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Abstract. A low-angle light scattering technique, which has been applied previously to studies of blood platelets and Ehrlich
ascite tumor cells, revealed differences in the dynamics of necrotic and apoptotic red blood cell death. Under hypotonic loading
or in ammonia medium, red blood cells (RBC) swelled to a critical size (diameter approximately 13 µm) prior to hemolysis
(necrosis). Under acidic loading, hemolysis occurred with less pronounced swelling of cells (diameter approximately 10 µm).
Apoptosis induced by a calcium ionophore resulted in initial formation of echinocytes, followed by development of rounded
red blood cells with uneven membrane, capable of agglomeration. In such a way, RBC aggregation can precede the final stages
of the RBC apoptosis when small cellular fragments are generated. On the basis of erythrograms of the cells hemolysing in
ammonia medium, the echinocytic (preapoptotic) and stomatocytic (prenecrotic) RBC were discerned due to the very high
resistance of apoptotic RBC to osmotic (ammonia) loading.
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1. Introduction

Cellular deformation of red blood cells (RBC) is necessary for their penetration into capillaries of
2 µm diameter. The capability of the RBC to change shape (transform) has been shown to be dependent
upon interaction of the band 3 membrane protein (Cl−/OH− or Cl−/HCO−

3 exchanger through which
transport of CO2 takes place) connected with cytoskeleton (together with glycophorin) and the cytoplas-
mic proteins spectrin, ankyrin and protein 4.1 [1]. Changes in the original shape of RBC (biconcave
disk) accompanies various pathological states of these cells (spherocytes, echinocytes, stomatocytes,
etc.), and is inevitably connected with disturbance of the transport functions of RBC.

Both apoptosis and necrosis forms of cell death have been observed in RBC. Necrotic death of RBC–
commonly known as hemolysis – is the cause of various anemic states amalgamated into a group of
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hemolytic anemia [2]. Despite the absence of mitochondria and a nucleus in RBC, typical markers of
apoptosis in these cells – cell shrinkage, cell membrane blebbing, and breakdown of phosphatidylserine
asymmetry – have been clearly demonstrated by Lang et al. [3–5]. Apoptosis and necrosis are oppos-
ing forms of cell death, both in regards to their mechanisms of development and to preceding events.
Cell swelling is the predominant sign for cell death by necrosis, while cell shrinkage is the predomi-
nant sign for cell death by apoptosis; events termed as necrotic volume increase (NVI) and apoptotic
volume decrease (AVD), correspondingly [6]. Mechanisms for cell volume changes differ depending
on cell type [7–10]. As distinct from the most other cells, RBC placed in acidic medium undergo a
pronounced hemolytic reaction (necrosis). Another way of inducing RBC hemolysis, which is usually
applied for separating leukocytes, is by placing blood in isotonic medium containing NH+

4 in place
of Na+ [11]. The key mechanism initiating hemolysis has been shown to be the Cl−/OH− exchanger
responding to shifts in the membrane gradient of pH, because DIDS (4,4′-diisothiocyanostilbene-2,2′-
disulfonic acid disodium salt) – an inhibitor of this exchanger – completely prevents the hemolysis [12].
Both decrease of extracellular pH (in the case of acidic hemolysis) and increase of intracellular pH (in
ammonia medium) lead to activation of the exchanger and entry of chlorine ions into cells. Concomi-
tantly, sodium ions (through Na+/H+ antiporter or, possibly, sodium channel) and water molecules enter
RBC and cause their swelling. Though the detailed mechanism of RBC hemolysis is not known, increase
in cell volume to a critical level is regarded as the main cause of hemolysis. The key intracellular event
under apoptosis of RBC has been shown to be elevation of intracellular [Ca2+] and related activation
of potassium channels [3]. Export of K+ and Cl− (the latter possible through Cl− channels or an in-
verted Cl−/OH− exchanger) together with water molecules leads to cell shrinkage. Calcium ionophores
(ionomycin, A23187) have been shown to readily induce apoptosis of RBC and their apoptotic volume
decreases [13].

