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Signaling pathways of red blood cells’ (RBCs) micromechanics regulation, which are
responsible for maintaining microcirculation, constitute an important property of RBC
physiology. Selective control over these processes may serve as an indispensable tool
for correction of hemorheological disorders, which accompany a number of systemic
diseases (diabetes mellitus 1&ll, arterial hypertension, malaria, etc.). Activation of certain
pathways involving adenylyl cyclase may provide fast adaptive regulation of RBC
deformability (RBC-D). However the specific molecular conditions of intracellular signal
transduction in mediating RBC microrheological properties at adenylyl cyclase stimulation
remain unclear. In this paper, we present the results of the in vitro study of the effects of
different signaling pathways in adenylyl cyclase stimulation on RBC-D. We studied (1) the
direct stimulation of adenylyl cyclase with forskolin; (2) non-selective adrenoreceptor
stimulation with epinephrine; (3) p2-adrenoreceptor agonist metaproterenol; (4) membrane-
permeable analog of cAMP (dibutyryl-cAMP). Using laser ektacytometry, we observed a
concentration-dependent increase in RBC-D for all studied effectors. The EC50 values
for each substance were estimated to be in the range of 1-100 uM depending on the
shear stress applied to the RBC suspension. The results can serve as an evidence of
adenylyl cyclase signaling cascade involvement in the regulation of RBC micromechanical
properties presenting a complex molecular pathway for fast increase of microcirculation
efficiency in case of corresponding physiologic metabolic demands of the organism, e.g.,
during stress or physical activity. Further studies of this molecular system will reveal new
knowledge which may improve the quality of medical treatment of hemorheological disorders.

Keywords: RBCs deformability, adenylyl cyclase, signaling pathways, laser ektacytometry, microrheology

INTRODUCTION

Human red blood cells (RBCs) are highly specialized cells. Their main function is to provide
transport of respiration gases and various metabolic nutrients in organs and tissues. Throughout the
circulatory system, RBC undergoes huge mechanical stress passing through capillaries, whose
diameter is less than the mean diameter of red blood cells. Deformability of RBC (RBC-D) is a
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biomechanical property of erythrocytes, which allows them to
reversibly change their shape and sizes to be able to squeeze
through the terminal capillaries of the microvascular system.
Hemorheological disorders, which accompany a number of systemic
diseases such as diabetes mellitus I&II, arterial hypertension,
sickle cell decease, etc. are characterized with a dramatic decrease
in RBC-D, leading to the impairment of blood perfusion, which
may result in irreversible tissue necrosis (Barshtein et al., 2007).

RBC-D is determined by several factors: (1) volume-to-surface
ratio of RBC; (2) intracellular viscosity; and (3) structural
organization of membrane and cytoskeleton (Evans and La Celle,
1975; Chien, 1977; Baskurt and Meiselman, 2003; Huisjes et al.,
2018). The latter represents a system of protein—protein interactions
between spectrin/actin network and integral membrane protein
complexes. During evolution, the demand in maximizing the
efficiency of oxygen delivery deprived RBCs of many subcellular
structures such as nuclei, mitochondria, ribosomes, etc. However,
RBCs preserved many elements of molecular signaling cascades
which allow fast adaptive regulation of microrheological properties
in response to metabolic requirements of the organism (Takakuwa
et al., 1990; Muravyov et al., 2009; Muravyov and Tikhomirova,
2013; Richou et al, 2018). Triggers of such systems are
various signaling molecules: catecholamines (epinephrine and
norepinephrine), adrenoreceptor agonists (adrenomimetics), and
hormones; effectors of ion channels and pumps. Reactive oxygen
species, carbon monoxide (CO), hydrogen sulfide (H2S), and
regional variations of cellular ATP can all serve as signaling
triggers despite they do not have mechanisms of the specific
recognition (Bogdanova et al, 2009; Diederich et al, 2018).
Their action alters the transport potential of hemoglobin, which
in this particular case acts as a biosensor (Luneva et al., 2015).
Nitric oxide (NO) as a signaling molecule regulates many processes
affecting hemorheology (Bor-Kucukatay et al., 2003; Chen and
Popel, 2009; Ulker et al., 2011). The exposure of RBC to donors
of NO led to the positive changes of RBC microrheological
properties (Mozar et al., 2016). Experiments demonstrated that
at hypoxic vasodilation, erythrocytes act as a NO generator
upon activation of RBC NO-synthase (NOS) (Grau et al., 2013).
That improves local microrheology contributing to vascular
smooth muscle relaxation (Baskurt et al., 2004). One of the
key questions is whereas both oxygen (O,) and NO diffuse into
RBC, only O, can diffuse out (Pawloski et al., 2001). The data
on the mechanisms of NO export from RBC into the blood
stream as well as its effects on RBC microrheology are very
contradictory and being very intensively studied (Singel and
Stamler, 2004; Ulker et al., 2018; Sun et al., 2019).

Adenylyl cyclase (AC) signaling cascade is of a particular
interest for studies of the mechanisms of RBC-D adaptive regulation
(Sprague et al., 2005; Muravyov et al., 2010). Its core element
is an enzyme adenylyl cyclase which synthesizes the cyclic form
of AMP (cAMP) from ATP upon stimulation of the G-protein-
coupled receptor (GPCR). The AC-cascade can be triggered by
the signaling molecules such as prostaglandins, prostacyclins,
hormones and agonists of adrenoreceptors. That is why the
AC-cascade is called a “stress”-signaling cascade. Six distinct
classes of AC have been described, all catalyzing the same reaction
but representing unrelated gene families. ACs class III are of a

great interest due to their important role in human health. In
this class there are nine isoforms of membrane ACs divided
into four groups (types) according to the regulatory properties
(Sadana and Dessauer, 2009). The existing data indicate that
mammalian RBCs possess the adenylyl cyclase type II, which is
activated by the heterotrimeric GTP-binding proteins (G-proteins)
(Sprague et al., 2005). AC-cascade is presented as a typical system
of intercellular signaling in many cells, including RBC (Kaiser
et al, 1974). There is a strong evidence of its functioning in
RBC being responsible for the adjustments of the micromechanical
properties of the cell (Thomas et al., 1979; Oonishi et al., 1997;
Horga et al., 2000).

The simplified scheme of AC-cascade is demonstrated in
Figure 1. Binding of a ligand by the GPCR on the RBC membrane
leads to the activation of a G-protein, which hydrolyzes GTP
to GDP upon activation (step 1 in Figure 1). The released energy
is consumed for the activation of membrane AC which starts
the synthesis of cAMP from ATP (step 2). An increase in cAMP
concentration serves as a stimulus for the cAMP-dependent
protein kinase A (PKA) activation. PKA is a heterodimer comprising
four subunits - two catalytic and two regulator units (Rubin,
1979). Being inactivated, the catalytic (enzymatic active) centers
are blocked by the regulator segments. As the concentration of
cAMP increases, two cAMP molecules bind to each of the
regulatory subunits (Berg et al, 2011). The bonds between the
regulatory and active units are disintegrated and PKA converts
to the activated form (step 3). Catalytic centers of PKA are
released and become able to phosphorylate the serine residues
of proteins in junction complexes of the RBC cytoskeleton
(step 4), subsequently resulting in the cell deformability increase.

