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Abstract. The exposure of red blood cells (RBC) to some hormones (epinephrine, insulin and glucagon) and agonists of α- and
β-adrenergic receptors (phenylephrine, clonidine and isoproterenol) may modify RBC aggregation (RBCA). Prostaglandin E1
(PGE1) significantly decreased RBCA, and PGE2 had a similar but lesser effect. Adenylyl cyclase (AC) stimulator forskolin
added to RBC suspension, caused a decrease of RBCA. More marked lowering of RBCA occurred after RBC treatment by
dB-cAMP. Phosphodiesterase (PDE) inhibitors markedly reduced RBCA. Ca2+ influx stimulated by A23187 was accompanied
by an increase of RBCA. The blocking of Ca2+ entry into the RBC by verapamil or the chelation of Ca2+ by EGTA led to a
significant RBCA decrease. Lesser changes of aggregation were found after RBC incubation with protein kinase C stimulator
phorbol 12-myristate 13-acetate (PMA). A significant inhibitory effect of tyrosine protein kinase (TPK) activator cisplatin on
RBCA was revealed, while selective TPK inhibitor, lavendustin, eliminated the above mentioned effect. Taken together, the data
demonstrate that changes in RBCA are connected with activation of different intracellular signaling pathways. We suggest that
alterations in RBCA are mainly associated with the crosstalk between the adenylyl cyclase-cAMP system and Ca2+ control
mechanisms.
Keywords: Erythrocyte aggregation, adenylyl cyclase, phosphodiesterases, intracellular signaling pathways, intracellular
calcium, protein kinases

1. Introduction: Red blood cell aggregation and cell signaling

The erythrocyte or red blood cell (RBC) has often been regarded as simply a vehicle for the circulation
of hemoglobin and transport of oxygen. However, it has become evident that this cell also participates in
the regulation of vascular caliber in microcirculation [3,48] through effects of its microrheological prop-
erties, namely aggregation and deformability [6,12]. Alteration of red blood cell aggregation (RBCA)
has been observed in many physiological and pathophysiological states [7,34,38,60]. The reversible ag-
gregation of red blood cells affects the low shear blood viscosity and microvascular flow dynamics, and
can be markedly enhanced in several diseases [7,37,57]. Likewise, the red blood cell aggregation at low
flow rates increases venous vascular resistance [6,8,11]. In the past most reports dealt primarily with
the ability of plasma proteins (mainly fibrinogen) and higher molecular weight polymers to promote
aggregation [8,9,11,22,34,54]. Studies specifically focused on cellular factors and mechanisms of RBC
aggregation began in the 1980s [37]. However, the molecular mechanisms regulating aggregate forma-
tion are not so well understood [9,22]. RBC were historically considered inert to regulatory signals from
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other cells. However, they are well equipped with the machinery required for intercellular communi-
cation [23,25,39,46,58]. It has been proven experimentally that the RBC membrane contains α- and
β-adrenoreceptors [51,61], insulin receptors [10,67], endothelin-1 receptors [53], and cholinergic mus-
carinic receptors [62]. Indeed, marked changes of RBC deformability and aggregation have been shown
to be mediated by an activation of cellular signaling pathways [31,35,45,53,59].

The present study was designed to explore the effects of various signaling molecules on RBCA as a
basis for the understanding the control mechanisms of this cellular behaviour.

2. Materials and methods

2.1. Preparation of blood samples

Venous blood samples (15 ml) were drawn via sterile venipuncture using heparin (5 IU/ml) as an-
ticoagulant. The study was approved by the local ethic committee at the Yaroslavl State Pedagogical
University, and informed consent of all the subjects was obtained according to the recommendations of
the Declaration of Helsinki.

Red blood cells (RBC) were separated from the blood by centrifugation at 1,400g for 20 min and
washed 3 times with 10 mM phosphate buffered saline (PBS) (pH = 7.4). The washed RBC were
resuspended in PBS at a hematocrit (Hct) of approximately 40% for incubation with desired agents. After
incubation, RBC suspensions were centrifuged, the supernatant was removed and cells were resuspended
in autologous plasma at Hct = 40% to initiate RBC aggregation.