In clinical practice, there is a need for development of new methodological approaches of assessment
of the functional status of RBC, in order to relate their deformation behavior to different mechanisms of
cell death. This would in turn allow more precise characterisation of the molecular mechanisms of ane-
mia’s etiology. We have previously reported on a low-angle light scattering technique for investigating
biological cells. The theoretical and experimental foundations of this methodology have been described,
based mostly upon studies on blood platelets [14–16]. Ehrlich ascite tumor cells have also been the sub-
ject for investigation of intracellular signalling systems and ion channels using this technique [17]. In the
present work, we report on application and further development of the low-angle light scattering method-
ology to providing quantitative measurements of RBC volume transitions, which reflect development of
apoptotic and/or necrotic scenarios of cell death.

2. Materials and methods

2.1. Cells and solutions

RBC were drawn from healthy volunteers or from male Wistar rats. Animals were preliminary narco-
tized with urethane at the dose of 1 g kg−1, and the blood was taken from the carotid artery. Experiments
were performed at 20◦C in solution containing (mmol l−1): NaCl – 140, KCl – 5, HEPES – 5, glucose
– 5, and CaCl2 – 1 (pH 7.4). Ammonia hemolysis of RBC was in the following medium (mmol l−1):
NH4Cl – 140, KCl – 5, HEPES – 5, glucose – 5, and CaCl2 – 1 (pH 7.4).
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Fig. 1. Iteration method of determination of particle distribution by sizes. D – diameter; SD – standard deviation.

2.2. Measurements of light scattering

The intensity of the scattered light was measured with a Laser Particle Analyzer “LaSca” (Lumex Ltd,
St-Petersburg, Russia) [14]. It allows kinetic investigations of cellular transformations, with evaluation
of the distribution of the particles according to their dimensions at selected kinetic points. To determin-
ing the function of cell distribution according to their dimensions, which is calculated from the light
scattering indicatrix being measured, it is necessary to solve the inverse scattering problem. This prob-
lem is ill-conditioned and does not have an unambiguous solution. To address this problem the following
approach was applied: the scattering indicatrix was converted into a function that was near linearly de-
pended on dimensions if additional coefficients were introduced. The values of the coefficients were
established experimentally using standards with determined distribution functions. The following stan-
dards were applied: SRM659, SRM1003c, SRM1982 (NIST, USA), BSR070, BSR066 (Eur.), KMK005,
KMK024 (Russia). Once the magnitude of the coefficients had been established (analyzer calibration),
optimization of the inverse problem was carried out by iteration through comparison of theoretically cal-
culated indicatrix (with revealed distribution functional) with experimental indicatrix. Figure 1 shows
the programming flowchart, while Fig. 2 presents the results for distribution of standard materials.

3. Results and discussion

3.1. Some theoretical foundations for application of the low-angle light scattering technique to
investigating RBC

To correctly evaluate the results obtained, it is necessary for the light beam coming through the mea-
suring cell to diffract only once on a particle (cell) and not to rescatter on another particle (multiple
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Fig. 2. Particle distribution by sizes for standard materials: SRM 659, SRM 1003c, SRM 1982 (NIST, USA), BCR-070 (Eur.),
KMK 024 (Russia).