Phosphorylation/dephosphorylation (attachment/removal of the
phosphate group) of membrane protein residues leads to the
conformational changes of protein molecular structure (Boivin
et al,, 1981). Phosphorylation of the membrane proteins residues
by protein kinases causes degradation of the corresponding
complexes providing an increase in RBC plasticity and elasticity.
Phosphorylation of p4.1 by PKA via serine residues (Ling et al.,
1988; Gauthier et al., 2011) or by members of the protein kinase
C (PKC) family via hydroxyl groups of serine and threonine
residues (Palfrey and Waseem, 1985) perturbs the bonds of the
whole complex with spectrin, leading to the degradation of the
junction causing the disintegration of the network. This process
is believed to be responsible for lateral (horizontal) deformations
of RBCs. Stimulated by cAMP analogs, phosphorylation of adducin
also may play a role in mediating the interactions of components
of the cytoskeleton with the inner surface of the membrane in
RBC (Waseem and Palfrey, 1988). Phosphorylation of p4.2 leads
to the degradation of ankyrin complex but does not disintegrate
the spectrin network. It leads to the detachment of the spectrin
network from the membrane allowing vertical deformations
(Kaushansky et al., 2016). Residues of p4.2 are possible targets
for PKA. However, based on the rates of disintegration of band
3-ankyrin linkages, it was concluded that the kinetics of the band
3-ankyrin intermolecular interaction is too slow for the adaptive
microrheological reaction (Anong et al., 2006).

AC-cascade cannot function without negative feedback;
otherwise, adenylyl cyclase would consume all ATP in the cell.
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FIGURE 1 | Simplified stepwise block-scheme of signaling pathways in adenylyl cyclase stimulations: step 1 — bounding of a ligand by G-protein-coupled receptor
on RBC membrane leads to the activation of a G-protein, which hydrolyzes GTP to GDP; step 2 — released energy is consumed for the activation of adenyly!
cyclase, which starts synthesis of cAMP from ATP; step 3 — cAMP molecules bind to each of the regulatory subunits, and the bonds between regulatory and active
units of cAMP-dependent protein kinase A (PKA) are disintegrated, converting it to the activated form; step 4 — catalytic centers of PKA now are able to
phosphorylate serine residues of p4.1 in junction complexes of RBC cytoskeleton causing the local disintegration of spectrin network, subsequently resulting in RBC
deformability increase; step 5 — functioning of negative feedback mechanism involving calcium-sensitive forms of phosphodiesterases (PDE), whose activation upon
Ca?*-influx leads to the decrease of CAMP due to its hydrolysis to monophosphate form.

Glycophorin C

Actin

Adducin

Membrane

Spectrin
filaments

%
%

lateral
deformations

forskolin

The role of a negative feedback agent is played by phosphodiesterases
(PDE) - a wide class of enzymes capable of hydrolyzing the
phosphodiester bonds (Adderley et al, 2009). The activity of
PDE leads to a decrease in cAMP due to its hydrolysis to the
monophosphate form (step 5 in Figure 1).

The aim of the present work is to investigate the concept,
which supports the idea that activation of the AC-cascade
physiologically occurs in RBC and leads to the fast adaptive
increase in deformability capable of improving microcirculation
efficiency at stress or high physical duties. We suggest the necessity
to investigate the effects of different signaling pathways in adenylyl
cyclase stimulation on red blood cells deformability, including
GPCR stimulation, direct activation of adenylyl cyclase, and
cAMP-dependent PKA stimulation. For that purpose, we
studied the effects of (1) non-selective adrenoreceptor stimulation
with epinephrine (E4250, Sigma Aldrich); (2) selective
B2-adrenoreceptor stimulation with metaproterenol (M2398, Sigma
Aldrich); (3) the direct stimulation of adenylyl cyclase with
forskolin (F6886, Sigma Aldrich); (4) membrane-permeable analog
of cAMP (dibutyryl-cAMP, db-cAMP, D0627, Sigma Aldrich).

MATERIALS AND METHODS

Red Blood Cell Suspension Preparation and
Composition of Experimental Solutions

RBCs were extracted from 10 healthy male donors 20-30 years
of age by gentle finger prick method using a sterile lancet.

This method was used due to several reasons: (1) when sampling
from the vein, the resin cord blocks the blood flow, leading
to the uncontrolled increase of the blood pressure. That disturbs
the local microrheological profile due to the release of the
signal molecules, affecting RBC. All of these factors lead to
difficulties at experimental data interpretation; (2) hematocrit
(Hct) values may significantly differ when blood is taken from
the vein. In the protocol of the present study, the capillary
blood was taken without pressuring, which allowed to contain
more stable Hct values; (3) the volume of the blood, required
for each RBC-D ektacytometry measurement, is 10 pl, therefore
blood sampling from the vein is not rational.

After the finger pricking, 10 ul of the donor’s blood was
collected into isotonic PBS (phosphate buffered saline, pH
7.4, Gibco). The present experimental protocol did not include
usage of the blood anticoagulant: we briefly checked the
effect of forskolin on RBC-D at different types of the blood
stabilization (the results are presented in Supplementary
Material Section 9). The increase in RBC-D at forskolin
(10 uM) was observed regardless of anticoagulant presence.
Right after the extraction, RBCs were washed in isotonic
PBS three times (for 3 min, 2,500 g, room temperature).
After the third wash, the supernatant was collected and
changed with the experimental solution, preliminary warmed
to 37°C, for further incubation.

Stock solutions of the substances were obtained by the
dilution of dry samples in PBS [epinephrine (100 mM),
metaproterenol (100 mM), db-cAMP (5.2 mM)], and DMSO
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[forskolin (6 mM)]. Experimental solutions for cells” incubation
were obtained by sequential dilutions of aliquots of stock
solutions in PBS. As adrenergic receptors activate adenylyl
cyclase in human erythrocyte membranes at physiological
calcium plasma concentrations (Horga et al, 2000), all
experimental solutions were supplemented with calcium chloride
(CaCl2, C1016, Sigma) so that the final concentration of calcium
was 1 mM. Washed RBCs were incubated in 1% suspension
in aliquots of the studied substances for 15 min at 37°C.
After incubation, the cells were washed once, supernatant was
collected, and the cells were re-suspended in 0.14 mM
polyvinylpyrrolidone (PVP360, Sigma Aldrich; viscosity of 30 cP
at 37°C; pH = 7.4; osmolarity: 290 mOsm/l) at 1% Hct. pH
of the PVP gel was measured every time in each set of the
measurements using indicator test strips (P4536, Sigma Aldrich).
All parameters correspond with the values recommended by
laser ektacytometer RheoScan-D manufacturer.

All methods and experiments were carried out in accordance
with recommendations for hemorheological laboratories
developed by the international expert group created for
hemorheological research standardization (Baskurt et al., 2009a,b).
The study was approved by the Local ethics committee of the
Medical Scientific and Educational Center of M. V. Lomonosov
Moscow State University (Permission document Ne 1/19). All
participants gave written informed consent in accordance with
the Declaration of Helsinki.