The whole blood and red cell suspension hematocrits were determined via the microhematocrit meth-
ods (i.e., 12,000g for 7 min).

2.2. Protocols for RBC treatments

RBC suspension was divided into several aliquots and effects of linked agents were compared as
follows:

(A) Epinephrine (1.0 µM); phenylehprine, alpha-1-adrenoceptor agonist (1.0 µM); clonidine, alpha-2-
adrenoceptor agonist (1.0 µM); isoproterenol, non-selective beta-adrenoceptor agonist (1.0 µM);
insulin (0.01 µM); glucagon (1.0 µM).

(B) Prostaglandins PGE1, PGE2, PGI2 and PGF2α (0.01 µM).
(C) Adenylyl cyclase (AC) stimulator forskolin (10 µM); stable penetrating analog of cAMP (dB-

cAMP, 100 µM).
(D) Phosphodiesterase inhibitors: isobutyl-methyl-xanthine (IBMX, 100 µM); vinpocetin (10 µM);

cilostazol (10 µM); rolipram (10 µM).
(E) Calcium ionophore, A23187 (3 µM); EGTA, calcium chelator (1.0 mM); verapamil – Ca2+ chan-

nel blocker (10 µM). Ringer’s solution containing 2.25 mM Ca2+ was used to suspend the cells
for these treatments and cell shape was observed by light microscopy.

(F) Protein kinase stimulator C (PKC) – phorbol 12-myristate 13-acetate (PMA, 3 µM); PKC specific
inhibitor, bisindolylmaleimide (BIM, 3.0 µM); tyrosine protein kinase (TPK) activator – cisplatin
(3 nM); specific inhibitor of TPK – lavendustin (5.0 µM).
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The cell incubations were performed at 37°C for 15 min. RBC incubated in phosphate buffered saline
(or in Ringer’s solution) without any drugs were used as controls. Stock solutions of drugs were pre-
pared in DMSO or water. All analyses were completed within 4 h after the blood collection. Drugs and
chemical compounds were purchased from Sigma.

2.3. Red blood cell aggregation

Red blood cell aggregation (RBCA) in native plasma was assessed using a Myrenne Aggregometer
which provides an index of RBC aggregation facilitated by low shear. In brief, the suspension was
subjected to a short period of high shear to disrupt pre-existing aggregates, following which the shear
rate was abruptly reduced to 3 s−1 and light transmission through the suspension was integrated for
5 seconds; the resulting index, termed ‘M5’ by the manufacturer and ‘RBCA’ herein, increased with
enhanced RBC aggregation.

2.4. Statistics and data presentation

The results are presented as mean ± SEM. The differences between the mean values were evaluated
using an ANOVA test. The values of p < 0.05 indicate statistical significance.

3. Role of extracellular ligands in signaling alteration of red blood cell aggregation

3.1. Role of some hormones

Catecholamines act as stress hormones ensuring an effective adaptation to environmental factors, by
regulating oxygen transport and cell metabolism [63]. They may modify blood flow in nutritive capil-
laries under stress by alteration of red blood cell aggregation [41,61]. It is important to note that hu-
man RBC membranes contain both β1- and β2-adrenergic receptors [27,52,64]. Here, experiments were
designed to evaluate the aggregation effect of adrenergic receptor agonists as extracellular ligands in-
ducing molecular signaling pathways (Fig. 1). In the presence of 1.0 µM α1- and α2-receptor agonists

Fig. 1. Molecular signaling pathways associated with control of red blood cell microrheology. Abbreviations: αAR –
α-adrenergic receptor; βAR – β-adrenergic receptor; ENPh – epinephrine; AC – adenylyl cyclase; Gi, Gs – heterotrimeric
GTP binding proteins; RBCA – red blood cell aggregation; RBCD – red blood cell deformability.
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Table 1

Effects of alpha- and beta-adrenergic agonists on red blood cell aggregation

Control Epinephrine Phenylephrine Clonidine Isoproterenol
RBCA 7.34 ± 0.32 9.83 ± 0.36∗ 11.20 ± 0.42∗ 11.74 ± 0.42∗ 6.46 ± 0.26∗

Notes: Control – without treatment. Data are mean ± SEM, n = 30. ∗p < 0.05 versus control. RBCA – aggregation index M1;
arbitrary units.