Fig. 3. Dependence of light scattering intensity (I) in the range of 0–10 degrees upon concentration of human RBC in isotonic
medium. Values on the abscissa are given in the scientific number format (2E + 06 → 2 · 106). Graph (a) shows the complete
range of concentrations; graph (b) shows the operating range.

scattering). It is attained through limitation of the particles’ concentration. The criterion for single scat-
tering is retention of a linear dependence between intensity of light scattering and concentration of the
particles. Figure 3 shows dependence of the light scattering intensity at different angles upon concen-
tration of RBC. The single scattering criterion was maintained at RBC concentrations of not more than
3×105 cells ml−1 (Fig. 3a); actually cell concentrations used were in the range (0.5−3)×10−5 cells ml−1

(Fig. 3b). To satisfy the criterion in experimental work, the instrumentation indications at an angle of
zero degree with light transmission of 50–70% was used. In practice, blood taken from an organism
was diluted approximately 30,000–50,000 times in two steps: 5 µl of blood was added to 495 µl of iso-
tonic water (100-fold dilution), then 200 µl of this suspension was placed in the cuvette with 5800 µl of
medium (further 300-fold dilution).
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Fig. 4. Theoretical indicator functions (indicatrix) for particle ensembles with their specified distribution by sizes (6, 8 and
10 µm).

The average diameter of normal RBC is about 8 µm, with most cells being in the range from 5 to
11 µm. For modeling purposes these cells could be considered as spherical particles of 8 µm with normal
distribution and standard deviation value of 15%. Figure 4 illustrates the dependence of light intensity
(ln I) upon scattering angle (β) for particles with diameter 8 µm (model of RBC), 6 and 10 µm. The
calculation was based on Mie theory and predicted an increase of intensity of the scattered light with
increase of RBC size (swelling) within two angle ranges, 0.2–1.5 and 6–12 degrees. Cell shrinkage was
characterized by an opposite dependence. Within the range 1.5–6 degrees, the signaling behavior under
cell volume changes had ambiguous character. The signals in this range (the 1st diffraction minimum)
were sensitive to the RBC shape changes, but their utilization in analysis of cell volume changes was
problematic due to ambiguity of interpretation of the data obtained.

3.2. Study of hemolysis by the low-angle light scattering method

3.2.1. Osmotic hemolysis
When placing RBC into hypotonic medium, the following transformation of cells can be seen. From

the initial disc-shaped state they become spherical shaped with one large invagination. With further
decreasing osmotic pressure the cavities increase in number but decrease in size, turning into several
small invaginations. The RBC eventually transform into large ideal smooth spherocytes [18], known as
stomatocytes, and the process of transformation is defined as stomatocytosis.

Studies of RBC swelling were conducted by placing cells into isotonic medium and then adding small
volumes of distilled water at intervals of 2–3 min. There was no hemolysis in the medium with tonicity
down to 112 mOsm, and the signal values at all the angles remained constant within the signal fluc-
tuations. (It should be noticed that hemolysis would probably have occurred in hypo-osmotic medium
with a higher tonicity but at longer intervals of exposure.) Figure 5 demonstrates stability of RBC in
the hypo-osmotic media with tonicities sufficing for hemolysis to take place. Dilution with water caused



110 I.V. Mindukshev et al. / Necrotic and apoptotic volume changes of red blood cells

Fig. 5. Changes of light scattering intensity at four angles (0, 1, 2 and 4 degrees) under hypotonic loading. The values of tonicity
(mOsm) over the course of the incubation are shown.

Fig. 6. Changes of RBC sizes in hypotonic medium. (a) The particle distribution under different medium tonicity. (b) Depen-
dence of the average cell volume diameter upon the medium tonicity.

rapid changes of the signals, the zero degree signal being characterized by an increase of the light scat-
tering intensity (I). Further enhancement of zero degree signal and decrease of the signal intensities at
low angles reflected RBC hemolysis.