RBC-D Measurements and Analysis

RBC-D was measured using the ektacytometer RheoScan-D
(RheoMediTech, Korea) which utilizes the laser diffractometry
technique. In this method, measurements of RBC-D are made
by analyzing the changes of diffraction patterns, obtained
by illuminating the RBC suspension by the laser diode
(635 nm, 1.5 mW), due to shear stresses occurring in a
flow (Groner et al., 1980). When external mechanical stresses
are low, the RBCs are not deformed but oriented so that
the shape of their cross-section is close to a circle and the
corresponding diffraction pattern from such a sample is
circularly shaped. Under high shear stresses, the RBCs are
elongated, taking shapes close to ellipsoidal and so does the
average diffraction pattern, which is a result of the superposition
of thousands of diffraction patterns from individual cells.
Analyzing the degree of ellipsoid elongation of diffraction
pattern allows for measuring the average deformability of
the RBC population as a function of shear stress in the
range from 0.5 to 20 Pa in terms of elongation index (EI)
(Groner et al., 1980; Shin et al., 2005; Nikitin et al., 2016).
The dependence of EI on shear stress is called the deformability
curve. The detailed description of RheoScan-D principles is
available in the publications of its developer’s group (Shin
et al,, 2005, 2007) and a brief description is presented in
Supplementary Material Section 1.

The EI values of the RBC suspension for each stimulator
concentration were analyzed for a wide range of shear stresses
(SSs). In order to assess peculiarities of adenylyl cyclase
stimulation effects on RBC-D, we measured EI dependence
on SS in the whole range of shear stresses from 0.1 to 20 Pa.

We were able to analyze the behavior of EI at various
concentrations of AC-cascade stimulators and assess EC50 values
at different SSs. The latter was performed by fitting the dependence
of EI on the concentration of the stimulators using sigmoidal
approximation formula:

EI(x)= A=A

e (Veeso)

where a is a parameter, x is the concentration of AC stimulator,
A, and A, are the highest and the lowest observed values,
and EC50 is the half-maximal effective concentration. The
fitting was performed in software package Origin 2018. The
graph of the function is presented in Supplementary Material
Section 3. Standard parameters EImax and SS1/2, described
in (Baskurt et al., 2009a,b), were also estimated. The description
of the data approximation formula implemented for each
AC-cascade stimulator to obtain EImax and SS1/2 values is
available in the Supplementary Material Section 4.

+ A

Statistics and Data Presentation

Experimental data were analyzed in software package Statistica
12. The number of measurements (repeats) at every concentration
was not less than 10 for each donor. Statistical significance value
of p was estimated using standard ¢ test for independent variables.

RESULTS

The whole data set of measured RBC-D curves is presented
in the Supplementary Material Section 2. Figure 2 demonstrates
sigmoidal curves of EI dependences on concentrations of
different stimulators of AC signaling cascade at different shear
stresses. Effects of epinephrine are demonstrated in Figure 2A.
It is seen that the presence of epinephrine (Figure 2A) in
concentration up to 1 pM does not change RBC-D under
all shear stresses. Starting from 1 pM, we observed an increase
in EI reaching saturation. Such behavior was observed for
low and medium shear stresses in the range of 1-8 Pa. Applying
high shear stresses (>10 Pa) led to a linear increase in EI
and saturation was not observed. Thus, the epinephrine
dependence of half-maximal effective concentration (EC50)
values on shear stress was observed (Figure 3, orange circles):
EC50 was 6.5 + 1.7 uM at 8 Pa and dropped to 1.6 + 0.5 uM
below 1 Pa and could not be calculated at shear stresses
over 10 Pa.

The dependence of EI on concentration of metaproterenol
was different from that for epinephrine (Figure 2B). At shear
stresses below 3 Pa, metaproterenol did not influence EI,
but starting from 5 Pa, an increase in EI appeared and
became more significant with the growth of the shear stress.
In case of metaproterenol, EC50 (where it was possible to
calculate) did not significantly depend on shear stress and
was in the range 2.7 + 0.8 to 4.5 + 4.2 uM (Figure 3, blue
circles). The effect of db-cAMP was similar (Figure 2C):
there was no effect at shear stresses below 3 Pa but EI
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FIGURE 2 | Changes of red blood cells deformability (RBC-D) in dependence on concentration of adenylyl cyclase signaling cascade stimulation agents:
(A) — epinephrine; (B) — metaproterenol; (C) — dibutyryl-cAMP (db-cAMP); (D) — forskolin. RBC-D was assessed by ektacytometry. Change in laser diffraction pattern
was measured by recording the signal designated as elongation index (El) as a function of shear stress. RBCs were incubated in experimental solutions at 1% Hct at
37°C for 15 minutes. Number of donors N = 10, error bars represent standard deviations from mean values. Dashed curves represent fitting using sigmoidal
function. The goodness of fitting r? was not less than 0.97-0.99.

started to increase when shear stresses became higher (over
5 Pa). In the range 5-20 Pa, the EC50 values were 0.1-0.3 uM
demonstrating a small linear increase with shear stress
(Figure 3, green circles).

The direct stimulation of adenylyl cyclase with forskolin
increased EI at every shear stress starting from 1 Pa (Figure 2D).
However, the character of its influence depended on the shear
stress. This phenomenon is represented in the dependence of
forskolin EC50 values on shear stress (Figure 3, red circles):
at low shear stresses below 3 Pa, EC50 was high reaching
56 + 24 uM but dramatically dropped down to 1 pM at medium
shear stress (around 5 Pa) and further to 0.1 uM at high
stress (>8 Pa).

The values of EImax and SS1/2 parameters are available
in the Supplementary Material Sections 5 and 6. The
dependences of EImax on the concentration for each AC-cascade
stimulating agent was approximated with sigmoidal function:
the obtained EC50 values coincide by the order of magnitude
with values obtained from analysis of the deformability curves.

The behavior of SS1/2 parameter was different: in case of
epinephrine and forskolin, SS1/2 trend correlates with the data
obtained from deformability curves, while for metaproterenol
and db-cAMP, the significant changes of SS1/2 were not
observed. That can be explained by the threshold in the shear
stress to observe the effect of db-cAMP and metaproterenol
on RBC-D.

DISCUSSION

Summarized effects of different signaling pathways in AC
stimulation on RBC-D are demonstrated in Figure 4 at
concentrations of substances around corresponding EC50 values.
RBC deformability curves for each studied substance in a wide
range of concentrations are presented in Supplementary Material
Section 2. In our pilot study (Semenov et al, 2018),
we demonstrated the principal sensitivity of laser ektacytometry
technique in detecting the increase in RBC-D upon stimulation
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FIGURE 4 | Red blood cells deformability (RBC-D) changes upon stimulation
of adenylyl cyclase signaling cascade at concentrations close to EC50 values
for each substance. RBC-D was assessed by ektacytometry. Change in laser
diffraction pattern was measured by recording the signal designated as
elongation index (El) as a function of shear stress for each concentration.
RBCs were incubated in experimental solutions at 1% Hct at 37°C for 15
minutes. Control samples are intact cells incubated under the same
conditions in PBS. Number of donors N = 10, error bars represent standard
deviations from mean values. Presented significances are relative to control
values, p was estimated using standard t test for independent variables

(*p <0.05, **p < 0.01, **p < 0.001).

of adenylyl cyclase. Here we studied this phenomenon in a
more complex and detailed way.

