tissues. At the same time, the degree of RBC aggregation significantly changes in diabetes,
hypertension, sepsis and many other diseases [4-6]. This makes the study of RBCs aggregation an
important task both for the development of blood rheology as a scientific direction and for clinical
practice.

The process of erythrocyte aggregation is determined by two types of biophysical and physico-
chemical factors - the properties of blood plasma and the properties of RBCs themselves, mainly the
components of their membranes [7].

Currently, two models of the mechanism of RBC aggregation have been proposed: bridge
theory and depleted layer theory. According to the bridging model, the unification of cells into
aggregates occurs when macromolecules form bridges between the membranes of neighboring cells
[8]. According to the depleted layer model, RBCs combine into aggregates due to the formation of a
macromolecular (protein or polymer) depleted layer near the cell surface in comparison with the bulk
phase. This leads to the appearance of an osmotic gradient that promotes cell convergence and
interaction [9]. However, none of these models is still generally accepted.

We hypothesized the mechanism of RBC aggregation based on a change in the spontaneous
curvature of RBC membranes [10-12]. According to this hypothesis, the formation of negative
curvature of membranes at low shear stresses of RBCs leads to the appearance of stomatocytic forms
of RBCs, followed by their aggregation into aggregates in autologous plasma and dextran 70. It is
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assumed that the formation of stomatocytes leads to the appearance binding sites on their
membranes.

Previously, using a light microscope, it was shown that after mechanical mixing of a suspension
of RBCs, a reversible transformation of discocytes into stomatocytes occurs [13]. Later, the formation
of stomatocytes was also observed in the shear flow at low shear stresses [14,15]. In this case,
erythrocytes in the shear flow were fixed using glutaraldehyde. Recently, we have shown a lifetime
change in the shape of erythrocytes before their aggregation in the form of rouleaux [11]. Red blood
cells transformed from discs into stomatocytes.

Acridine orange and Zn?* are known to induce reversible clustering of integral RBC membrane
proteins [16-19]. In this case, RBCs treated with acridine orange [19,20] and Zn?%{20,21] are
transformed from discocytes into stomatocytes.

It seemed important to us to study the shape of RBCs in the shear flow at low shear stress and
the agents leading to clustering of membrane proteins on the shape and aggregation of RBCs in
autologous plasma and dextran 70 solution. The effect of shear stress, acridine orange, and Zn?* on
red blood cells is reversible. Therefore, after the action of shear stress, acridine orange and Zn?* on
erythrocytes, we fixed them in a solution of glutaraldehyde.

Previously, we assumed that erythrocytes of the stomatocytic form, after the influence of shear
stress, have sites on the surface of their membranes for binding blood proteins and high-molecular
dextran [10-12]. To confirm this, we conducted model experiments with aggregation of pre-fixed
glutaraldehyde discocytes and stomatocytes. To elucidate the mechanism of possible formation of
discrete sites on the surface of stomatocyte membranes, the effect of acridine orange and Zn?* on the
shape and aggregation of glutaraldehyde-fixed cells was studied.

Materials and Methods

Glutaraldehyde, acridine orange, ZnCl: dextran 70 (MW= 70 kD), (Sigma, USA) were used in
the work. All other reagents were analytically pure.

The blood of 10 healthy volunteers was used in the work. Venous blood was collected in vacuum
tubes containing 3.8% sodium citrate (9:1 ratio). The blood was centrifuged for 20 min at 2000 g.
Platelets and leukocytes were removed. Then the RBCs were washed three times with an excess
volume of saline solution. The washed RBCs were placed in buffered saline solution (10 mM Tris-
HCI, 150 mM NaCl, pH 7.4) with 0.5% hematocrit. The shape of RBCs at low shear stress in the shear
flow was studied in a specially designed device (Figure 1) [12,22]. For this purpose, a suspension of
washed RBCs in buffered saline solution (10 mM tris - HC, 150 mM NaCl pH, 7.4) was injected
through an opening in the inner cylinder into the gap between the cylinders and a shear stress of 3
Pa was created. After 20 seconds, a glutaraldehyde solution was injected through the hole to a final
concentration of 0.25% and the motor rotation was stopped. The fixed erythrocytes were washed
twice in buffered saline solution.
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Figure 1. A schematic of the device for RBC deformation in shear flow.