The RBC dimensions were determined under various osmotic pressures according to the algorithm
described in Section 2.2. The data obtained are presented in Fig. 6a. Initially, under decrease of os-
motic pressure the distribution had a single-mode character. However, when osmotic pressure was be-
low 125 mOsm a two-mode distribution was observed: RBC with dimensions above a critical level were
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Fig. 7. Acidic hemolysis of RBC. (a) Dynamics of light scattering intensity upon introduction of HCl (pH 3.1). (b) Distribution
of RBC by sizes at selected kinetic points of the hemolytic process. On (a), traces in decreasing signal height order at around
200 seconds (degrees for registration of light scattering): 1.25, 1.75, 2.25, 3.25, 3.50, 4.00, 3.75, 4.50, 5.00, 0, 5.50, 6.60, 7.50,
9.00.

lysed, and only relatively small cells continued to register a signal. The critical diameter of the cells was
evaluated; Fig. 6b shows the dependence between average volume diameter and osmotic pressure of the
medium. RBC in the medium with osmotic pressure down to 130 mOsm behaved as ideal osmometers,
quickly tracking the osmotic pressure: there was an inverse relation between the cell volume and osmotic
pressure. At lower osmotic pressures this relation was no longer evident, the cells being hemolysed upon
reaching the critical size near 13–14 µm.

3.2.2. RBC hemolysis under change of pH
Change of pH, either due to acidifying the outer medium or due to alkalizing the intracellular medium,

activates the Cl−/OH− exchanger (band 3 protein) leading to influx of chlorine anion into cells and con-
current influx of sodium ions and water molecules. As a result, there should be an initial RBC swelling
observed. Indeed, under acidification of isotonic medium containing suspension of RBC an increase of
signal intensity in the range of very low angles (0.5–4 degrees, Fig. 7a) and in the range of distant an-
gles (9–12 degrees, not shown here because of a very small signal amplitude) was observed, which is
also evident from theoretical calculations (see Section 3.1) on increase of cell volume. An assessment
of the particle distribution was carried out according to their sizes at different kinetic points (1 to 4) of
the process: (1) for initial suspension of RBC; (2) at the point of maximal signal intensity for very low
angles; (3) at 50% of hemolysis on the basis of dynamics of the signal at 0 degree; and (4) at the end
of hemolysis. Distribution of the data is presented in Fig. 7b. It can be seen that cell size increased not
only at the initial moment before hemolysis began (point 2), but also during hemolysis (point 3). Only
a small proportion of the RBC population (less than 5%) was smaller as compared with their initial size
(point 4).

It is notable that the RBC do not achieve the critical size for hemolysis to occur (near 13 µm under
osmotic hemolysis), hemolyzing at smaller sizes. Two possible explanations for this are: (1) activation
of Cl−/OH− exchanger could weaken the bonds between this protein and the cytoskeleton, leading to
breakdown of the wireframe matrix of the cells; (2) the cell membrane is unstable under low pH val-



112 I.V. Mindukshev et al. / Necrotic and apoptotic volume changes of red blood cells

Fig. 8. Hemolysis of RBC in the ammonia (NH4Cl) medium. (a) Dynamics of the light scattering intensity upon introduction
of RBC into medium containing (mmol l−1): NH4Cl, 105; NaCl, 35; KCl, 5; HEPES, 5; glucose, 5; and CaCl2, 1 (pH 7.4).
(b) Distribution of RBC by their sizes at selected points of the hemolytic process. On (a), traces in decreasing signal height
order at around 100 sec (degrees for registration of light scattering): 1.25, 1.75, 2.25, 3.25, 3.50, 4.00, 4.50, 0, 5.00, 5.50, 7.50,
9.00. Numbers 1–7 designate the selected kinetic points.

ues. To test the first possibility, experiments were conducted under conditions of activated Cl−/OH−