Firstly, in all cases of AC-cascade stimulation, we observed
a concentration-dependent increase in RBC-D without
morphology alterations of RBC even at the highest concentrations
of the substances. In Supplementary Material Section 7,

we present the microphotographs of the blood smears containing
the experimental RBC suspension in PVP solution under two
glass slides at the highest concentrations of adenylyl cyclase
cascade stimulators (epinephrine 100 (M, metaproterenol 100 pM,
db-cAMP 50 pM, forskolin 60 uM). We can see that there are
no alterations of cellular shape in comparison with intact RBC
sample: cells preserve their physiological discoid shape. Secondly,
the effects of AC-cascade stimulation were found to be complex
as in some particular cases they were dependent on the shear stress.

Effects of epinephrine and especially forskolin demonstrated
the most dramatic dependence on shear stress: EC50 decreased
when shear stresses were getting higher. EC50 for
metaproterenol and db-cAMP did not change much with the
shear stress, but in their cases, there was a threshold in
shear stress around 3 Pa, below which significant changes
in RBC-D were not observed.

Forskolin effect dependence on the shear stress can
be explained by its wide non-selectivity and complexity. Forskolin
is capable of direct activation of adenylyl cyclase resulting in
the increase in intracellular cAMP concentration (Seamon et al.,
1981). It was demonstrated (Wood et al., 2006) that forskolin
enhanced phosphorylation of o-Ser485/491 by the cAMP-
dependent protein kinase which may play a role in changes
in RBC-D. Indeed, in Muravyov et al. (2009), it was demonstrated
that the shear-induced elongation of RBC pre-incubated with
forskolin (10 pM) was significantly higher. Forskolin also was
found to be a potent inhibitor of glucose transport in human
erythrocytes: the inhibitory effect was instantaneous, reversible,
and concentration-dependent, having an IC50 value of 7.5 uM
(Sergeant and Kim, 1985). The biochemical aspects of glucose
transport’s influence on RBC-D are not completely understood
and are being widely investigated nowadays (Galiniak et al.,
2015). Also, the final effects of cAMP production are as diverse
as the cells that respond to forskolin. So far, the effects of
forskolin depend on the adenylyl cyclase isoforms expressed
in each kind of cell (Pinto et al., 2008; Huerta et al., 2014).

Examples of GPCR on RBC membrane are the adrenergic
receptors. There are data on the existence of p1- and B2-types
of adrenoreceptors on RBCs membrane (Bree et al., 1984) and
B2-subtype is predominant as it is expressed two times higher.
Several studies suggest that the micromechanics of RBC can
be modulated by adrenomimetics (adrenoreceptors agonists)
while the developments of the effects are controversial. In an
early work (Allen and Rasmussen, 1971), it was suggested that
human RBCs respond to epinephrine and B2-adrenomimetic
isoproterenol with a decrease of filterability and the epinephrine
dose-response curve was biphasic. However, later on, more
studies reported the opposite. In Chiocchia and Motais (1989),
the results showed that stimulation by catecholamines increased
the erythrocyte deformability. In work by Tuvia et al. (1999),
it was demonstrated that exposure of RBC to adrenaline elevated
red cells membrane fluctuation and filterability. The authors
explained the effects by transducing mechanisms via cAMP-
dependent pathway. Their conclusions are supported by the early
work of Tsukamoto and Sonenberg (1979) where it was shown
that adrenergic agonists (—)isoproterenol (2 puM) and (-)
epinephrine (10 (M) stimulated the cAMP-dependent PKA in RBC.
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The effects of epinephrine on RBC-D were studied during
low-intensity irradiation with He-Ne laser at power output
8.0 mW and 632.8 nm wavelength (Yova and Koutsouris, 1994):
the authors reported on the increase in RBC-D in the presence
of epinephrine at concentration 100-1000 uM. In a study by
Hilario et al. (2003) involving 42 male and female donors,
the authors aimed at in vitro verification of the effect of
adrenaline (10 uM) and it was shown that deformability of
peripheral blood erythrocytes was non-significantly increased
in both sexes while the effect on membrane fluidity was different:
adrenaline decreased male and increased female values. Attempts
of using optical techniques (interferometry, UV, FTIR, and IR
spectroscopy) made in Kunitsyn and Panin (2013) on erythrocyte
ghosts suggested that under the influence of adrenaline the
a-helix->p-structure transition occurs to adrenoreceptor leading
to the further structural mechanical change of the membrane.
Metaproterenol is a selective f2-adrenomimetic which is used
in drug treatment of asthma, bronchitis, and emphysema (Bosak
et al., 2012). Its influence on RBC-D was more stable in
accordance with shear stress as P2-adrenergic receptors are
associated with stimulation of Gs-protein/adenylyl cyclase activity
(Muravyov and Tikhomirova, 2013). Epinephrine presents
non-selective adrenoreceptor stimulation, affecting a- and
B-subtypes. Different subtypes of adrenergic receptors are coupled
with different intracellular signal transduction mechanisms
(Muravyov et al., 2009), and thus their stimulations act differently
in RBC micromechanical regulation. That can explain the
observed shear stress dependence of the effects of epinephrine.

Increase in RBC-D was observed for dibutyryl-cAMP
(db-cAMP) - cell-permeable analog of cAMP that activates
the cAMP-dependent PKA. In human erythrocytes, db-cAMP
induces the phosphorylation of p4.1 on sites within the
adjacent 16 kDa and 10 kDa chymotryptic domains (Horne
et al., 1990) and the 10-kDa segment contains the spectrin/
actin-binding site (Correas et al., 1986). Influence of db-cAMP
is partially selective, and thus it demonstrated a non-significant
dependence on the shear stress. To support our findings
about the role of AC-cascade stimulation on the single-cell
level, we performed an experiment involving elongation of
the single RBC using optical (laser) tweezers in the presence
of epinephrine and db-cAMP. The methodology and the
results are presented in Supplementary Material Section 10.
We observed that in the presence of epinephrine (10 um)
or db-cAMP (1 um) in the experimental solution, the RBCs
were elongated easier in comparison with the intact RBCs.
The effect of epinephrine was more significant, which
corresponds with the laser ektacytometry results. In both
cases, the elongation was non-linear in dependence on the
external mechanical stimuli.

The role of the external mechanical stimuli in the changes
of biochemical conditions of RBC is one of the challenging
problems in the study of the mechanisms of active RBC-D
regulation (Simmonds et al.,, 2014). The question how biomechanical
response of the RBC changes according to the external stress
applied to the cell is very important for the designing artificial
cardiovascular devices supporting blood circulation, in which
the external shear stress (SS) may reach an extremely high

level > 50 Pa (Lee et al., 2004). At such stresses, RBCs are close
to hemolytic affection and exposed to mechanical trauma.