Table 2

Effects of insulin and glucagon on red blood cell aggregation (M ±m, n = 30)

Control Insulin Glucagon
RBCA 7.00 ± 0.28 3.92 ± 0.18 11.36 ± 0.35

Notes: Control – without treatment. Data are mean ± SEM, n = 30. ∗p < 0.05 versus control RBCA – aggregation index M1;
arbitrary units.

(epinephrine, phenylephrine and clonidine) the red blood cell aggregation was markedly increased by
about 30–60% compared to controls (Table 1). Isoproterenol did not increase, but slightly decreased ag-
gregation (Table 1). Therefore, α-adrenergic receptor stimulation has the greater effect on aggregation.

It has been reported that various rheological abnormalities are associated with diabetes, but there is
little data on any direct effect of metabolic hormones on RBC aggregation. It is well known that insulin is
a functional antagonist to the catecholamines [63] and RBC possess insulin receptors [24]. Therefore we
tested whether red cell aggregation was altered after incubation with insulin. Indeed, RBCA was reduced
by 44% under these conditions (Table 2). Glucagon, on the contrary, increased RBCA significantly by
48% (Table 2).

3.2. Role of prostaglandins

It has been shown that prostaglandins have a marked effect on RBC microrheology including their ag-
gregation [17,41,45,49,59]. PGE1 activates adenylyl cyclase [58] which may be one mechanism altering
RBD rheology [59]. Prostacyclin (PGI2) has been shown to increase filterability of normal and rigidified
human red blood cells in vitro [31]. The activation of the RBC prostacyclin receptor (IPR) results in an
increase of cAMP content.

We found that RBCA was decreased after the cells were incubated with PGE1 or PGE2, or with PGI2

(Table 3). The other species of the prostaglandin family – PGF2α on the contrary intensified the red cell
aggregation. In presence of PGF2α RBCA increased by 73% (Table 3). PGF2α is known as a calcium
cell entry stimulator [47]. Therefore in this case the aggregation rise may be associated with Ca2+ influx.
Thus, the results demonstrate that prostaglandins of the E-family and prostacyclin significantly decrease
red cell aggregation, while PGF2α enhances it.

4. Role of intracellular signaling pathway in alteration of red blood cell aggregation

4.1. Adenylyl cyclase-cAMP-G-protein system

Recently it has been shown that alterations in red cell microrheology may be connected with activa-
tion of various intracellular signaling pathways [18,31,36,45,59]. Changes in red cell aggregation have
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Table 3

Effects of prostaglandins on red blood cell aggregation

Control PGE1 PGE2 PGI2 PGF2α
RBCA 7.20 ± 0.26 3.68 ± 0.18∗ 5.81 ± 0.48∗ 4.08 ± 0.36∗ 13.20 ± 0.63∗

Notes: Control – without treatment. Data are mean ± SEM from 24 experiments. ∗p < 0.05 versus control. RBCA – aggregation
index M1; arbitrary units.

Fig. 2. Effects of cAMP modulators (dB-cAMP, forskolin and prostaglandin E1, PGE1) on red blood cell aggregation. Data are
mean ± SEM from 24 experiments. ∗p < 0.05 versus control. RBCA – aggregation index M1.

been associated with a depression of the adenylyl cyclase – cAMP system. It was shown that the di-
rect stimulation of Gi-protein activity with mastaparan-7 was accompanied by significant increase in
aggregation [41,42]. On the other hand, elevation of cAMP can lead to cytosolic Ca2+ decrease via an
inhibition of its influx [17]. Indeed a rise in intracellular Ca2+ content was prevented if RBC were in-
cubated with phosphodiesterase inhibitors or a permeable cAMP analog [64]. It is known that both α2-
and β-adrenergic receptors are coupled to the G-protein – adenylate cyclase system in human RBC [16,
27]. The diterpene forskolin has been reported to activate adenylate cyclase [40]. Here, RBC incubation
with forskolin caused a decrease of RBCA by 20% (Fig. 2). Adenylyl cyclase stimulation and cAMP
level rise in red cells may be achieved by using the stable analog of cAMP (dB-cAMP) or prostaglandin
E1(PGE1) [45]. It was found that the red blood cell aggregation was significantly decreased under either
of these conditions (Fig. 2).