exchanger at physiological pH. RBC were placed into isotonic medium with ammonia replacing sodium
ions (mmol l−1): NH4Cl, 140; KCl, 5; HEPES, 5; glucose, 5; and CaCl2, 1 (pH 7.4). RBC swelling was
observed, as indicated by primary increase of the signal at very low angles, followed by total hemol-
ysis. The process was also observed in more protective conditions, with sodium ions being partially
replaced by ammonia ions in isotonic medium of the following composition (mmol l−1): NH4Cl, 105;
NaCl, 35; KCl, 5; HEPES, 5; glucose, 5; and CaCl2, 1 (pH 7.4). Figure 8a shows the dynamics of RBC
hemolysis under these conditions, while Fig. 8b shows the distribution of particles of different sizes at
selected kinetic points. Rapid cell swelling occurred almost immediately after placing RBC into am-
monia medium; even when close to the initial conditions the size of RBC increased to above normal
(point 1). At the point of maximal increase of the signal for very low angles (2 degrees) RBC diameter
was near 11 µm. With persisting conditions of hemolysis the size of RBC increased further and, similar
to that obtained for osmotic hemolysis, reached a diameter slightly greater than 14 µm. These observa-
tions are not consistent with the supposition that deformation behavior was related to breaking the bonds
between the Cl−/OH− exchanger and cytoskeleton. Most likely, the low pH values affect stability of the
plasma membrane. A dependence upon divalent cations is also possible: a similar rate and completeness
of hemolysis in comparison with that induced by HCl was observed at a less acidic pH of 4.1, when
induced by citric acid (Fig. 9). In view of the fact that citrate is a calcium chelating agent we suggest
that the changes of deformation characteristics of plasma membrane depends not only upon pH, but also
upon concentration of calcium ions in the plasma membrane boundary layer.

Hemolysis of RBC can be properly characterized not by dynamics of signal changes in zero degree
(the light scattering signals are more suitable for this), but through differential characteristics of kinetics
(derivation of velocity) – this is the method of acid erythrograms developed by Terskov in 1957 [19]. Fig-
ure 9 shows data on acidic hemolysis (hydrochloric acid, citrate) and hemolysis in NH4Cl medium. The
latter was more protracted compared with acidic hemolysis, probably because of increase in size of RBC
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Fig. 9. Erythrograms of RBC hemolysis. (1) NH4Cl 105 (mmol l−1): NH4Cl, 105; NaCl, 35; KCl, 5; HEPES, 5; glucose, 5;
and CaCl2 1 (pH 7.4). (2) NH4Cl 140: NH4Cl, 140; KCl, 5; HEPES, 5; glucose, 5; and CaCl2, 1 (pH 7.4). (3) HCl: HCl, 8
(pH 3.1). (4) citrate: citrate, 10 (pH 4.1).

Fig. 10. RBC shrinkage followed by development of apoptosis under action of calcium ionophore A23187 (1 µmol l−1).
Changes of light scattering intensity in the range of 1.5–6.5 degrees. Traces in decreasing signal height order (degrees for
registration of light scattering): 1.50, 2.25, 2.50, 3.00, 3.75, 4.5, 5.50, 6.50.

due to swelling. One might expect that assessments of RBC stability obtained under osmotic loading are
better correlated with data on hemolysis in NH4Cl medium, as compared with acidic hemolysis.

3.3. Study of apoptosis using the low-angle light scattering method

It is well known that calcium ionophores (ionomycin, A23187) induce apoptotic volume decrease
corresponding with apoptosis of RBC [20]. Figure 10 represents data on A23187 action (1 µmol l−1) on
RBC. Figure 11 shows data on distribution of the particles due to their sizes in different periods of the
process. A slow initial volume decrease (cell shrinkage) lasting for 1 hour was observed, as evident from
a decrease in light scattering intensity at very low angles. The average cell diameter was estimated to be
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Fig. 11. Distribution of RBC by their sizes at selected kinetic points (0, 1, 3, 6 and 10 h) of the apoptotic process. The time
points are shown (hours).