Exposition of RBCs to SS in the physiologically normal
range 5-20 Pa, on the contrary, may reversibly improve the
deformability (Simmonds et al, 2014; Nemeth et al, 2018).
The exact mechanisms of such phenomena still remain unclear.
In Meram et al. (2013), the authors indicate that systems of
intracellular signal transduction including receptors, intermediates,
and final targets (phosphorylation/dephosphorylation of protein
residues) can be involved. This phenomenon can be the
mechanism underlying the observed shift of EC50 values of
AC-cascade stimulators in SS range 1-20 Pa. We suggest that
the timing of RBC’s response to the selective AC-cascade
stimulation with metaproterenol is fast enough while less-selective
activation with epinephrine and forskolin governs a certain
delay, at which the effect of additional SS-induced increase in
RBC-D may occur. The biophysical interpretation is complicated
with “cross-talks” of signaling systems in RBC, especially between
AC-cascade and calcium signaling. Alterations of Ca®*-influx
in RBC under application of shear stress are reported in several
works and according to the recent data, this process reflects
the response to mechanosensitive Piezol receptor stimulation
(Cahalan et al, 2015; Kuck et al, 2018). This effect may
be responsible for the EC50 shift in case of db-cAMP as it
stimulates overall cAMP-dependent protein kinase activity in
the cell, which is highly sensitive to cytosolic calcium
(Rasmussen and Barrett, 1984).

In recent years, the importance of the studies of signaling
pathways involving adenylyl cyclase in RBC micromechanics
regulation has become more and more apparent. Adenylyl cyclase
cascade represents physiological opportunities to maintain and
control RBCs microrheology on cellular level supporting the
role of red cells as sensors and regulators of the blood flow in
microcirculation and tissue perfusion. Contradictory data on
adenylyl cyclase functioning in RBC (Pfeffer and Swislocki, 1976;
Piau et al, 1978) are explained by its relatively low activity
(Sager and Jacobsen, 1985) and complexity of biophysical
organization of the cascade. The use of laser ektacytometry
allowed for detection of the dose-dependent increase in RBC-D
at different pathways upon AC-cascade stimulation with
epinephrine, metaproterenol, db-cAMP, and forskolin. This can
serve as an evidence of the involvement of AC-cascade in
mechanisms of RBC-D regulation. To support the specificity of
the obtained results, we performed a brief ektacytometry experiment
of the effects of bisoprolol fumarate on RBC-D (the results are
presented in the Supplementary Material Section 8). Bisoprolol
is a selective Bl-adrenoreceptor antagonist capable of blocking
cAMP synthesis pathway (Galandrin and Bouvier, 2006).
We observed that upon epinephrine-induced stimulation of the
AC-cascade, there is an inhibitory effect of bisoprolol on RBC-D.
Estimation of the EC50 values for each AC stimulator at various
shear stresses, which was performed in the current study, was
done for the first time. It revealed novel data about changes of
functioning of RBC intracellular signaling cascades at different
mechanical stresses. That phenomenon may underlie mechanisms
of adaptive regulation of RBC microrheology and require
further investigations.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 923


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Semenov et al.

Adenylyl Cyclase Cascade in RBC

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the Supplementary Files.

ETHICS STATEMENT

All methods and experiments were carried out in accordance
with recommendations for hemorheological laboratories
developed by the international expert group created for
hemorheological research standardization (Baskurt et al., 2009a,b).
The study was approved by the Local ethics committee of the
Medical Scientific and Educational Center of M.V. Lomonosov
Moscow State University (Permission document Ne 1/19). All
participants gave written informed consent in accordance with
the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

AS conducted the experiments, developed experimental
protocols, organized the materials supply and collection of
the donors blood, prepared figures and graphs, and wrote the
first version of the manuscript. ES suggested the algorithms
of RBC deformability data analysis and conducted the general
nerve of the work. AM controlled the correctness of the
experimental protocols and encouraged AS to investigate

REFERENCES

Adderley, S. P, Sridharan, M., Bowles, E. A., Stephenson, A. H., Ellsworth, M. L.,
and Sprague, R. S. (2009). Protein kinases A and C regulate receptor-
mediated increases in cAMP in rabbit erythrocytes. Am. J. Physiol. Heart
Circ. Physiol. 298, H587-H593. doi: 10.1152/ajpheart.00975.2009

Allen, J. E., and Rasmussen, H. (1971). Human red blood cells: prostaglandin
E2, epinephrine and isoproterenol alter deformability. Science 174, 512-514.
doi: 10.1126/science.174.4008.512

Anong, W. A., Weis, T. L., and Low, P. S. (2006). Rate of rupture and reattachment
of the band 3-ankyrin bridge on the human erythrocyte membrane. J. Biol
Chem. 281, 22360-22366. doi: 10.1074/jbc.M513839200

Barshtein, G., Ben-Ami, R., and Yedgar, S. (2007). Role of red blood cell flow
behavior in hemodynamics and hemostasis. Expert. Rev. Cardiovasc. Ther.
5, 743-752. doi: 10.1586/14779072.5.4.743

Baskurt, O. K., Yalcin, O., and Meiselman, H. J. (2004). Hemorheology and
vascular control mechanisms. Clin. Hemorheol. Microcirc. 30, 169-178.

Baskurt, O. K., Boynard, M., Cokelet, G. C., Connes, P., Cooke, B. M., Forconi, S.,
et al. (2009a). New guidelines for hemorheological laboratory techniques.
Clin. Hemorheol. Microcirc. 42, 75-97. doi: 10.3233/CH-2009-1202

Baskurt, O. K., Hardeman, M. R., Uyuklu, M., Ulker, P,, Cengiz, M., Nemeth, N,
et al. (2009b). Parameterization of red blood cell elongation index - shear
stress curves obtained by ektacytometry. Scand. J. Clin. Lab. Invest. 69,
777-788. doi: 10.3109/00365510903266069

Baskurt, O. K., and Meiselman, H. J. (2003). Blood rheology and hemodynamics.
Semin. Thromb. Hemost. 29, 435-450. doi: 10.1055/s-2003-44551

Berg, J. M., Tymoczko, J. L., Stryer, L., and Gatto, G. J. (2011). Biochesmistry.
7th Edn. New York: W.H. Freeman and Company.

Bogdanova, A., Berenbrink, M., and Nikinmaa, M. (2009). Oxygen-dependent
ion transport in erythrocytes. Acta Physiol. 195, 305-319. doi: 10.1111/j.1748-
1716.2008.01934.x

signaling cascades in RBC physiology. AP encouraged AS on
the laser-optics study of signaling systems functioning in the
living cells and controlled the quality of laser ektacytometry
measurements. All authors participated in the editing and
preparation of the final manuscript and agree to be accountable
for the content of the work.

FUNDING

The study was funded by Russian Foundation for Basic Research
(RFBR) grant according to the research project No 18-32-
00756 mol_a.