4.2. Phosphodiesterase (PDE) activity

The intracellular cAMP level is regulated by phosphodiesterases (PDEs) [2,4,19,21,36]. To study their
role in red cell aggregation, RBC were incubated with: nonselective PDE inhibitor isobutyl-methyl-
xanthine (IBMX); PDE1 inhibitor vinpocetine; PDE3 inhibitor cilostazol; PDE4 inhibitor rolipram. All
of these drugs reduced red cell aggregation, with the PDE1 inhibitor vinpocetine having the greatest
effect (Table 4). Overall, RBCA reduction averaged 25% under these treatments. These data suggest
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Table 4

Effects of phosphodiesterase inhibitors on red blood cell aggregation

Control IBMX Vinpocetin Cilostazol Rolipram
RBCA 7.60 ± 0.33 5.92 ± 0.19∗ 4.90 ± 0.25∗ 6.28 ± 0.32∗ 6.60 ± 0.29∗

Notes: Control – without treatment. Data are mean ± SEM from 20 experiments. ∗p < 0.05 versus control. RBCA – aggregation
index M1; arbitrary units.

Table 5

Effects of Ca2+ entry blocker verapamil, calcium ionophore A23187 and Ca2+ chelator EGTA on red blood ell aggregation

Parameters Control Verapamil A23187 EGTA
RBCA 7.18 ± 0.28 5.88 ± 0.25 12.78 ± 0.54 4.16 ± 0.20

Notes: Control – without treatment. Data are mean ± SEM from 30 experiments. ∗p < 0.05 versus control. RBCA – aggregation
index M1; arbitrary units.

that PDEs are a part of the cell regulatory system “the cell membrane receptor – G-protein – AC-cAMP
complex” and that they are involved in regulation of RBC microrheology.

4.3. Role of Ca2+ in red blood cell aggregation

The measurement of total red cell calcium concentration has yielded values between 5 and 50 nM
[42,50,51], while only a few percent of the total is in an ionized form [66]. We previously noted that
RBC aggregation was decreased significantly after red cell incubation with Ca2+ chelator EGTA [42].
On the other hand, RBC treatment with stimulators of Ca2+ influx as well as the inhibition of Ca2+ efflux
resulted in a significant increase of their aggregation [41,42]. Here blocking, Ca2+ entry into RBC using
verapamil or EGTA led to a significant decrease in RBCA (Table 5). Conversely, stimulation of Ca2+

influx with A23187 caused a significant increase of red blood cell aggregation (Table 5). The changes in
RBC Ca2+ and cAMP content do not represent isolated linear signaling pathways, but ones that interact
at multiple levels to form an effective signaling network.

4.4. Protein kinases

Proteomic analysis has shown that the red cell membrane contains several kinases and phosphatases
[5,30,39,46]. In vitro studies have shown that phosphorylation can alter membrane-skeletal protein func-
tion [35], while drugs affecting phosphorylation may change RBC microrheological properties [23,45].
However, our understanding of the regulation of the mechanical function of intact red cell membranes
by phosphorylation of membrane skeletal proteins is incomplete. When the stimulator (dB-cAMP) of
protein kinase A was added to RBC suspension, the RBCA was significantly decreased (Fig. 3). Little
changes of aggregation was induced after RBC incubation with protein kinase stimulator C – phorbol
12-myristate 13-acetate (PMA) (Fig. 3). The slight increase induced was lost in the presence of the PKC
specific inhibitor, bisindolylmaleimide (BIM) (Fig. 4(A)). After the activation of Lyn protein tyrosine
kinase (TPK) of the Src family by cisplatin [55] a significant RBCA reduction was observed (Fig. 3) and
a specific inhibitor of TPK lavendustin (5.0 µM) [28] eliminated this effect (Fig. 4(B)).

5. Conclusions

The above studies indicate that red cell microrheological properties connected with oxygen trans-
port efficiency may be regulated through activation of cellular molecular signaling pathways. Likely
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Fig. 3. Effects of stable cAMP analog (dBu-cAMP), phorbol 12-myristate 13-acetate (PMA) and cisplatin on red blood cell
aggregation. Data are mean ± SEM from 20 experiments. ∗p < 0.05 versus control. RBCA – aggregation index M1.