(a) (b) (c)

Fig. 12. Microscopic photo of RBC under action of A23187 (1 µmol l−1). At (a) 2 hours, (b) 4 hours and (c) 8 hours after the
action. ×1000.

near 7.4 µm (distribution for 1 hour). After that the cell population remained rather stable for 3–4 hours.
A minor volume increase characteristic of the distribution for 3 hours was observed. Development of the
apoptotic program then began, with increasing fluctuations of all the signals. Distribution of the particles
enlarged according to their sizes (6 hours); portions of both small and large particles are augmented.
These two indices (enlargement of fluctuation and broadening of distribution) testify to the appearance of
agglomeration. The population after 10 hours was characterized mostly by small particles, but there was
also a big proportion of cells as large agglomerates (the signal fluctuation had grown greatly). Figure 12
shows photomicrographs of RBC after induction of Ca2+ influx: soon after induction (2 hours) the cell
volume decreased (Fig. 12a), at 4 hours the apoptotic process had begun to develop (Fig. 12b), and
at 8 hours the main phase of apoptosis was underway (Fig. 12c). It is clearly seen that after 2 hours
exposure to A23187, RBC were mostly transformed to be crenated cells with spikes of the same shape
equally distributed on the cell surface (Fig. 12a). These RBC are identified as echinocytes based on their
morphological features [18,21,22]. Two hours from this time point the RBC become spherical, their
cell membrane being of uneven shape (in contrast to spherocytes) (Fig. 12b). In the population of RBC,
an emergence of agglomerates (ensembles of 2–5 cells) can be seen; one of agglomerate is shown on
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Fig. 13. Erythrograms of RBC hemolysis in ammonia medium NH4Cl 140 (composition given in legend to Fig. 9). The data
represented for RBC after hypotonic shock, for RBC in apoptotic state, and for control RBC.

Fig. 12b. Finally, 8 hours after the induction of apoptosis the process of defragmentation of the cells was
observed (Fig. 12c). At this stage, large groups of RBC were evident comprising up to 10 associated
cells. We conclude from the data represented here that (1) echinocytes are a preapoptotic form of RBC
and (2) the apoptotic process is accompanied by aggregation (agglomeration) of RBC.

We have observed a similar scenario of RBC transformation when placing cells into hypertonic
medium (950 mOsm). In this case, the kinetic of the process is more protracted with apoptosis devel-
oping within 10–12 hours (data not shown). Lang et al. [3,20] found that the same RBC transformation
scenario developed after 2 days’ starvation (energy depletion) of cells and oxidative stress caused by
addition of 1 mmol l−1 of the oxidant tert-butyl-hydroperoxide (tBOOH).

3.4. Comparison of erythrograms of different states of RBC

In order to understand erythrograms of hemolysis as a methodological approach to estimating the
status of RBC population, it is reasonable to compare erythrograms obtained under different RBC states,
namely after hypotonic shock (stomatocytes) and during apoptotic state (echinocytes). Furthermore, it
has been demonstrated that shrunk RBC due to exposure to A23187 are more stable to hypotonic loading
than control RBC [23].

RBC were subjected to hypotonic shock according to the following scheme: freshly obtained RBC
were placed for 30 min into hypotonic medium with tonicity 150 mOsm (2-fold dilution of the medium
with distilled water). The cells were then placed back into the initial normotonic medium and investi-
gated after 15 min. The apoptotic state was induced in freshly isolated RBC by addition of A23187,
1 µmol l−1, followed by incubation for 6 hours. Figure 13 shows erythrograms obtained for the cells
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Fig. 14. Hemolysis of apoptotic RBC in the ammonia medium NH4Cl 140 (composition given in legend to Fig. 9). The apop-
totic state was induced by 6 hours’ exposure to A23187. Traces in decreasing signal height (degrees for registration of light
scattering): 1.50, 2.00, 2.25, 0, 2.50, 3.00, 3.75, 4.5, 5.50, 6.50. The vertical dashed line indicates the extent of incomplete
hemolysis.