ACKNOWLEDGMENTS

AS thanks prof. Igor Chizhov from Institute for Biophysical
Chemistry, Hannover Medical School, Germany, for fruitful
discussion and advices on the topics of this work during
International conference BIOMEMBRANES’18 (MIPT, Moscow).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2019.00923/
full#supplementary-material

Boivin, P,, Garbarz, M., Dhermy, D., and Galand, C. (1981). In vitro phosphorylation
of the red blood cell cytoskeleton complex by cyclic AMP-dependent protein
kinase from erythrocyte membrane. Biochim. Biophys. Acta 647, 1-6.

Bor-Kucukatay, M., Wenby, R. B., Meiselman, H. J., and Baskurt, O. K. (2003).
Effects of nitric oxide on red blood cell deformability. Am. J. Physiol. Circ.
Physiol. 284, H1577-H1584. doi: 10.1152/ajpheart.00665.2002

Bosak, A., Smilovi¢, I. G., Sinko, G., Vinkovi¢, V., and Kovarik, Z. (2012).
Metaproterenol, isoproterenol, and their bisdimethylcarbamate derivatives
as human cholinesterase inhibitors. J. Med. Chem. 55, 6716-6723. doi:
10.1021/jm300289k

Bree, E, Gault, I., dAthis, P, and Tillement, J. P. (1984). Beta adrenoceptors
of human red blood cells, determination of their subtypes. Biochem. Pharmacol.
33, 4045-4050. doi: 10.1016/0006-2952(84)90019-4

Cahalan, S. M., Lukacs, V., Ranade, S. S., Chien, S., Bandell, M., and Patapoutian, A.
(2015). Piezo1 links mechanical forces to red blood cell volume. elife 4:e07370.
doi: 10.7554/eLife.07370.001

Chen, K., and Popel, A. S. (2009). Nitric oxide production pathways in
erythrocytes and plasma. Biorheology 46, 107-119. doi: 10.1016/j.
biotechadv.2011.08.021

Chien, S. (1977). “Principles and techniques for assessing erythrocyte deformability”
in Red cell rheology. eds. M. Bessis, S. B. Shohet and N. Mohandas (Berlin,
Heidelberg: Springer), 71-99.

Chiocchia, G., and Motais, R. (1989). Effect of catecholamines on deformability
of red cells from trout: relative roles of cyclic AMP and cell volume.
J. Physiol. 412, 321-332. doi: 10.1113/jphysiol.1989.sp017618

Correas, I, Leto, T. L., Speicher, D. W., and Marchesi, V. T. (1986). Identification
of the functional site of erythrocyte protein 4.1 involved in spectrin-actin
associations. J. Biol. Chem. 261, 3310-3315.

Diederich, L., Suvorava, T., Sansone, R., Keller, T. C. S., Barbarino, E, Sutton, T. R.,
et al. (2018). On the effects of reactive oxygen species and nitric oxide on
red blood cell deformability. Front. Physiol. 9, 1-14. doi: 10.3389/fphys.2018.00332

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 923


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2019.00923/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00923/full#supplementary-material
https://doi.org/10.1152/ajpheart.00975.2009
https://doi.org/10.1126/science.174.4008.512
https://doi.org/10.1074/jbc.M513839200
https://doi.org/10.1586/14779072.5.4.743
https://doi.org/10.3233/CH-2009-1202
https://doi.org/10.3109/00365510903266069
https://doi.org/10.1055/s-2003-44551
https://doi.org/10.1111/j.1748-1716.2008.01934.x
https://doi.org/10.1111/j.1748-1716.2008.01934.x
https://doi.org/10.1152/ajpheart.00665.2002
https://doi.org/10.1021/jm300289k
https://doi.org/10.1016/0006-2952(84)90019-4
https://doi.org/10.7554/eLife.07370.001
https://doi.org/10.1016/j.biotechadv.2011.08.021
https://doi.org/10.1016/j.biotechadv.2011.08.021
https://doi.org/10.1113/jphysiol.1989.sp017618
https://doi.org/10.3389/fphys.2018.00332

Semenov et al.

Adenylyl Cyclase Cascade in RBC

Evans, E. A., and La Celle, P. L. (1975). Intrinsic material properties of the
erythrocyte membrane indicated by mechanical analysis of deformation.
Blood 1, 29-43.

Galandrin, S., and Bouvier, M. (2006). Distinct signaling profiles of B, and {,
adrenergic receptor ligands toward adenylyl cyclase and mitogen-activated
protein kinase reveals the pluridimensionality of efficacy. Mol. Pharmacol.
70, 1575-1584. doi: 10.1124/mol.106.026716.an

Galiniak, S., Viskupicova, J., Soszynski, M., Blaskovic, D., Sadowska-Bartosz, I.,
Bartosz, G., et al. (2015). Effect of high glucose concentrations on
human erythrocytes in vitro. Redox Biol. 5, 381-387. doi: 10.1016/j.
redox.2015.06.011

Gauthier, E., Guo, X., Mohandas, N., and An, X. (2011). Phosphorylation-
dependent perturbations of the 4.1R-associated multiprotein complex of the
erythrocyte membrane. Biochemistry 50, 4561-4567. doi: 10.1021/bi200154g

Grau, M., Pauly, S., Ali, J., Walpurgis, K., Thevis, M., Bloch, W.,, et al. (2013).
RBC-NOS-dependent S-nitrosylation of cytoskeletal proteins improves RBC
deformability. PLoS One 8, 1-10. doi: 10.1371/journal.pone.0056759

Groner, W., Mohandas, N., and Bessis, M. (1980). New optical technique for
measuring erythrocyte deformability with the ektacytometer. Clin. Chem.
26, 1435-1442.

Hilario, S., Saldanha, C., and Martins e Silva, J. (2003). An in vitro study of
adrenaline effect on human erythrocyte properties in both gender. Clin.
Hemorheol. Microcirc. 28, 89-98.

Horga, J. E, Gisbert, J., De Agustin, J. C., Hernandez, M., and Zapater, P.
(2000). A beta-2-adrenergic receptor activates adenylate cyclase in human
erythrocyte membranes at physiological calcium plasma concentrations. Blood
Cells Mol. Dis. 26, 223-228. doi: 10.1006/bcmd.2000.0299

Horne, W. C., Prinz, W. C,, and Tang, E. K.-Y. (1990). Identification of two
cAMP-dependent phosphorylation sites on erythrocyte protein 4.1. BBA -
Mol. Cell Res. 1055, 87-92. doi: 10.1016/0167-4889(90)90095-U

Huerta, M., Trujillo-Hernandez, B., Sanchez-Pastor, E., Mancilla, E., Trujillo, X.,
Rios-Silva, M., et al. (2014). Effect of chronic administration of forskolin
on glycemia and oxidative stress in rats with and without experimental
diabetes. Int. J. Med. Sci. 11, 448-452. doi: 10.7150/ijms.8034

Huisjes, R., Bogdanova, A., van Solinge, W. W,, Schiffelers, R. M., Kaestner, L.,
and van Wijk, R. (2018). Squeezing for life-properties of red blood cell
deformability. Front. Physiol. 9, 1-22. doi: 10.3389/fphys.2018.00656

Kaiser, G., Quiring, K., Gauger, D., Palm, D., Becket, H., and Schoeppe, W.
(1974). Occurrence of adenyl cyclase activity in human erythrocytes. Blut
29, 115-122. doi: 10.1007/BF01633835

Kaushansky, K., Lichtman, M. A., Prchal, J. T,, Levi, M. M., Press, O. W,
Nurns, L. J., et al. (2016). Williams hematology. 9th Edn. New York: McGraw-
Hill Education.