Fig. 4. Changes in red blood cell aggregation after treatment with: (A) phorbol 12-myristate 13-acetate (PMA), PKC specific
inhibitor bisindolylmaleimide (BIM); (B) cisplatin (Cis), Cis plus tyrosine protein kinase selective inhibitor – lavendustin (L).
Data are mean ± SEM from 24 experiments. ∗p < 0.05 versus control. RBCA – aggregation index M1.

regulatory pathways causing rheological responses in RBC include: extracellular ligands (hormones,
prostaglandins), membrane-receptors coupled with Gs-protein (e.g. β-adrenergic receptor), adenylyl cy-
clase (AC), cAMP, protein kinase A (PKA) and phosphorylation of membrane proteins (e.g. band 3,
band 4.1) (see Fig. 5).

Spotlighting the important molecular loci at which cAMP and Ca2+ signaling pathways converge in
non-excitable cells may help us to further understand and appreciate the complexity and specificity of
stimulus–response coupling in RBC. A site of the cross-talk between Ca2+ and cAMP signaling systems
RBC may be PDEs. For example, the constitutive type 4 phosphodiesterase activity rapidly hydrolyzes
cAMP, while Ca2+ inhibition of AC may also lead to lower cAMP. Thus high phosphodiesterase activity
may work coordinately with AC to regulate membrane-delimited cAMP concentration, which is impor-
tant for control of cell–cell apposition [43]. Moreover, previous studies indicate that the activation of AC
and increase in cAMP lead to decreased Ca2+ influx and reduction in red cell aggregation [41]. Similar
results were found after blocking Ca2+ entry into RBC or inhibition of PDE activity.

Therefore we can propose that there are two molecular mechanisms for the short-term regulation of
RBCA. The first one can be activated under physiological or pathological conditions (stress, exercise,
diseases) in order to the increase the postcapillary flow resistance, increase the capillary filtration pres-
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Fig. 5. Summary of signaling pathways modulating red blood cell aggregation. Abbreviations: RBCA – red blood cell aggrega-
tion; IC – ionic channel; PLC – phospholipase C; PLA2 – phospholipase A2; IP3 – inositol trisphosphate; PIP2 – phosphatidyli-
nositol 4,5-bisphosphate; L – ligand; R – membrane receptor; PDE – phosphodiesterase; Gs – G-protein; AC – adenylyl cyclase;
PKA – protein kinase A; TPK – tyrosine protein kinase.

sure and make delivery of oxygen and substrates to the tissue more effective [12,48]. This control mech-
anism is connected with Ca2+ signaling pathway activation. The second molecular control mechanism
of aggregation is associated with an activation of the AC-cAMP-PKA system. A decrease of RBCA can
lead to the postcapillary flow resistance reduction. This results in a decrease of capillary hydrostatic pres-
sure and an activation of reabsorption. This could be important for stimulation of the recovery processes
after exercise, stress etc.

The mechanism by which these molecular pathways influence RBC aggregation may be linked to
integrin membrane receptors expressed by the cells [13,25,27,54]. The existence of a single molecule
interaction between fibrinogen and an unknown receptor on the RBC membrane has been demonstrated
by force spectroscopy measurements using an atomic force microscope [14]. Genetic sequencing data
indicates that one of the units of the fibrinogen receptor on the RBC membrane is a product of the
expression of the beta-3 integrin gene [13]. Thus there is some evidence of specific red blood cell mem-
brane binding of ligands during the aggregation process. CD47 has also been proposed as a mediator
for specific fibrinogen binding [56] and is able to associate with Rh complex forming a link to the band
3 complex by binding to protein 4.2 or to associate with several integrins and thereby to induce their
activation [56].

The physiological and pathological significance of short-term changes in red cell aggregation may also
connected to effects on leukocyte adhesion. It is known that increasing red cell aggregation correlated
with an increase in slow-flowing leukocytes near the vessel wall and more efficient leukocyte adhesion
[1,33]. Thus modulation of red blood cell aggregation may influence immune function by influencing
recruitment of leukocytes to inflamed tissue.
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