in hemolytic ammonia medium (mmol l−1): NH4Cl, 140; KCl, 5; HEPES, 5; glucose, 5; and CaCl2, 1
(pH 7.4). This figure shows the control curve, the curve representing hypotonic shock, and that of apop-
totic RBC. Since there was a sharp distinction between the time of hemolysis for RBC after hypotonic
shock and for apoptotic cells, the results are presented on two different scales. It is evident that RBC af-
ter hypotonic shock underwent rapid hemolysis (during 20–40 seconds), regardless of the fact that they
were placed back into isotonic medium. Conversely, apoptotic RBC underwent a long-lasting initial
transformation (Fig. 14) and only 15 min after that they began to slowly hemolyze. However, hemolysis
was incomplete: less than 40% of RBC hemolysed within an hour (note the vertical segment near the
end of the process, Fig. 14). By comparison, the same apoptotic RBC undergo a very fast hemolysis in
the acidic medium (loading with HCl, pH 3.0) and there is no initial increase of signal intensity, i.e. there
is no prehemolytic swelling of the cells lysing due to acidic destruction of the membrane (Fig. 13). Ap-
plication of the ammonia testing system is preferable to the acid loading system, because in the former
echinocytes-like cells and stomatocytes-like cells can be adequately differentiated and identified. The
use of the acidic loading as a testing system could probably be justified only at moderate acidity levels
(pH ∼ 4.0).

Under such conditions of moderate acidity we conducted toxicological experiment in vitro to inves-
tigate how RBC hemolysis is affected by organophosphates. Hemolysis was induced by introduction of
hydrochloric acid into suspension of RBC placed in physiological salt solution, with a final pH of 4.2.
Under these conditions, hemolysis is more protracted as compared to that illustrated in Fig. 9. Before
testing, RBC had been incubated with various concentrations of diisopropylfluorophosphate (DFP) for
1 hour. Figure 15 shows the erythrograms of the control cells and those exposed to DFP. It is evident that
the RBC incubated with DFP hemolysed sooner than control cells. Quantitatively, this effect was evalu-
ated after the “time of maximal hemolysis” – T(gem), the time period from acidic loading to beginning of
maximal velocity of hemolysis (Fig. 15a). The dose dependence of T(gem) upon concentration of DFP
(logarithmic coordinate) is given on Fig. 15b: EC50 is estimated to be around 40 µmol l−1. This research,
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(a) (b)

Fig. 15. (a) Erythrograms of RBC hemolysis one hour after incubation with DFP (the doses in mmol l−1 are shown) and
(b) dependence of the maximal hemolysis time upon concentration of DFP (presented in logarithmic coordinates).

although preliminary, demonstrates the capabilities of the approach for studying toxic or pharmaceutical
agents.

On the basis of our data and a literature review the following paradigm of RBC transformation can
be set up (Fig. 16). Original discocytes undergo swelling in hypotonic medium, initially forming con-
cave or cup-shaped stomatocytes (see bottom right picture). Further enhancement of hypotonic loading
causes transformation of RBC into large spherical cells having smooth surface (a big spherocyte – see
upper right picture). Upon reaching a critical size of 13–14 µm in diameter, the cells undergo “bursting”
(although separate cells can reach a bigger size). Because the process is due to disturbance of the mem-
brane integrity, this type of death is classified as necrosis. By tradition this type of RBC death is known
as “hemolysis”, so we consider “necrosis” and “hemolysis” to be the equivalent terms designating a
process distinct from apoptotic death of RBC.

Under pathophysiological conditions hemolysis is most often preceded by swelling of RBC, so this
process is designated as necrotic volume increase (NVI) [10]. The trigger of this process is activation of
Cl−/OH− exchanger (the band 3 protein), which takes place in acidic medium – a very logical reaction,
because one of the basic functions of RBC is maintaining the blood pH homeostasis. Intracellular alka-
lization also leads to cell swelling (e.g. when placing RBC into ammonia medium). One would expect
that reduction of [HCO−