Kuck, L., Grau, M., and Simmonds, M. J. (2018). Recovery time course of
erythrocyte deformability following exposure to shear is dependent upon
conditioning shear stress. Biorheology 54, 141-152. doi: 10.3233/BIR-17151

Kunitsyn, V. G., and Panin, L. E. (2013). Mechanism of erythrocyte deformation
under the action of stress hormones. Int. J. Biophys. 3, 1-14. doi: 10.5923/j.
biophysics.20130301.01

Lee, S. S., Ahn, K. H,, Lee, S. J., Sun, K., Goedhart, P. T,, and Hardeman, M. R.
(2004). Shear induced damage of red blood cells monitored by the decrease
of their deformability. Korea-Aus. Rheol. J. 16, 1-6.

Ling, E., Danilov, Y. N., and Cohen, C. M. (1988). Modulation of red cell
band 4.1 function by cAMP-dependent kinase and protein kinase C
phosphorylation. J. Biol. Chem. 263, 2209-2216.

Luneva, O. G,, Sidorenko, S. V., Maksimov, G. V., Grygorczyk, R., and Orlov, S. N.
(2015). Erythrocytes as regulators of blood vessel tone. Biochem. Suppl. Ser.
A Membr. Cell Biol. 9, 161-171. doi: 10.1134/s1990747815040078

Meram, E., Yilmaz, B. D., Bas, C., Atac, N., Yalcin, O., and Meiselman, H. J.
(2013). Shear stress-induced improvement of red blood cell deformability.
Biorheology 50, 165-176. doi: 10.3233/BIR-130637

Mozar, A., Connes, P, Collins, B., Hardy-Dessources, M. D., Romana, M.,
Lemonne, N., et al. (2016). Red blood cell nitric oxide synthase modulates
red blood cell deformability in sickle cell anemia. Clin. Hemorheol. Microcirc.
64, 47-53. doi: 10.3233/CH-162042

Muravyov, A. V., Tikhomirova, I. A., Maimistova, A. A., and Bulaeva, S. V.
(2009). Extra- and intracellular signaling pathways under red blood cell
aggregation and deformability changes. Clin. Hemorheol. Microcirc. 43,
223-232. doi: 10.3233/CH-2009-1212

Muravyov, A. V., Tikhomirova, I. A., Maimistova, A. A., Bulaeva, S. V.,
Zamishlayev, A. V., and Batalova, E. A. (2010). Crosstalk between adenylyl
cyclase signaling pathway and Ca2+ regulatory mechanism under red blood
cell microrheological changes. Clin. Hemorheol. Microcirc. 45, 337-345. doi:
10.3233/CH-2010-1317

Muravyov, A. V., and Tikhomirova, I. A. (2013). Role of molecular signaling
pathways in changes of red blood cell deformability. Clin. Hemorheol. Microcirc.
53, 45-59. doi: 10.3233/CH-2012-1575.

Nemeth, N., Deak, A., Szentkereszty, Z., and Peto, K. (2018). Effects and
influencing factors on hemorheological variables taken into consideration
in surgical pathophysiology research. Clin. Hemorheol. Microcirc. 69, 133-140.
doi: 10.3233/CH-189105

Nikitin, S. Y., Ustinov, V. D., Yurchuk, Y. S., Lugovtsov, A. E., Lin, M. D., and
Priezzhev, A. V. (2016). New diffractometric equations and data processing
algorithm for laser ektacytometry of red blood cells. J. Quant. Spectrosc.
Radiat. Transf. 178, 315-324. doi: 10.1016/j.jqsrt.2016.02.024

Oonishi, T., Sakashita, K., and Uyesaka, N. (1997). Regulation of red blood
cell filterability by Ca2+ influx and cAMP-mediated signaling pathways.
Am. J. Phys. 273, C1828-C1834. doi: 10.1152/ajpcell.1997.273.6.C1828

Palfrey, H. C., and Waseem, A. (1985). Protein kinase C in the human erythrocyte.
J. Biol. Chem. 260, 16021-16029.

Pawloski, J. R., Hess, D. T., and Stamler, J. S. (2001). Export by red blood
cells of nitric oxide bioactivity. Nature 409, 622-626. doi: 10.1038/35054560

Pfeffer, S. R., and Swislocki, N. I. (1976). Age-related decline in the activites
of erythrocyte membrane adenylate cyclase and protein kinase. Arch. Biochem.
Biophys. 177, 117-122. doi: 10.1016/0003-9861(76)90421-5

Piau, J. P, Fischer, S., Delaunay, J. G., Tortolero, M., and Schapira, G. (1978).
Maturation dependent decline of adenylate cyclase in rabbit red blood cell
membranes. Biochim. Biophys. Acta 544, 482-488.

Pinto, C., Papa, D., Hubner, M., Mou, T.-C., Lushington, G. H., and Seifert, R.
(2008). Activation and inhibition of adenylyl cyclase isoforms by forskolin
analogs. J. Pharmacol. Exp. Ther. 325, 27-36. doi: 10.1124/jpet.107.131904

Rasmussen, H., and Barrett, P. Q. (1984). Calcium messenger system: an
integrated view. Physiol. Rev. 64, 938-984. doi: 10.1152/physrev.1984.64.3.938

Richou, M., Raynaud de Mauverger, E., Mercier, ], Brun, J.-E, and Varlet-Marie, E.
(2018). Blood rheology as a mirror of endocrine and metabolic homeostasis
in health and disease. Clin. Hemorheol. Microcirc. 69, 1-27. doi: 10.3233/ch-189124

Rubin, C. S. (1979). Characterization and comparison cytosolic protein of
membrane-associated kinases. J. Biol. Chem. 254, 12439-12449.

Sadana, R., and Dessauer, C. W. (2009). Physiological roles for G protein-
regulated adenylyl cyclase isoforms: insights from knockout and overexpression
studies. Neurosignals 17, 5-22. doi: 10.1159/000166277

Sager, G., and Jacobsen, S. (1985). Effect of plasma on human erythrocyte
beta-adrenergic receptors. Biochem. Pharmacol. 34, 3767-3771. doi:
10.1016/0006-2952(85)90244-8

Seamon, K. B., Padgett, W,, and Daly, ]. W. (1981). Forskolin: unique diterpene
activator of adenylate cyclase in membranes and in intact cells. Proc. Natl.
Acad. Sci. USA 78, 3363-3367.

Semenov; A. N,, Shirshin, E. A., Rodionov, S. A., Omelyanenko, N. P, Muravyov, A. V.,
and Priezzhev, A. V. (2018). Optical study of adenylyl cyclase signalling
cascade in regulation of viscoelastic properties of human erythrocytes membranes.
J. Bioenerg. Biomembr. 50:579. doi: 10.1007/s10863-018-9775-7

Sergeant, S., and Kim, H. D. (1985). Inhibition of 3-O-methylglucose transport
in human erythrocytes by forskolin. J. Biol. Chem. 260, 14677-14682.