RBCs were incubated with acridine orange (0.2 mM) and Zn?* (1 mM) prepared in buffered saline
solution at room temperature for 30 minutes. After that, RBCs were fixed in 0.25% glutaraldehyde
solution for 60 min. Next, the RBCs were washed twice in buffered saline solution. To study the
aggregation of control cells and stomatocytes fixed with glutaraldehyde, they were placed in
autologous plasma or a 3% dextran 70 solution (hematocrit 5%). A drop of the resulting mixture of
autologous plasma and dextran 70 solution with RBCs was placed on a slide, mixed, and studied at
a total magnification of 1000x [6,10]. We used a light microscope (Primo Star Carl Zeiss, Germany)
equipped with a megapixel digital color television camera.

Results

Figure 2 shows the morphology of RBCs before (Figure 2A) and during the creation of shear
stress in the shear flow (Figure 2B). It can be seen that under shear stress, the bulk of the discocytes
turn into stomatocytes. Stomatocytes fixed in a glutaraldehyde solution were aggregated after being
placed in autologous plasma (Figure 4A) and a 3% dextran 70 solution (Figure 5A).
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Figure 2. Morphology of RBCs before (A) and in the shear flow at a shear stress of 3 Pa (B). Fixation with
glutaraldehyde. Magnification 1000x.

Figure 3 shows the morphology of RBCs after treatment with acridine orange. It can be seen that
treatment of intact erythrocytes with acridine orange leads to the formation of stomatocytes (Figure
3A). Treatment of Zn?* RBCs also stimulated the formation of stomatocytes (Figure 3B).
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Figure 3. Morphology of RBCs treated with acridine orange (A) and Zn?*(B). Fixation with glutaraldehyde.
Magnification 1000x.

Microscopic analysis showed that stomatocytes obtained after treatment with acridine orange
and fixed with glutaraldehyde form pronounced aggregates in autologous plasma (Figure 4B) and
dextran 70 solution (Figure 5B). It should be noted that after treatment of erythrocytes with
glutaraldehyde, the cell membranes lose their elasticity. This is probably due to the fact that
stomatocytes can not form an aggregation in the form of rouleaux. Intact discoidal RBCs fixed in
glutaraldehyde solution did not aggregate in autologous plasma (Figure 6A) and dextran 70 solution
(Figure 6B).
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Figure 4. Aggregation in autologous plasma of glutaraldehyde-fixed stomatocytes obtained in shear flow

under shear stress 3 Pa (A), treated with acridine orange (B) and Zn?"(C). Magnification 1000x.
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Figure 5. Aggregation of glutaraldehyde-fixed stomatocytes in a 3% dextran 70 solution obtained in a shear flow

under shear stress 3 Pa (A), treated with acridine orange (B) and Zn?"(C). Magnification 1000x.
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(B)

Figure 6. Control RBCs fixed with glutaraldehyde in autologous plasma (A) and a solution of 3% dextran 70 (B).
Magnification 1000x.

Discussion

In this work, we have shown that at low shear stress, the shape of RBCs changes in the shear
flow: discocytes transform into stomatocytes. This is consistent with previously published reports
[14,15]. Glutaraldehyde-fixed stomatocytes were aggregated in autologous plasma and dextran 70
solution. At the same time, fixed discoidal RBCs did not aggregate in autologous plasma and dextran
70 solution. Our data are consistent with the previously obtained data that the aggregation of
glutaraldehyde-fixed normal RBCs is practically absent [7].

It is known that stomatocytes, unlike echinocytes, bind immunoglobulins 3-8 times more than
normal cells [23]. Earlier, we showed that RBCs having an echinocytic form did not aggregate in
autologous plasma [24].

It is known that acridine orange and Zn?* induce not only the aggregation of integral RBC
membrane proteins, but also the exposure of negatively charged phosphatidylserine to the outer half
of the bilayer [25]. However, the involvement of phosphatidylserine in the mechanism of erythrocyte
aggregation is unlikely. This is evidenced by the data that echinocytes with a high content of
phosphatidylserine on the outer half of the membranes do not aggregate in autologous plasma and
dextran 70 solution [11,24].

Based on the data we have obtained, it can be argued that the formation of stomatocytes leads
to the appearance of discrete binding sites on their membranes. The formation of discrete regions is
apparently related to the reversible clustering of integral proteins.

Thus, at low shear stress, stomatocytic cells are formed in the shear flow. As a result, discrete
regions appear on the membranes for binding protein molecules and dextran 70, which are absent in
discoidal RBCs. The formation of bridges from protein molecules and dextran 70 between the
membranes of neighboring cells leads to their aggregation.
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