3 ] in the medium to induce swelling of RBC, but this effect can be compensated
by hemoglobin (Hb) fixation of oxygen: fixation of one oxygen molecule leads to release of two protons
and acidification of intracellular pH – the so-called Jacobs–Stewart cycle [24,25]. That is why normally
there is no RBC swelling in the pulmonary microvessels [26]. However, concentration of the bicarbonate
anion may be a critical factor in hypoxic conditions. In practice, under pathophysiological conditions the
RBC undergo the same stages of transformation leading to hemolysis that can be seen under hypotonic
loading, but under the former conditions hemolysis may occur without achieving the critical size by the
cells at the expense of changes in deformational characteristics of plasma membrane. In this connection
there is a need to separately examine the RBC hemolysis which is dependent on Hb defects, when insol-
uble forms of Hb are produced. Translocation of Hb to the plasma membrane may greatly influence its
deformational characteristics [27,28], and hemolysis can take place without preceding RBC swelling.

An opposite scenario of RBC death develops when cells are placed in hypertonic medium and under
apoptosis. The key reaction of cell shrinkage as a sign of the apoptotic process is elevation of intracellu-
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Fig. 16. A generalised scheme for RBC transformations under tonicity loading and in pathophysiological states. Regulatory
volume decrease, RVD; regulatory volume increase, RVI; apoptotic volume decrease, AVD; necrotic volume increase, NVI.
See text for further explanation.

lar calcium ions [3] followed by activation of K+ channels (Ca2+-activated Gardos K+ channel). Efflux
of K+ and Cl− together with efflux of water molecules results in cell shrinkage, which is the apoptotic
volume decrease (AVD). Initially, echinocytes are generated – the RBC having spikes on their plasma
membrane. The subsequent transformation of the cells is a slow process taking several hours (the funda-
mental distinction from hemolysis). After that, the rounded RBC with uneven membranes develop from
echinocytes. The phosphatidylserine asymmetry of the plasma membrane is broken; this leads to appear-
ance of negatively charged molecular groups on the cell surface and the RBC begin to agglomerate as a
result of this (aggregation concomitant with apoptosis) [29]. The RBC apoptosis leads to formation of
small cellular fragments. In addition to hypertonic shock, the apoptotic process can be induced by glu-
cose deprivation, oxidative stress, action of PGE2 and activation of Na+/H+ exchange [5,30,31]. Effects
of NO (and peroxynitrite?) on RBC can be of two kinds depending on the dose. On one hand, NO being
a radical may cause oxidative stress in the cells resulting in apoptosis; on the other hand, binding of NO
with Hb may cause translocation of Hb to plasma membrane resulting in hemolysis [32,33].

To a certain extent, the scheme of RBC transformation coincides with the morphological nomenclature
of Bessis [18]. Citing from Gedde [34]:

“Flattened or elongated cells with spikes were scored as stage +1 or +2, whether the spikes were
broad or fine, with number of spikes distinguishing stages +1 and +2. Stage +3 cells were rounded
with broad spikes; stage +4 cells were round with fine spikes; and stage +5 cells were smooth sphe-
rocytes. Stage −1 stomatocytes had one large invagination, with no remaining trace of biconcavity.
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Stage −2 cells had one main invagination with additional smaller ones, or several small invagina-
tions exclusively on one side of the cell. Stage −3 cells had evenly distributed small invaginations,
and stage −4 cells were smooth spherocytes.”

We note that all is “fine” in this description except for absence of the final stages of the RBC trans-
formations, namely the two types of cell death – apoptosis and necrosis. On the basis of our present
work, there are two kinds of morphologically similar but physiologically and biochemically different
“smooth spherocytes”: apoptotic ones (stage +5) and necrotic ones (stage −4). From this point of view,
echinocytosis is a stage of the apoptotic scenario, and stomacytosis is a stage of the necrotic scenario.
By way of illustration we reproduce a pH scale and potential (>0 or <0, see Fig. 16), as was suggested
by Gedde [34].
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