Shin, S., Ku, Y., Park, M. S., and Suh, J. S. (2005). Slit-flow ektacytometry:
laser diffraction in a slit rheometer. Cytom. Part B Clin. Cytom. 65, 6-13.
doi: 10.1002/cyto.b.20048

Shin, S., Hou, J. X,, Suh, J. S., and Singh, M. (2007). Validation and application
of a microfluidic ektacytometer (RheoScan-D) in measuring erythrocyte
deformability. Clin. Hemorheol. Microcirc. 37, 319-328.

Simmonds, M. J., Atac, N., and Yalcin, O. (2014). Erythrocyte deformability
responses to intermitted and continuous subhemolytic shear stress. Biorheology
51, 171-185. doi: 10.3233/BIR-140665

Singel, D. J., and Stamler, J. S. (2004). Chemical physiology of blood flow
regulation by red blood cells: the role of nitric oxide and S-nitrosohemoglobin.
Annu. Rev. Physiol. 67,99-145. doi: 10.1146/annurev.physiol.67.060603.090918

Sprague, R., Bowles, E., Stumpf, M., Ricketts, G., Freidman, A., Hou, W. H,,
et al. (2005). Rabbit erythrocytes posses adenylyl cyclase type II that is activated
by the heterotrimeric G proteins Gs and Gi. Pharmacol. Rep. 57, 222-228.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 923


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1124/mol.106.026716.an
https://doi.org/10.1016/j.redox.2015.06.011
https://doi.org/10.1016/j.redox.2015.06.011
https://doi.org/10.1021/bi200154g
https://doi.org/10.1371/journal.pone.0056759
https://doi.org/10.1006/bcmd.2000.0299
https://doi.org/10.1016/0167-4889(90)90095-U
https://doi.org/10.7150/ijms.8034
https://doi.org/10.3389/fphys.2018.00656
https://doi.org/10.1007/BF01633835
https://doi.org/10.3233/BIR-17151
https://doi.org/10.5923/j.biophysics.20130301.01
https://doi.org/10.5923/j.biophysics.20130301.01
https://doi.org/10.1134/s1990747815040078
https://doi.org/10.3233/BIR-130637
https://doi.org/10.3233/CH-162042
https://doi.org/10.3233/CH-2009-1212
https://doi.org/10.3233/CH-2010-1317
https://doi.org/10.3233/CH-2012-1575.
https://doi.org/10.3233/CH-189105
https://doi.org/10.1016/j.jqsrt.2016.02.024
https://doi.org/10.1152/ajpcell.1997.273.6.C1828
https://doi.org/10.1038/35054560
https://doi.org/10.1016/0003-9861(76)90421-5
https://doi.org/10.1124/jpet.107.131904
https://doi.org/10.1152/physrev.1984.64.3.938
https://doi.org/10.3233/ch-189124
https://doi.org/10.1159/000166277
https://doi.org/10.1016/0006-2952(85)90244-8
https://doi.org/10.1007/s10863-018-9775-7
https://doi.org/10.1002/cyto.b.20048
https://doi.org/10.3233/BIR-140665
https://doi.org/10.1146/annurev.physiol.67.060603.090918

Semenov et al.

Adenylyl Cyclase Cascade in RBC

Sun, C.-W,, Yang, J., Kleschyov, A., Zhuge, Z., Carlstrom, M., Pernow, J., et al.
(2019). Hemoglobin 93 cysteine is not required for export of nitric oxide
bioactivity from the red blood cell. Circulation. doi: 10.1161/
CIRCULATIONAHA.118.039284 [Epub ahead of print].

Takakuwa, Y., Ishibashi, T., and Mohandas, N. (1990). Regulation of red cell
membrane deformability and stability by skeletal protein network. Biorheology
27, 357-365. doi: 10.3233/BIR-1990-273-412

Thomas, E. L, King, L. E., and Morrison, M. (1979). The uptake of
cyclic AMP by human erythrocytes and its effect on membrane
phosphorylation. Arch. Biochem. Biophys. 196, 459-464. doi: 10.1016/0003-
9861(79)90297-2

Tsukamoto, T., and Sonenberg, M. (1979). Catecholamine regulation of human
erythrocyte membrane protein kinase. J. Clin. Invest. 64, 534-540. doi:
10.1172/JCI1109491

Tuvia, S., Moses, A., Gulayev, N., Levin, S., and Korenstein, R. (1999). -Adrenergic
agonists regulate cell membrane fluctuations of human erythrocytes. J. Physiol.
516, 781-792. doi: 10.1111/j.1469-7793.1999.0781u.x

Ulker, P, Ozen, N., Abdullayeva, G., Koksoy, S., Yaras, N., and Basrali, E
(2018). Extracellular ATP activates eNOS and increases intracellular NO
generation in red blood cells. Clin. Hemorheol. Microcirc. 68, 89-101. doi:
10.3233/CH-170326

Ulker, P, Yaras, N., Yalcin, O., Celik-Ozenci, C., Johnson, P. C., Meiselman, H. J.,
et al. (2011). Shear stress activation of nitric oxide synthase and increased

nitric oxide levels in human red blood cells. Nitric Oxide 24, 184-191. doi:
10.1016/j.niox.2011.03.003

Waseem, A., and Palfrey, H. C. (1988). Erythrocyte adducin. Eur. J. Biochem.
178, 563-573.

Wood, S. D., Barré, L. K., Means, A. R, Kemp, B. E, Anderson, K. A.,
Witters, L. A., et al. (2006). Regulation of AMP-activated protein kinase
by multisite phosphorylation in response to agents that elevate cellular cAMP.
J. Biol. Chem. 281, 36662-36672. doi: 10.1074/jbc.M606676200

Yova, D., and Koutsouris, D. (1994). Antagonistic effects of epinephrine and
helium-neon (he-ne) laser irradiation on red blood cells deformability. Clin.
Hemorheol. Microcirc. 14, 369-378. doi: 10.3233/CH-1994-14307

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Semenov, Shirshin, Muravyov and Priezzhev. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

10

August 2019 | Volume 10 | Article 923


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1161/CIRCULATIONAHA.118.039284
https://doi.org/10.1161/CIRCULATIONAHA.118.039284
https://doi.org/10.3233/BIR-1990-273-412
https://doi.org/10.1016/0003-9861(79)90297-2
https://doi.org/10.1016/0003-9861(79)90297-2
https://doi.org/10.1172/JCI109491
https://doi.org/10.1111/j.1469-7793.1999.0781u.x
https://doi.org/10.3233/CH-170326
https://doi.org/10.1016/j.niox.2011.03.003
https://doi.org/10.1074/jbc.M606676200
https://doi.org/10.3233/CH-1994-14307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Effects of Different Signaling Pathways in Adenylyl Cyclase Stimulation on Red Blood Cells Deformability
	Introduction
	Materials and Methods
	Red Blood Cell Suspension Preparation and Composition of Experimental Solutions
	RBC-D Measurements and Analysis
	Statistics and Data Presentation

	Results
	Discussion
	Data Availability
	Ethics Statement
	Author Contributions

	References

